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Abstract 

 

Novel Cationic Surfactants for CO2-Foam Flooding in Carbonate 

Reservoirs 

 

Ruth Ellen Hahn, M.S.E 

The University of Texas at Austin, 2015 

 

Supervisor: Kishore Mohanty 

 

A majority of oil throughout the world is contained in carbonate reservoirs. 

Alkaline-Surfactant-Polymer (ASP) floods cannot be applied in many carbonate 

reservoirs for three main reasons: conventional alkali are not compatible with divalent 

ions, adsorption of  anionic surfactants is high in the absence of alkali, and the 

permeability of the rock is often low for polymers to pass through the pores. One 

alternative to ASP flooding is CO2-foam flooding. Foam flooding reduces the mobility of 

the CO2 and increases the sweep efficiency. To overcome the adsorption of surfactant on 

the carbonate surface, cationic surfactants can be used rather than anionic surfactants. 

The objective of this research is to study two novel cationic surfactants for foam flooding 

applications. These surfactants are gemini surfactants, containing two head groups and 

two tail groups.  

The bulk foam stability in the presence and absence of oil was studied for these 

surfactants and compared to conventional surfactants; these gemini surfactants showed 
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comparable bulk foam stability to other cationic surfactants. Corefloods in the absence of 

oil were performed at reservoir conditions to prove foam formation in porous media and 

to determine the optimum ratio of CO2 to surfactant injection ratio. Both water-wet and 

oil-wet coreflood experiments were performed for the gemini surfactants. The water-wet 

corefloods for both surfactants recovered 6-16 %OOIP after the waterflood. The pressure 

drop during the water-wet foam floods was not too high, less than 15 psi/foot which is 

reasonable for a low permeability carbonate core. The corefloods showed results 

comparable with a polymer flood, with no injectivity issues, indicating that these 

surfactants can be used in place of polymer flooding in carbonate reservoirs. The oil-wet 

experiment also resulted in foam flood recovery of 13% OOIP, despite the poor 

wettability alteration results seen with calcite chips. With better foam stability in the 

presence of oil and enhanced wettability alteration, this new class of cationic surfactants 

could be a viable option for enhanced oil recovery in carbonate reservoirs. 
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Chapter 1:  Introduction 

The first chapter of this thesis discusses the motivation behind foam flooding with 

novel cationic gemini surfactants for chemical enhanced oil recovery (EOR). It provides 

the importance of this research in terms of oil recovery in carbonate reservoirs. This 

chapter also contains the research objectives of this thesis and an overview of the 

remaining chapters.  

 

1.1 USE OF FOAM IN CARBONATE RESERVOIRS FOR MOBILITY CONTROL 

Carbonate hydrocarbon-containing reservoirs are more prominent than sandstone 

reservoirs, with an estimate that more than 40% of the gas reserves and 60% of the oil 

reserves are found in carbonate reservoirs worldwide (Schlumberger Market Analysis, 

2007).  Figure 1.1 shows a map of the distribution of carbonate reservoirs across the 

world. It is estimated that 80% of these carbonate reservoirs are mixed-wet to oil-wet 

compared to sandstones with are predominantly water-wet. The negatively charged 

carboxylic acid anions found in the oil are attracted to the carbonate surface which has a 

positive zeta potential (Seethepalli et al, 2004). Due to the high affinity of oil to the 

carbonate rock surface, waterfloods often have low recovery factors (the ratio of 

recoverable oil to the original oil in place), averaging 35% (Schlumberger, 2007). 

Additionally, due to the heterogeneity of carbonate reservoirs, secondary recovery, either 

immiscible gas flooding or waterflooding, can have recovery factors as low as 10% 

(Montaron, 2005). The remaining oil after secondary recovery is either residual oil 

trapped in the swept portion of the reservoir or oil bypassed in the unswept portions of 

the reservoir. 
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 In order to increase the recovery of the remaining oil, a tertiary flood must be 

performed. Tertiary recovery techniques include injection of solvents, surfactants,  

polymers, and a combination of surfactants and polymers (ASP). Polymer flooding is 

among the most common tertiary techniques, with over 40 years of commercial 

applications (Pope, 2007). Polymer flooding increases the viscosity of the injected water, 

contributing to mobility control and stability, reducing viscous fingering and contacting 

the oil previously bypassed during a water or gas flood. This increases the sweep 

Figure 1. 1: Map of carbonate reservoirs around the world (Schlumberger Market Anaylsis, 

2007). 
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efficiency. Figure 1.2 shows how a decrease in mobility ratio can dramatically improve 

the areal sweep efficiency of a typical polymer flood, and Figure 1.3 shows how a 

decrease in mobility ratio can improve the vertical sweep efficiency of a typical polymer 

flood.  

 

 

Figure 1. 2: Areal sweep schematic of a polymer flood for mobility control (Caenn et al., 

1989). 
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Figure 1. 3: Vertical sweep schematic of a polymer flood for mobility control (Caenn et 

al., 1989).  

 

 However, oil recovery due to polymer floods in carbonate reservoirs is relatively 

low, typically 0-13%, with an average of 5% recovery (Lake, 1989). Polymer floods are 

not ideal for carbonate reservoirs due to poor injectivity. Poor injectivity may be caused 

by incompatibility between the injection brine and the polymer, by incompatibility 

between the formation brine and the polymer, low permeability, and due to contamination 

in the surface facilities (Caenn et al, 1989). To ensure appropriate injectivity, it is 

recommended that the reservoir has a permeability of at least 20 mD (Lyons and Plisga, 

2011). Many carbonate reservoirs have permeabilities smaller than 20 mD.  In addition, 

carbonate reservoirs often contain hard brine which reduces polymer viscosity and 

increases adsorption. Another shortcoming of polymer flooding in carbonate reservoirs is 

the highly variable pore size distribution associated with carbonates compared to 

sandstones. Polymers have a large molecular size and are sometimes larger than the 

smaller pores in porous carbonate media. The small pores that cannot be entered by 
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polymers are called inaccessible pore volume. Due to inaccessible pore volume, the 

polymer injection will sweep even less of the swept zone, reducing the amount of oil 

contacted and recovered during a polymer flood. As a result of large polymer adsorption, 

inaccessible pore volume, poor injectivity in low permeability reservoirs, and viscosity 

reduction from hard brines, polymer flooding is not always the most viable method for 

mobility control in carbonate reservoirs.  

In addition to the problems mentioned above with polymer floods, the alkaline 

and surfactant floods also pose obstacles in carbonate reservoirs during ASP floods. 

Typically, anionic surfactants are used to achieve ultra-low IFT conditions between the 

surfactant and oil. Anionic surfactants, due to their negative charge, adsorb more on the 

carbonate rock surface. To reduce adsorption, alkali is added to increase the pH of 

surfactant solution. If gypsum is present in the carbonate reservoir, however, the alkalis 

can precipitate and form calcium carbonate, leading to permeability reduction and loss of 

alkali (Sharma et al 2014). From well logs alone, it cannot be determined if gypsum is 

present in a carbonate reservoir. Due to potential plugging from calcum carbonate 

precipitation during an alkali flood and polymer plugging in low permeability regions, an 

alternate method of tertiary oil recovery is necessary for some carbonate reservoirs.  

An alternative method of mobility control for tertiary recovery is foam flooding. 

Foam has been studied as a candidate for improving sweep efficiency and mobility 

control from as early as the 1970s. In addition, foam can be used as a gas-blocking agent 

to divert gas away from high permeability swept regions into unswept regions. Foams, 

either as gas-blocking agents or as mobility control agents, are appealing due to their low 

unit cost. The chemicals used to form foam are relatively inexpensive, used in low 

concentration, and used in low liquid to gas ratios. Some other advantages of foam are 
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that they are shear-thinning fluids contributing to decent injectivity, they are offer more 

effective mobility control in far-wellbore regions, and their low density can be exploited 

to block the high regions that have already been swept by gas. As a result of reducing the 

mobility of the injected gas, foam decreases the channeling that is typically associated 

with high mobility ratios and decreases gravity override which is typical of gas flooding. 

Figure 1.4 shows how foam flooding can increase the sweep efficiency in three scenarios: 

gravity override, viscous fingering/channeling, and rapid flow through high permeability 

zones. 

 

 

 

Likewise, it has been shown by Sharma et al (1982), foam increases the saturation of 

trapped gas, and therefore, results in lower oil saturation. The increased trap gas 

Figure 1. 4:Schematic of possible effects of foam on gas transport in porous media 

(Sharma and Shah, 1989). 
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saturation results in a higher pressure gradient that further reduces the gas mobility. 

When using a surfactant as a foaming agent, the surfactant reduces the oil-water 

interfactial tension and also facilitates the wettability alteration from oil-wet to mixed-

wet carbonate surfaces.  

 

1.2 RESEARCH OBJECTIVES 

The goal of this research was to test novel cationic surfactants for CO2 foam 

flooding in carbonate reservoirs as an alternative to polymer flooding. The goal was to 

create a foam that increases the viscosity of the injection fluid, reduces the mobility ratio, 

and directs gas to unswept regions. Cationic surfactants were studied rather than anionic 

surfactants to reduce the amount of surfactant adsorption on the carbonate surface. Four 

gemini surfactants with foaming capabilities were studied at varying concentrations, 

salinity, and quality to determine the feasibility of foam flooding to reduce the mobility 

ratio. The effects of salinity, temperature, pH, surfactant concentration, and the presence 

of oil were tested on the bulk phase of foam for two cationic gemini surfactants.  The 

surfactants were tested in a Texas Cream limestone in the absence of oil to determine that 

foam was forming and being propagated through the core. They were also tested in the 

presence of oil, both oil-wet and water-wet systems, to determine how much oil could be 

recovered in tertiary mode. The two cationic gemini surfactants were compared to 

anionic and cationic conventional surfactants that also display foaming capabilities.  
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1.3 DESCRIPTION OF CHAPTERS 

The second chapter provides a literature review on the fundamental theories of 

foam generation and destruction, foam as a method for EOR, and the distinguishing 

features of cationic gemini surfactants. The third chapter discusses the materials and 

methods used to test the viability of the novel surfactants for CO2 foam flooding. The 

fourth chapter discusses the results of the experiments performed. The final chapter 

discusses the conclusions reached from the experiments and suggestions for future work 

to make these novel surfactants more feasible for enhanced oil recovery.  
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Chapter 2:  Literature Review 

This chapter provides a brief background on the fundamental principles of foam 

theory and applications. It is important to note, that not all aspects of foam will be 

covered in this section. The aspects relating to the viability of foam for chemical 

Enhanced Oil Recovery (EOR), however, will be addressed in this chapter.  This chapter 

will include the basic principles of foam, in addition to an introduction of foam in 

chemical EOR. Lastly, this chapter will include the fundamental differences between 

gemini surfactants and conventional surfactants.  

 

2.1 FUNDAMENTAL CONCEPTS OF FOAM 

This section discusses the fundamental concepts of foam including the definition 

of foam, the properties of foam, the generation of foam, and foam stability. 

2.1.1 Definition of Foam 

Foam is often defined as a dispersion of gas in a continuous liquid phase 

(Friedmann 1991, Kovscek and Radke 1994, Falls 1989, Schramm 1994).  The gas phase 

is made discontinuous by liquid films called “lamellae.” The lamella is defined as a thin 

liquid film with interfaces on both sides of the liquid phase. It is connected to other 

lamellae. The liquid phase generally contains a surfactant to stabilize the lamellae by 

surfactant adsorption at the gas/liquid interface (Kovscek and Radke 1994). The liquid 

phase can also contain macromolecules or solid particles as an alternative to surfactants 

as a foaming agent. The foaming agents lower the surface tension and form protective 

films to prevent coalescence with other bubbles (Schramm 1994). As seen in the Figure 

2.1, a bulk foam structure is contained on the bottom by a liquid phase and on the top by 
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a gas phase. At a microscopic level, the gas phase is separated from the thin film liquid 

phase by a 2-D interface.  

 

 

Figure 2.1: A generalized foam system (Schramm, 1994) 

2.1.2 Foam Properties 

Foams vary based on the following three properties: texture, quality, and 

rheology.  

2.1.2.1 Foam Texture  

 Foam texture refers the bubble size and bubble size distribution. It is widely 

agreed that finer bubble sizes result in more stable foam (Nguyen 2000). Not only does 

foam bubble size affect the stability of the foam, but it also affects the viscosity of the 

foam phase. When the volume occupied by the foam is significantly larger than the 

individual bubbles, it is called bulk foam (Rossen 1996). However, in porous media, 

foam bubbles span one or more pore bodies, preventing a free flow of gas from traveling 
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the pore channels through a rock.  Friedmann (1991) found that bubble size and bubble 

size distribution range decrease with an increase in surfactant concentration; bubble size 

and bubble size distribution also decreased with an increase in system pressure. In 

addition to surfactant concentration and pressure, foam texture depends on type of 

surfactant, pore structure, and foam quality.  

 

2.1.2.2 Foam Quality 

Foam quality is defined as the volume of gas contained in the foam, and can be 

expressed as a fraction or a percentage. In the bulk phase, foam quality is expressed by 

the following equation:  

 

𝐹𝑜𝑎𝑚 𝑄𝑢𝑎𝑙𝑖𝑡𝑦(%) =
𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒

𝑔𝑎𝑠 𝑣𝑜𝑙𝑢𝑚𝑒+𝑙𝑖𝑞𝑢𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
 ×  100.   (2.1) 

 

In coreflood experiments, foam quality is expressed as a ratio of the injection 

rates, as seen in the following equation: 

 

𝐹𝑜𝑎𝑚 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 (%) =
𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒

𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑔𝑎𝑠 𝑟𝑎𝑡𝑒+𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑞𝑢𝑖𝑑 𝑟𝑎𝑡𝑒
 × 100.  (2.2) 

 

Foam quality is one of the most widely disagreed upon parameter affecting 

mobility. Marsden (1986) found that increasing foam quality caused a decrease in foam 

mobility. Whereas, Lee (1991) found that foam mobility decreased with decreasing foam 

quality. However, most sources do not study foam below 40% quality or above 95% 

quality because mobility reduction cannot be achieved (Bullen 1976, Chang 1998, 

Hutchins 2005) due to foam instability outside of this range.  
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2.1.2.3 Foam Rheology  

Foams are shear-thinning fluids. Since foam viscosity cannot be measured, foam 

viscosity is either approximated using apparent viscosities or by foam mobility. Foam 

mobility is defined as the ratio of effective permeability to apparent viscosity. In a typical 

water-wet system, the relative mobility of a liquid phase is calculated as a function of 

saturation and is independent of whether the gas exists as foam (Falls 1989). If the gas 

phase is continuous, the foam merely reduces the cross-sectional area that gas flows 

through, resulting in a reduction of relative permeability. If the gas phase is 

discontinuous, however, the relative permeability is decreased, and the foam also has a 

larger apparent viscosity, reducing the gas mobility. In porous media, the apparent 

viscosity of foam depends on the bubble size of the foam. The smaller the foam bubbles, 

the more lamellae there are to be transported through the porous media and the greater 

the resistance to flow (Hirasaki and Lawson). Falls (1989) found that the apparent gas 

viscosity increases by an order or magnitude, if the ratio of bubble size to average pore 

size decreases two-fold.  

 

2.1.3 Foam Generation 

There are three mechanisms in which foam can be generated in porous media: 

snap-off, division, and leave-behind. These mechanisms have been thoroughly studied 

and are fundamental to understanding foam behavior in porous media.  

2.1.3.1 Snap-Off 

Snap-off is the most significant mechanism for foam generation in porous media. 

In order for snap-off to occur, the porous media must have a body-to-throat ratio larger 

than two (Kovscek and Radke 1994) and the capillary pressure must be low, meaning the 
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liquid saturation is high (Falls 1989). Snap-off occurs when the capillary pressure is 

larger than the entry pressure, and gas enters the pore body, as seen in Figure 2.2. If a 

surfactant is not present, the bubbles formed via snap-off will quickly coalesce and a 

continuous gas phase could exist.  

 

 

Figure 2.2: Mechanism for foam generation via snap-off (Kovcek and Radke, 1994). 

Chambers and Radke divide snap-off into three types: pre-neck, neck snap-off, and 

rectilinear snap-off.    

 

Pre-neck snap-off 

Pre-neck snap-off occurs when a gas bubble completely blocks a pore throat. 

When the capillary pressure is large enough to push the accumulation of liquid upstream 

to the throat, it results in a smaller bubble than the original bubble (Nguyen 2000). 

Neck snap-off 

Neck Snap-off (also known as roof snap-off) occurs during a drainage 

displacement. The negative capillary pressure drives the liquid in the pore body to flow 

into the pore throat where it snaps-off.    
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Rectilinear snap-off 

Rectilinear snap-off is a similar mechanism to neck snap-off but is most likely to 

occur in relatively long and straight pores.  

 

2.1.3.2 Lamella Division 

Lamella division occurs when a lamella splits into two separate lamellae. This 

occurs when the lamella is stretched around a branch point, as seen in Figure 2.3. When 

division occurs, the new lamellae are smaller than the original lamella. The frequency of 

lamellae division is a function of density of flowing bubbles, gas velocity, bubble sizes, 

branch points, and capillary pressure (Falls 1989).  

 

Figure 2.3: Mechanism for foam generation via lamella division (Kovscek and Radke, 

1994). 
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2.1.3.3 Leave Behind  

Unlike snap-off and division which generate lamellae perpendicular to the flow, 

leave-behind generates lamellae parallel to the flow. Leave-behind occurs when a wetting 

phase is displaced by a non-wetting phase, and the two wet surfaces bridge together to 

form a lamella. As two gas menisci converge downstream, a lens is left behind, and it 

may drain to a lamella, as seen in Figure 2.4. Leave-behind further reduces gas 

permeability by blocking gas flow paths (Nguyen 2000 and Friedmann et al 1991). 

 

 

Figure 2.4: Mechanism for foam generation via leave-behind (Kovcek and Radke, 1994).  

 

2.1.4 Foam Stability 

Once foam has been generated, it can be destroyed by two general mechanisms: 

capillary suction coalescence and gas diffusion. Capillary suction coalescence is widely 

accepted as the principal mechanism for lamella destruction. Capillary suction is 

influenced by liquid saturations, rock permeability, and surfactant concentration. When 

two bubbles come into contact, the liquid film separating them begins to thin and 
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eventually ruptures and bubbles coalesce. Gas diffusion affects trapped bubbles, 

primarily, and is less common in porous media because the bubble radius of curvature is 

related to pore throats and pore bodies rather than bubble volume. Gas on the concave 

side of a foam bubble has a lower potential than the gas on the convex size of a foam 

bubble. Therefore, gas dissolves through the liquid film and diffuses to the concave side. 

Eventually, the bubble will shrink enough until it disappears (Chambers and Radke 

1990).  

2.1.4.1 Presence of Oil  

The addition of other phases, especially oil, can be detrimental to both the 

generation and the stability of foam. The amount of foam destabilization due to the 

presence of oil depends on the oil-, surfactant-, and aqueous-phase compositions 

(Farajzedah 2012).  In ideal environments, it is possible to make surfactant foams that last 

on the order of months and years (Schramm 1994). Whether or not oil will destabilize 

foam depends on the spreading, entering, and bridging coefficients of the 

gas/surfactant/oil interactions.  

Spreading Coefficient 

When a drop of oil contacts the gas-liquid interface, the oil drop can either spread 

to form a film over the gas-liquid interface, or it can form a bead on the surface. The film 

is formed when the oil has a strong affinity for the new phase; a bead is formed when the 

oil has a weak affinity for the new phase. The spreading coefficient S is expressed as a 

function of the interfacial tension of oil, gas, and surfactant with respect to each other as 

seen in the equation below. If the spreading coefficient, S, is positive, it is predicted that 
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the oil drop will spread spontaneously over the foam. This is generally sufficient for 

defoaming, and foam instability,  

𝑆 = 𝛾𝑆
𝐺⁄ − 𝛾𝑆

𝑂⁄ − 𝛾𝑂
𝐺⁄ .    (2.6) 

 

Entering Coefficient 

When an insoluble agent, such as oil, is dispersed in the interior of a foam 

lamella, it can enter gas-liquid interface. If the oil enters, entering coefficient, E, is 

positive, a new gas-oil interface is created, and some oil-surfactant and some previous 

gas-surfactant interfaces are destroyed. This can cause the interfacial film to lose its foam 

stabilizing capability. However, oil entering does not always cause foam to destabilize 

(Schramm 1994). If E is negative, the oil theoretically is ejected from the lamellar surface 

and does not destabilize the foam. The entering coefficient is defined by the following 

equation:  

  𝐸 = 𝛾𝑆
𝐺⁄ + 𝛾𝑆

𝑂⁄ − 𝛾𝑂
𝐺⁄ .     (2.4) 

Bridging Coefficient 

If oil enters the gas-liquid interface but does not spread, it is possible that the oil 

will bridge adjacent foam bubbles. When the bridging coefficient, B, is positive, the film 

is unstable; if B is negative, the film is stable. The bridging coefficient is defined in the 

equation below:  

𝐵 = (𝛾𝑆
𝐺⁄ )2 + (𝛾𝑆

𝑂⁄ )2 + (𝛾𝑂
𝐺⁄ )2.    (2.5) 

The most stable foams are formed when the entering coefficient is negative, and the 

lamella number is low (Farajzedah 2012).  
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2.1.4.2 Other Factors Affecting Foam Stability  

Other factors that affect foam stability are temperature, surfactant concentration, 

salinity, and presence of solid particles. The presence of solid particles can either be 

beneficial or detrimental to foam stability. If the particles are not water-wet, they gather 

at the interfaces in the foam, enhancing the mechanical stability of the lamellae. 

Dispersed particles can also influence the stability by enhancing the bulk viscosity, and 

thus, enhancing the stability (Schramm 1994). At concentrations below critical micelle 

concentration (CMC), an increase of concentration causes a decrease in interfacial 

tension and stabilizes the foam. An increase in surfactant concentration significantly 

above CMC is thought to contribute to increasing foam stability based on a different 

mechanism—ordered microstructure formation in lamellae (Nikolov et al. 1986). Salinity 

can have either a detrimental or a stabilizing effect on foam depending on type of 

surfactant, the salinity, concentration and the presence of divalent ions.  Above the 

critical micelle concentration, foam stability is relatively insensitive to pH change (Liu 

2005). Generally, studies have found that foam stability decreases with an increasing 

temperature (Kapetas 2015, Chen et al 2012, Spirov et al 2012) due to a decrease in 

drainage time, thus a faster rate of foam destruction. 

 

2.2 FOAM IN ENHANCED OIL RECOVERY 

 This section discusses how foam can be utilized for methods of enhanced oil 

recovery. 

2.2.1 Mobility Reduction  

Although gas floods are popular for enhanced oil recovery, the low viscosity of 

gas results in early gas breakthrough, poor sweep efficiency, viscous fingering, and 
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channeling that results in low overall recoveries, sometimes only 10 to 20% (Lee 1991). 

Because gases have much higher mobilities than oil and water, gases tend to override the 

formation or channel through oil in a formation. This decreases the amount of oil that is 

contacted by gas and expedites gas breakthrough, causing poor sweep efficiency. 

Mobility ratio, M, is defined as the mobility of the displacing phase divided by the 

mobility of the displaced phase, oil, as seen in the equation below: 

 

𝑀 =
𝑘𝑟𝑔𝜇𝑜

𝑘𝑟𝑜𝜇𝑔
.      (2.6) 

The gas displacement process can be improved if the mobility ratio is decreased. 

The mobility ratio can be decreased if the gas viscosity is increased or the relative 

permeability of gas is decreased. Both of these can be achieved through foam. Foam 

decreases the relative permeability of gas by blocking the pores through which the gas 

can flow; it also diverts flow from higher permeability zones to lower-permeability 

unswept zones. Lastly, foam improves oil recovery by reducing the capillary forces due 

to lower interfacial tensions resulting from the presence of a surfactant.  

 

2.2.2 Injection Strategies: SAG vs. Co-injection  

Foam can either be injected in alternating slugs of surfactant solution and gas, or 

foam can be pre-formed in surface facilities and injected into the well. The efficiency of 

the injection method depends on the type of foam flood. For steam-foam injections, it is 

less practical to sequentially inject surfactant and gas in alternating slugs because the 

steam depletes the top section due to gravity segregation. It is more beneficial to inject 

surfactant, steam and a non-condensible gas concurrently. A strong foam can be formed 

at the surface using a foam generator, and a loose foam is likely to be generated in the 
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tubing due to turbulence during injection (Friedmann 1991). Another time in which a co-

injection is more desirable than an alternating injection is when foam is needed near 

wellbore in a heterogeneous reservoir. Co-injection is the only way to ensure that gas and 

liquid both enter the same region. Generally, the gas mobility is more reduced during co-

injection than for SAG injection (Farajzedah 2012). The significance of snap-off to 

lamella mobilization and generation, however, implies that an alternating surfactant and 

gas injection strategy may be more beneficial than co-injection. In addition, alternating 

slugs of surfactant and gas improves the injectivity and reduces the likelihood of 

corrosion due to gas/water contact in the injection facilities and pipelines.  

 

2.3 GEMINI SURFACTANTS 

This section discusses aspects of gemini surfactants including the definition and 

the characteristics of gemini surfactants. 

2.3.1 Definition  

Conventional surfactants have a single hydrophilic head group and a single 

hydrophobic tail. Gemini surfactants, however, are a class of surfactant that contain more 

than one hydrophobic tail and hydrophilic head groups separated by a rigid spacer chain. 

This rigid spacer is what differentiates a gemini surfactant from a conventional 

surfactant. The spacer prevents the two chains within a single gemini molecule from 

interacting with each other. A schematic representation of a gemini surfactant compared 

to a conventional surfactant can be seen in Figure 2.5.  
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Figure 2.5: Structure of gemini surfactants (a) compared to conventional surfactants (b).  

2.3.2 Characteristics 

Gemini surfactants are thought to have many advantages over conventional 

surfactants. Gemini surfactants have more surface activity and a lower packing parameter 

than conventional surfactants (Diamant 2003, Hait and Moulik 2002). The tighter 

packing of gemini surfactants generates a more cohesive and stable interfacial film, 

indicating greater emulsion and foam stability (Hait and Moulik 2002). The foaming 

properties of gemini surfactants depend on the length of spacer and hydrophobic tails, 

like conventional surfactants. However, Kim et al. (1996) found that certain cationic 

gemini surfactants form comparable amounts of foam compared to DTAB, and in some 

cases comparable to SDS. Likewise, geminis have a lower sensitivity to Ca
2+

 and Mg
2+

, 

making them more applicable in scenarios with hard brines present. Increased surface 

activity means that less surfactant is needed to perform a specific task. Menger and Littau 

(1993) found that gemini surfactants are more efficient at reducing surface tension than 

conventional surfactants by 3 orders of magnitude.  

In addition to being more surface active and reducing surface tension, gemini 

surfactants also have a much lower critical micelle concentration (CMC). CMC is the 

minimum concentration, above which the surfactant aggregates to form micelles. CMC 

can be determined by plotting the surface tension versus log concentration of the 
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surfactant. The plot is linear until the CMC; after the CMC, the slope of the plot 

diminishes, as seen in Figure 2.6. Figure 2.7 shows the CMC curve of a gemini surfactant 

compared to a conventional surfactant.  

 

 

 

Figure 2.6: Surface tension vs log concentration of surfactant. Below the CMC the 

surfactant exists as monomers; Above the CMC surfactant exists as micelles 

(Schramm, 1994).  
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Figure 2.7: Variation in surface tension with the surfactant concentration and a gemini 

surfactant with a 12- carbon tail (Zana and Xia, 2004).  

 

Hait and Moulik (2002) found that CMC values are not sensitive to the polarity of 

short spacers and that the CMC value generally decreases with increasing hydrophobic 

chain length. Longer spacers contribute to overall hydrophobicity of the surfactant, 

therefore, reducing the monomer solubility and increasing the monomer’s tendency to 

self-assemble. Unlike conventional surfactants, gemini surfactant CMC values are more 

sensitive to changes in hydrophobic tail length. As a result of lower CMC values and the 

tubular shape of their aggregates, Engberts et al (1996) found that cationic geminis have 

better oil solubilization than conventional surfactants. In addition to better solubilizing 

properties than conventional surfactants, gemini surfactants also increase wetting, have a 

higher tolerance to multivalent metallic ions, promote emulsification of oil in water, and 

have a stronger antimicrobial ability. Some classes of gemini surfactants can be 
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synthesized at a reasonable cost, making them a viable option for multiple industries: 

agricultural, biological, and petroleum.  
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Chapter 3: Experimental Setup and Methodology 

This chapter contains the materials and equipment used in experiments, as well as 

the methodology and experimental procedure for experiments conducted.  

3.1 MATERIALS  

This subsection discusses the materials used to perform all of the experiments 

performed in this study.  

3.1.1 Oil 

Several oils, including crude and light chain oils, were used during foam stability 

tests and interfacial tension measurements. Table 3.1 contains the density and viscosity of 

each oil. For core flood experiments with oil present, two different oils were used. Crude 

A was used for oil-wet cores, and mineral oil was used for water-wet cores. Note that 

Crude A was a dead oil diluted to 110 cP using approximately 15% toluene.  

 

 

Oil 

Viscosity (cP) 

(T=25
o
C) 

Density (g/mL) 

Crude A  110 0.90 

Crude B  200  0.89 

Crude C  52  0.87 

Mineral Oil 34.5  0.86 

Decane 0.92 0.73 

Table 3. 1: Oil properties. 

3.1.2 Surfactants 

Six different surfactants were used in this study. Four novel cationic gemini 

surfactants (coined GC 468, GC 580, GC 566, and GC 776) were synthesized in our 
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laboratory, and two commercial surfactants, a cationic and an anionic, were used for 

comparison purposes. GC 468 is a cationic gemini surfactant with 12 carbons in each 

hydrophobic tail with 3 carbons in the spacer, seen in Figure 3.1 (a), and GC 580 is a 

cationic gemini surfactant with 16 carbons in each hydrophobic tail with 3 carbons in the 

spacer, seen in Figure 3.1 (b). GC 566 is a cationic gemini surfactant with 14 carbons in 

each hydrophobic tail with 6 carbons in the spacer, seen in Figure 3.1 (c). GC 776 is a 

cationic gemini surfactant with 24 carbons in each hydrophobic tail and 3 carbons in the 

spacer, seen in Figure 3.1 (d).  
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GC 566 and GC 776 did not pass initial aqueous stability tests at any temperature 

or salinity, so they were not used in the remainder of the study. GC 468, GC 580, and the 

two commercial surfactants were used in foam stability, interfacial tension 

measurements, and core floods.  

3.1.2.2 Commercial cationic surfactant 

98% pure Cetyltrimethylammonium bromide (CTAB) from MP Biomedicals, 

LLC was used as the commercial cationic surfactant.  

 

3.1.2.3 Commercial anionic surfactant 

 Bioterg ® AS-40, sodium C14-16 olefin sulfonate, with 38.86% active contents 

from Stepan was used as the commercial anionic surfactant.  

Figure 3. 1: Chemical structure of each of the cationic gemini surfactants evaluated in 

this study. (a) GC 580 (b) GC 468 (c) GC 566 and (d) GC 776. 
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3.1.3 Core Sample 

Outcrops of Texas Cream limestone were used for batch adsorption studies and 

core floods. The limestone samples were 1.5 inches in diameter and 12 inches in length, 

with brine permeability of 10-40 mD and porosity of 22-30%.  

 

3.1.4 Formation and Injection Brine  

Formation and injection brine were composed of Calcium Chloride Dihydrate, 

Magnesium Chloride Hexahydrate, and Sodium Chloride. All three chemicals were from 

Fischer Scientific™ with purity greater than 99%. The formation brine for each core 

flood was 4% NaCl, 1%CaCl2, and 1%MgCl2. The injection brine salinity is dependent 

upon the bulk foam stability and aqueous stability of the surfactant at varying 

temperatures and salinities.  

 

3.2 SURFACTANT CHARACTERIZATION EQUIPMENT AND METHODOLOGY 

This section discusses the equipment and methodology for surfactant 

characterization. The surfactants were characterized by aqueous stability tests, bulk foam 

stability, spreading coefficients, entering coefficients, bridging coefficients, and 

adsorption. 

 

3.2.1 Aqueous Stability  

Equipment 

Aqueous stability tests were performed using 20 mL clear glass vials. An oven 

was used to change the temperature of the system.  
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Method  

The surfactants were first characterized by testing their aqueous stability at 

various temperatures and salinities. A surfactant and brine solution is considered 

aqueously stable if the solution is clear, homogeneous, and contains only one phase. If 

the surfactant injection solution is not clear, significant phase trapping occurs, and the 

surfactant is considered lost to adsorption. Sample aqueous stability results can be seen in 

Figure 3.2. The sample results show a sample that is cloudy, therefore not aqueously 

stable, a sample that has a solid precipitate, also not stable, and a clear aqueously stable 

solution. Results of the aqueous stability tests of each surfactant can be found in the 

results section (Chapter 4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2: Sample aqueous stability result. (a) shows a solution that is cloudy, (b) 

shows a sample that has a precipitate, and (c) shows a sample that is 

aqueously stable.  
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3.2.2 Bulk Foam Stability 

Equipment and Methodology 

Preliminary bulk foam stability was measured using 5 mL of surfactant in 15 mL 

plastic centrifuge tubes. The tube was shaken by hand for 5 seconds, and the decay of 

foam was measured as a function of time. This was to quickly evaluate the foaming 

capabilities of surfactants at various temperatures, salinities, and pH. More precise bulk 

foam stability experiments were performed using the setup seen in Figure 3.3. Air was 

injected into the bottom of 30 mL of surfactant solution in a glass, graduated cylinder 

through a 26 gauge syringe for approximately 10 seconds. The airflow was stopped, and 

the top of the graduated cylinder was covered using parafilm to prevent external air from 

affecting the bulk foam stability. The decay of foam height was measured as a function of 

time. The temperature of the surfactant solution could be changed using the water bath. 

For foam stability in the presence of oil, after airflow was stopped, 1 wt% of oil was 

sprayed onto the top of the foam, and the graduated cylinder was covered. The foam 

decay was measured as a function of time.  

 

 

 

 

 

 

 

 

 



31 

 

 

 

 

 

 

 

 

 

 

 

Bulk Foam Stability Results 

Bulk foam stability was used to select the salinity to use during coreflood 

experiments. The salinity that resulted in the longest half-life (h/ho=0.5) was selected. 

Likewise, bulk foam stability was used to select the oil to use in coreflood experiments. 

The oil that destabilized the foam the least was selected. Sample results from bulk foam 

stability of GC 580 at different salinities are shown in Figure 3.4. As seen in the figure, 

the foam corresponding to 4%NaCl + 1%CaCl2 + 1%MgCl2 was the most stable at 60
o
C 

and this salinity was chosen for all GC 580 corefloods at 60
o
C. The remainder of the bulk 

foam stability results can be seen in the Chapter 4.  

 

 

 

 

Figure 3. 3: Experimental set up for bulk foam stability measurements.  
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Figure 3. 4: Bulk foam stability for GC 580 at 60
o
C. The formulation with the longest 

half-life was selected for coreflood experiments.  

3.2.3 Spreading, Entering, and Bridging Coefficients  

Equipment 

 To measure spreading, entering, and bridging coefficients, the following 

interfacial tensions needed to be measured: oil/surfactant, oil/gas, and surfactant/gas. The 

oil/gas and surfactant/gas surface tensions were measured using a Ramé-Hart Contact 

Angle Goniometer. The interfacial tension between surfactant and oil was measured 

using a spinning drop interfacial tensiometer provided by TEMCO
TM

.  

Methods 

The surface tensions (surfactant/gas and oil/gas) were measured using a pendant 

drop method using the goniometer. Since the liquid phase is more dense than the external 

gas phase, a hanging pendant was used. A drop of liquid large enough to be stable, but 
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not so large the drop releases from the needle, was allowed to equilibrate for 10 minutes. 

A schematic of the pendant drop method can be seen in Figure 3.5. The goniometer then 

took 10 measurements of the surface tension, shape factor, radius of curvature, contact 

angle, etc. over 10 seconds. The surface tension of the hanging drop was calculated using 

the Young-Laplace equation,  

 

 

 

 

 

 

 

 

∆𝑃 = 𝜎 × (
1

𝑟1
+

1

𝑟2
).                                            (3.1) 

 

The average surface tension was recorded. For each sample, this process was performed 

five times to reduce error from drop size variations.  

 

The interfacial tension between oil and surfactant was measured using the 

spinning drop tensiometer. Solutions of 80% surfactant and 20% oil by volume were 

mixed and allowed to equilibrate for three days. Each solution was then placed in a 

rotating capillary tube. The less dense fluid migrates to the center of the drop and 

Figure 3. 5: Schematic of surface tension measurements. Image obtained at 

http://www.kruss.de/services/education-theory/glossary/pendant-drop/. 
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equilibrium is reached. A schematic of the two fluids at equilibrium within the capillary 

tube can be seen in Figure 3.6.  

 
Figure 3. 6: Schematic of spinning drop tensiometer measurements.  

 

The equilibrium shape of the drop is determined by interfacial tension and the 

pressure difference at the interface caused by the density differences and centrifugal 

force. From the, the interfacial tension between the two immiscible fluids can be 

calculated using Vonnegut’s equation. 

 

𝛾 =
𝑟3×𝜔2×∆𝜌

4
                                               (3.2) 

In Vonnegut’s equation, 𝛾 is the surfactant/oil interfacial tension, r is the radius of the 

lighter phase, 𝜔 is the angular velocity of the rotating capillary tube, and ∆𝜌 is the 

density difference between the two fluids. 

Using the interfacial tensions measured using the spinning drop tensiometer and 

the surface tensions measured using the goniometer, the spreading (S), entering (E), and 

bridging (B) coefficients were calculated using the following equations:  

 

𝑆 = 𝛾𝑆
𝐺⁄ − 𝛾𝑆

𝑂⁄ − 𝛾𝑂
𝐺⁄ ,                 (3.3) 
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𝐸 = 𝛾𝑆
𝐺⁄ + 𝛾𝑆

𝑂⁄ − 𝛾𝑂
𝐺⁄ ,                                      (3.4) 

 

𝐵 = (𝛾𝑆
𝐺⁄ )2 + (𝛾𝑆

𝑂⁄ )2 + (𝛾𝑂
𝐺⁄ )2,                                (3.5) 

 

In the equations above, 𝛾𝑆
𝐺⁄  is the interfacial tension between surfactant and gas, 𝛾𝑆

𝑂⁄  is 

the interfacial tension between surfactant and oil, and 𝛾𝑂
𝐺⁄ is the interfacial tension 

between oil and gas. The gas in each of these equations was air.  

 

3.2.4 Adsorption 

3.2.4.1 Anionic Surfactant Adsorption Equipment 

The adsorption of anionic surfactants was measured using a High Performance 

Liquid Chromatograph (HPLC). A Dionex Ultimate™ 3000 HPLC was used to measure 

the adsorption of anionic surfactants in batch adsorption studies. HPLC measures 

retention time of each compound present in a sample and can be calibrated with known 

concentrations of surfactant to determine concentration of surfactant present in the 

sample. However, since this HPLC does not have the appropriate column to measure 

cationic surfactants, a different method for determining cationic concentration had to be 

determined. 

 

3.2.4.2 Cationic Surfactant Adsorption Equipment and Materials 

The concentration of cationic surfactants before and after batch adsorption studies 

was determined using a modified method of Wang and Langley’s original method (1977). 

In this method the following materials are used: chloroform, 0.1 weight % solution of 
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methyl orange, a buffer solution of 125 mL 0.5M citric acid and 125 mL of 0.2M 

disodium hydrogen orthophosphate, and 0.1 weight % cationic surfactant. The cationic 

surfactant forms a complex with the methyl orange and moves to the organic 

(chloroform) layer. The organic layer can be separated from the aqueous layer, where it 

can be analyzed by a Varian UV-vis. The methyl orange peak appears around 420 nm 

wavelength. 

Conventional Cationic Surfactant Method 

 For conventional cationic surfactants, the surfactant and methyl orange form a 

1:1 complex as dictated by the equation below:  

 

𝐶𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓 + (𝑎𝑞)  + 𝑀𝑂−  (𝑎𝑞) ↔ [ 𝐶𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓 − 𝑀𝑂](𝑜𝑟𝑔).  (3.6) 

 

A calibration curve for surfactant concentration and absorbance was generated by 

making standards using 0.25 mL, 0.5 mL, 0.75 mL, 1 mL, and 1.25 mL of 0.1% CTAB. 

Each sample was diluted to 50 mL using DI water and stirred for 10 minutes.  One mL of 

0.1 weight % methyl orange was added to each sample. Five mL of the buffer solution 

was added to each solution. The solution was stirred for 10 minutes. Twenty mL of 

chloroform was added, and the solutions are stirred for two hours. The solutions sat 

overnight to make the separation between organic and aqueous layers more defined. After 

sitting overnight, a visible difference in color could be seen in each sample, as shown in 

Figure 3.7. The organic layer was separated, diluted 1:10 using chloroform, and analyzed 

using a UV-vis.  
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Gemini Cationic Surfactant Method 

For cationic gemini surfactants, two molecules of methyl orange bind with one 

molecule of the gemini surfactant, as seen in the equation below:  

 

𝑐𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓 (𝑎𝑞) +  2𝑀𝑂−  (𝑎𝑞) ↔ [ 𝑀𝑂 − 𝐶𝑎𝑡𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓 − 𝑀𝑂](𝑜𝑟𝑔). (3.7) 

 

A calibration curve for surfactant concentration and absorbance was added by 

making standards using 0.5 mL, 1 mL, 2mL, and 3mL of 0.1% cationic gemini surfactant. 

Each sample was diluted to 50 mL using DI water. Two mL of 0.1% methyl orange 

solution and 5mL buffer solution were added to each sample. As with the conventional 

surfactant method, the solutions were stirred for 10 minutes. Twenty mL of chloroform 

was added, and the solutions are stirred for two hours. The solutions sat overnight to 

make the separation between organic and aqueous layers more defined. The organic layer 

was separated from the aqueous layer and diluted 1:10 with chloroform. A visible 

Figure 3. 7: Calibration samples for CTAB surfactant adsorption. From left to right: 

0.25 mL, 0.5, 0.75, 1.0, 1.25 mL of 0.1% CTAB 
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difference in color could be seen in each sample, as seen in Figure 3.8. The organic layer 

was analyzed using UV-Vis.  

 

 

 

 

 

 

 

3.2.4.3 Batch Adsorption Methodology  

To perform batch adsorption experiments, Texas Cream Limestone was crushed 

and filtered using 200 mesh. Four grams of the crushed limestone were placed in a glass 

vial, and eight grams of the surfactant solution at appropriate concentration and salinity 

were added to the vial. The vial was shaken twice daily for three days and stored at 

reservoir temperature, 60
o
C. The anionic surfactants were then prepared for HPLC 

measurements, while the cationic surfactants were prepared as discussed in 3.4.3. The 

adsorption of the surfactant (q) was expressed as mg/g and calculated using the following 

equation: 

 

𝑞 =
𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ×(𝐶𝑜−𝐶)

𝑚𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
×  10−3,                                    (3.8) 

 

Figure 3. 8: The organic layer of calibration samples for GC468. From left to right: 

0.5 mL, 1 mL, 2 mL, and 3 mL.  
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where q is the adsorption (mg/g), Co is the initial surfactant concentration (ppm), C is the 

final surfactant concentration (ppm),  𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the mass of the surfactant solution (g), 

and 𝑚𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 is the mass of the crushed limestone (g).  

 

3.2.5 Preliminary Wettability Alteration Studies 

Preliminary wettability alteration tests were conducted to study the effect of 

cationic Gemini surfactants on the wettability of oil-aged calcite chips with Crude Oil A. 

Calcite chips were polished and aged in formation brine for one day at 80
o
C. The calcite 

chip was then aged in Crude Oil A for one week at 80
o
C. After one week of aging, the 

calcite chip was placed in injection brine at reservoir temperature for one day. The 

following day, the calcite chip was placed in injection surfactant solution at reservoir 

temperature. It was observed that oil left the calcite surface. Contact angle of the oil on 

the calcite surface can be measured using the Goniometer to determine the wettability of 

the surface.  

 

3.3 COREFLOOD EQUIPMENT AND METHODOLOGY 

This section discusses the equipment and methodology for performing coreflood 

experiments. 

3.3.1 Coreflood Equipment  

Stainless Steel Accumulator 

TEMCO™ stainless steel accumulators were used to store and transfer the CO2, 

oil, and surfactant to the coreholder. The accumulators have a piston. Water is injected 

from the pump into the bottom of the accumulator, where the floating piston displaces the 
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injection fluid. An accumulator with 1L capacity was used to store CO2, and an 

accumulator with 350 mL capacity was used to store surfactant or oil.    

 

Syringe Pumps 

Three Teledyne™ ISCO 500D syringe pumps were used during the coreflood 

procedures to apply an overburden pressure, to inject the aqueous phase, and to inject the 

CO2. CO2 and surfactant were placed in accumulators, and the syringe pumps were used 

to pump the fluid from the accumulator to the core.  

 

Coreholder 

A TEMCO
TM

 coreholder was used for core floods both in the presence and 

absence of oil. The core holder was mounted vertically, and fluids were injected from the 

top. Brine at 400 psi was used as an overburden fluid to compress and seal the Viton 

rubber sleeve in which the core was placed. The pressure drop across the core was 

measured using a pressure transducer connected to the inlet and outlet of the core holder.  

 

Pressure Transducer 

 Honeywell™ transducers were used to record pressure drops across the core. A 

pressure transducer records the pressure drop as a voltage, sends the voltage to a Data 

Acquisition Card connected to LabView, which records the voltages in tabular form. The 

voltage can be converted to pressure using a calibration curve.  
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Backpressure Regulator (BPR) 

 A Swagelok mechanical backpressure regulator was used at the outlet of the 

apparatus to maintain a constant upstream pressure and to reduce the effect of gas 

expansion at the core outlet. The backpressure regulator was set to 100 psi.  

 

Carbon Dioxide 

CO2 greater than 99.9% purity from Praxair was used for foam floods.  

 

Sandpack 

A 6-inch long sandpack was made using carbonate sand packed into a 0.5-inch 

metal tube. Surfactant and CO2 were coinjected into the bottom of the sandpack to form 

foam before entering the coreholder.  

 

3.3.2 Coreflood Set-Up 

The equipment discussed in 3.3.1 were assembled to form a coreflood set-up, as 

seen in Figure 3.9. The coreholder, accumulator containing the surfactant, and sandpack 

were placed inside a convection oven set at 60
o
C, the reservoir temperature. The CO2 is 

pumped through 20 feet of metal tubing, allowing the CO2 to heat to reservoir 

temperature before entering the core. The surfactant was stored in an accumulator in the 

oven and could either go through the sandpack before entering the core or enter the core 

directly. The effluent fluid and CO2 is collected outside the oven. At the sandpack outlet, 

the CO2 and surfactant could either bypass the core or go directly into the core. At the 

beginning of the foam flood, core was bypassed until the CO2 and surfactant coinjection 
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had a stabilized pressure. Visual cells were placed directly outside the sandpack and 

directly outside the core outlet to verify foam was forming in the sandpack and in-situ in 

the core and to determine if oil was preventing in-situ foam formation in the core.  

 

 

  

Figure 3. 9: Coreflood set-up. The dashed lines represent the oven 

boundary. 
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3.3.3 Core Measurements 

This section discusses how core samples were prepared and characterized in 

addition to discussing coreflood procedure.  

3.3.3.1 Core Sample Measurements 

Core Sample Preparation 

Texas Cream limestone cores that were 1.5 inches in diameter and 12 inches long 

were used for all coreflood experiments. The core samples were dried in an overnight 

before use. The dry weight, length and diameter were measured before applying a 

shrinking plastic layer around the core to prevent fluids from flowing out of the core 

along the length of the core. The core was then placed in the coreholder, and an 

overburden pressure of 500 psi was applied.  

Air Porosity 

Air porosity measurements were used to calculate the pore volume of the core 

sample. A pump filled with air was connected to the coreholder containing the core. A 

pressure gauge and a valve were in between the pump and the coreholder. While the 

coreholder was closed at both the outlet and inlet, a pressure and volume for the pump 

were recorded as the initial condition. The valve in between the pump and coreholder was 

opened, and the new pump pressure and volume was recorded. Twenty mL of air was 

pumped into the coreholder, and the new pump pressure and volume was recorded. Using 

Boyle’s Law, the volume of the void space can be calculated. 

 

(𝑃1𝑉1 + 𝑃2𝑉2)𝑖 = (𝑃1𝑉1 + 𝑃2𝑉2)𝑓.                                 (3.9) 
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Air Permeability  

After the pore volume was calculated, air was injected into the core at different 

rates. The steady state pressure of each flow rate was recorded, and the permeability to 

air was calculated using Darcy’s law. 

 

𝑞 =
−𝑘𝐴(𝑃𝑂

2−𝑃𝑖
2)

2𝜇𝑃𝑜
.                                              (3.10) 

 

q is the flow rate of the brine, A is the cross-sectional area of the core, 𝜇 is the viscosity 

of the air, Po is the outlet pressure, Pi is the inlet pressure, and L is the length of the core. 

 

Brine Saturation by Vacuum 

After air porosity and air permeability were measured, the core was then vacuum 

saturated with brine. The core was connected to a vacuum pump. CO2 was injected into 

the core; then the core was vacuumed to -14.7psi. This was repeated three times. After 

the CO2 was stopped, the core was vacuumed for a few hours. CO2 was used in case all 

the gases were not removed during the vacuum process, because CO2 is miscible with 

brine unlike air. After the core was saturated, brine was injected into the core at a 

constant pressure of 100 psi. Pore volume was estimated by change in pump volume 

during saturation process.  

 

Pore Volume Calculations 

The pore volume of the core from air porosity measurements and brine saturation 

was confirmed using a brine tracer test. During the brine tracer test, a brine four times the 

salinity of the brine originally in the core was injected at a constant flow. Two pore 
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volumes of the higher salinity brine were injected into the core. The effluent was 

collected in 5 mL samples, and the salinity was measured using a refractometer. The 

brine salinity was normalized and plotted with respect to injected volume. The pore 

volume of the core for a non-vuggy core is the volume that corresponds to the normalized 

value of 0.5. 

 

Brine Permeability 

The formation brine was injected into the core at varying rates. The steady state 

pressure was recorded for each flow rate. Brine permeability was calculated using 

Darcy’s law and the slope of a plot of pressure versus rate.  

 

𝑞 =
−𝑘𝐴∆𝑃

𝜇𝐿
,                                                  (3.11) 

 

q is the flow rate of the brine, A is the cross-sectional area of the core, ∆𝑃 is the pressure 

drop across the core, 𝜇 is the viscosity of the brine, and L is the length of the core.  

 

Initial Oil Saturation 

During oil saturation, oil was injected into the core at constant pressure displacing 

the brine that was previously in the core. Oil was injected until no more water was 

produced. The oil saturation was estimated using the equation below.  

 

𝑆𝑜𝑖 =
𝑉𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑉𝑃
,                                             (3.12) 
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𝑆𝑜𝑖 is the initial oil saturation, 𝑉𝑤𝑎𝑡𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑   is the volume of water that is displaced by 

the oil and VP is the pore volume of the core.  

 

Effective Oil Permeability 

 Once the core is at residual water saturation, after oil saturation, the effective oil 

permeability can be measured. Oil was injected at a constant flow rate until the pressure 

drop across the core was stabilized at reservoir temperature. The effective oil 

permeability was calculated using Darcy’s law with respect to oil using the equation 

below. 

𝑞𝑜 =
−𝑘𝑜𝐴∆𝑃

𝜇𝑜𝐿
,                                                 (3.13) 

 

ko is the effective oil permeability, qo is the flow rate of the oil, A is the cross-sectional 

area of the core, ∆𝑃 is the pressure drop across the core, L is the length of the core, and 

𝜇𝑜 is the viscosity of the oil.  

Effective Water Permeability 

Effective water permeability was calculated at the end of the waterflood when no 

more oil was being produced and the pressure drop was stable across the core. The 

effective water permeability was calculated at residual oil saturation using the following 

equation: 

𝑞𝑤 =
−𝑘𝑤𝐴∆𝑃

𝜇𝑤𝐿
,                                               (3.14) 
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kw is the effective water permeability at residual oil saturation, qw is the flow rate of the 

water, A is the cross-sectional area of the core, ∆𝑃 is the pressure drop across the core, L 

is the length of the core, and 𝜇𝑤 is the viscosity of the water.  

End Point Oil Relative Permeability  

 The end point relative permeability of oil was calculated by dividing the effective 

oil permeability at residual water saturation calculated in Equation 3.13 by the brine 

permeability at 100% water saturation calculated in Equation 3.11. The calculation for oil 

end point relative permeability was calculated using the equation below.  

 

𝑘𝑟𝑜 =
𝑘𝑜

𝑘𝑤@𝑆𝑊=100%
,                                                    (3.15) 

 

kro is the oil relative permeability at endpoint, ko is the effective oil permeability, and 

kw@SW=100% is the brine permeability at 100% brine saturation.  

  

End Point Oil Relative Permeability  

The end point relative permeability of water was calculated similarly, dividing the 

effective permeability of water by the brine permeability at 100% brine saturation using 

the equation below. The effective permeability of water was calculated at residual oil 

saturation at the end of the waterflood using equation 3.14.  

 

𝑘𝑟𝑤 =
𝑘𝑤

𝑘𝑤@𝑆𝑊=100%
,                                             (3.16) 
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krw is the water relative permeability at endpoint, kw is the effective water permeability, 

and kw@SW=100% is the brine permeability at 100% brine saturation.  

 

Aging 

After the core was saturated with oil, it was placed in a glass container and filled 

with Crude Oil A. The container was placed in an oven set at 80
o
C for three weeks, 

allowing the core to change from water wet to oil wet.  

 

3.3.4 Coreflood  

Two types of corefloods were conducted in this study. The first set of corefloods 

performed were in the absence of oil to determine whether or not foam formed in porous 

media and the effects of surfactant concentration and quality on foam formation. The 

second type of coreflood performed was a foam flood at a set surfactant concentration 

and quality in the presence of oil to determine the viability of the surfactant formulation 

as an effective enhanced oil recovery technique.  

 

3.3.4.1 Corefloods in the Absence of Oil 

Corefloods in the absence of oil were performed for all four surfactants; GC580, 

GC468, CTAB, and Bioterg. The primary objective of these floods was to determine the 

pressure drop across the core. After the core was saturated with brine, a tracer test was 

conducted, and brine permeability was measured, a waterflood was performed at 4 ft/day 

until the pressure drop across the core stabilized. CO2 was then injected at 4 ft/day until 

the pressure drop was stabilized. Following the CO2 injection, brine and CO2 were co-
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injected at 90% quality until steady state was reached. Next, a pore volume of surfactant 

was injected to satisfy surfactant adsorption. The surfactant was then co-injected with 

CO2 at 90% quality and 4 ft/day. If the pressure drop for CO2 and surfactant co-injection 

was larger than co-injection of brine and CO2, it was assumed that foam was formed. 

Three different surfactant concentrations were co-injected with CO2: 0.1 wt%, 0.25 wt%, 

and 0.5 wt%. Finally, 0.5 wt% surfactant and CO2 were co-injected at varying qualities: 

70%, 75%, 80%, 85%, 90%, and 95% to determine the optimum foam quality for each 

surfactant. 

  

3.3.4.2 Corefloods in the Presence of Oil 

 After the core had been characterized and saturated with oil, a waterflood was 

performed on the core to determine secondary recovery. The waterflood was conducted at 

1 ft/day until no more oil was produced and pressure drop was stabilized. Effluent 

samples were collected to calculate cumulative oil recovery and oil saturation as a 

function of pore volumes of injected water. Waterflood injection was increased to 5 

ft/day to make sure there was no more oil production due to capillary end effects. After 

the waterflood was completed, one pore volume of surfactant solution was injected at 1 

ft/day to satisfy adsorption. Next, 0.5% surfactant was co-injected with CO2 at the 

optimal quality as determined by the coreflood experiments in the absence of oil. 

Initially, the coinjection bypassed the core until the pressure stabilized, then the foam 

flood was redirected into the core. The surfactant and CO2 co-injection was performed at 

1 ft/day. The effluent samples were collected, and the oil cut, residual oil saturations, and 

cumulative oil production were determined using the following equations:  
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𝑓𝑜 =
𝑉𝑜𝑖𝑙

𝑉𝑜𝑖𝑙+𝑉𝑤𝑎𝑡𝑒𝑟
.                                                 (3.17) 

 

In the oil cut equation above, 𝑓𝑜 is the oil cut, 𝑉𝑜𝑖𝑙 is the effluent oil volume, and 𝑉𝑤𝑎𝑡𝑒𝑟 is 

the effluent water volume.  

 

𝑁𝑝 =
∑ 𝑉𝑜𝑖𝑙

𝑉𝑝
.                                                     (3.18) 

 

In the cumulative oil production equation above, 𝑁𝑝 is the cumulative oil produced, 𝑉𝑜𝑖𝑙 

is the effluent oil volume, and 𝑉𝑝 is the pore volume.  

 

Chapter 4: Results 

This chapter contains the results of the experiments done on the surfactants to 

determine aqueous stability, foamability, adsorption, and bulk foam stability, as well as 

results of the foam capabilities of the surfactants in porous media both in the absence and 

the presence of oil.  

4.1 RESULTS OF SURFACTANT CHARACTERIZATION  

4.1.1 Aqueous Stability 

he aqueous stability of each of the surfactants can be seen in Tables 4.1 to 4.4. 

The surfactants were tested at different salinities and different temperatures. In these 

tables, “Clear” indicates that the surfactant solution was clear and aqueously stable, 

“Hazy” indicates that the solution was hazy and not aqueously stable, “Cloudy” indicates 

that the solution was cloudy and not aqueously stable, and “P” indicates that part of the 

solution precipitated out of solution. 
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%NaCl 

%CaCl2

+ 

%MgCl

2 

25
o
C 40

o
C 60

o
C 80

o
C 100

o
C 120

o
C 

0 1+1 Clear Clear Clear Clear Clear Clear 

1 1+1 Clear Clear Clear Clear Clear Clear 

4 1+1 Clear Clear Clear Clear Clear Clear 

8 1+1 Clear Clear Clear Clear Clear Clear 

10 1+1 Hazy Hazy Clear Clear Hazy Cloudy 

15 1+1 Hazy Hazy Hazy Hazy Hazy Cloudy 

Table 4. 1: Aqueous stability results of GC 468 at varying salinity and varying 

temperature.  

As seen in Table 4.1, GC 468 has excellent aqueous stability in the presence of 

divalent and monovalent ions at a range of temperatures. At 60
o
C, GC 468 is stable up to 

15% NaCl with 1% CaCl2 and 1%MgCl2. Temperatures above 120
o
C have not been 

tested yet, so the upper limit of temperature on aqueous stability has not been determined 

yet. It is thought that the solution will still be stable at higher temperatures. However, 

there is the possibility for Hofmann elimination. Hofmann elimination is a mechanism 

where a base removes an accessible proton, causing a two carbons to become double 

bonded, and forcing a neutral amine to disconnect from the carbon. The mechanism is 

illustrated in Figure 4.1. Further studies should be performed to determine the 

temperature required for Hofmann elimination for this surfactant.  
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Figure 4. 1: Hofmann Elimination mechanism. Mechanism obtained from 

http://www.chem.ucalgary.ca/courses/351/Carey5th/Ch22/ch22-3-4.html. 
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%NaCl 

%CaCl2

+ 

%MgCl

2 

25
o
C 40

o
C 60

o
C 80

o
C 100

o
C 120

o
C 

0 1+1 Clear Clear Clear Clear Clear Clear 

1 1+1 Clear Clear Clear Clear Clear Clear 

4 1+1 Hazy Hazy Clear Clear Clear Clear 

8 1+1 Hazy Hazy Hazy Clear Clear Hazy 

10 1+1 Cloudy Hazy Hazy Clear Hazy Hazy 

15 1+1 Cloudy Hazy Hazy P P P 

Table 4. 2: Aqueous stability results of GC 580 at varying salinity and varying 

temperature. 

As seen in Table 4.2, GC 580 has a smaller range of aqueous stability than GC 

468. This is because GC 580 has four more carbons in each tail, making the surfactant 

more hydrophobic and less soluble in water. At lower salinities, however, below 8% 

NaCl and 1% CaCl2 and 1% MgCl2 and below, GC 580 has excellent aqueous stability 

from 60
o
C up to 120

o
C. Aqueous stability has not yet been tested above 120

o
C so the 

upper limit of aqueous stability for all salinities has not been determined. As with GC 

468, further temperature studies should be performed to determine the temperature at 

which Hofmann elimination occurs. However, since some Hofmann elimination reactions 

require the presence of a strong base and temperatures up to 400
o
C (Jimenez et al., 2001), 

it is unlikely that Hofmann elimination will occur for the gemini surfactants at reservoir 

conditions.  
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%NaCl 
%CaCl2+ 

%MgCl2 
25

o
C 40

o
C 60

o
C 80

o
C 100

o
C 120

o
C 

0 1+1 Clear Clear Clear Clear Clear Clear 

1 1+1 Clear Clear Clear Clear Clear Clear 

4 1+1 
Clear 

 
Clear Clear Clear Clear Clear 

8 1+1 Clear Clear Clear Clear Clear Clear 

10 1+1 Clear Clear Clear Clear Clear Clear 

15 1+1 Clear Clear Clear Clear Clear Clear 

Table 4. 3: Aqueous stability results of CTAB at varying salinity and varying 

temperature. 

As seen in Table 4.3, CTAB has excellent aqueous stability, especially at room 

temperature in the presence of monovalent and divalent ions. As the temperature 

increases, the aqueous stability is not affected. CTAB has better aqueous stability than 

the gemini surfactants at room temperature, but at lower salinities (less than 10% NaCl 

and 1%CaCl2 and 1%MgCl2) the cationic gemini surfactants have comparable stability, 

meaning the gemini surfactants could be used for similar applications as CTAB. 

Additionally, two other cationic gemini surfactants were tested for aqueous stability. 

Since neither of them were aqueously stable at any temperature or salinity tested, they 

were not included in the rest of this study. A table of these results can be found in the 
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Appendix A. The aqueous stability of anionic surfactant AS-40 was also tested, as seen in 

Table 4.4. 

 

%NaCl 

%CaCl2

+ 

%MgCl2 

25
o
C 40

o
C 60

o
C 80

o
C 100

o
C 120

o
C 

0 1+1 Clear Clear Hazy Hazy Hazy Hazy 

1 1+1 Hazy  Hazy Hazy Hazy Hazy Hazy 

4 1+1 Hazy Hazy Hazy Hazy Hazy Hazy 

8 1+1 Hazy Hazy Hazy Hazy Hazy Hazy 

10 1+1 Cloudy Hazy Hazy Hazy Hazy Hazy 

15 1+1 Cloudy Hazy Hazy  Hazy Hazy Hazy 

Table 4. 4: Aqueous stability result of AS-40 at varying salinity and temperature 

AS-40 has poor aqueously stable in the presence of divalent ions at most of the 

temperatures or salinities tested without the addition of a co-solvent. Since most anionic 

surfactants are not stable without the addition of co-solvents in the presence of divalent 

ions, cationic gemini surfactants could be utilized more than the anionic surfactants in 

harsh salinity reservoirs. The novel cationic gemini surfactants both have a broader range 

of aqueous stability than AS-40 in the absence of co-solvents.  
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4.1.2 Bulk Foam Stability 

This section contains the results from foam stability experiments. Preliminary 

foam stability experiments were performed by shaking tubes containing surfactants to 

ensure that the surfactant at varying salinities was capable of forming foam. After 

foamability was determined, GC 468, GC 580, CTAB, and AS-40 were tested for the 

bulk foam stability at varying salinities and in the presence of varying oils at room 

temperature and 60
o
C. The bulk foam stability was inferred from the height of the foam 

column (h) in a graduated cylinder compared to the initial foam height (ho) as a function 

of time. To compare foam stability, the half-life (time to achieve h/ho=0.5) was evaluated 

for each surfactant.  

4.1.2.1 Preliminary Bulk Foam Stability Results 

Preliminary bulk foam stability experiments were performed by placing 5 mL of 

surfactant solution with varying salinities in centrifuge tubes and shaking the tubes by 

hand to form foam. Figure 4.1 shows the preliminary effect of GC 468 at five different 

salnities: 0%, 1% CaCl2 + 1% MgCl2, 1% NaCl + 1% CaCl2 + 1% MgCl2, 4% NaCl + 

1% CaCl2 + 1% MgCl2, and 8% NaCl + 1% CaCl2 + 1% MgCl2. As seen in the figure, 

foam was formed for each of the salinities. The same experiment was performed with GC 

580, CTAB, and AS-40. Foam formation was seen for all four surfactants at these 

salinities.  
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Figure 4. 2: Preliminary bulk foam stability tests for GC 468. All five salinities show 

excellent foam formation. 

 

4.1.2.2 Effect of Salinity on Bulk Foam Stability at Room Temperature and 60
o
C 

GC 468 

 Figure 4.3 contains the bulk foam stability of GC 468 at varying salinities at room 

temperature. As seen in the figure below, increasing the salinity has a destabilizing effect 

on the bulk foam stability. Above 30,000 ppm, the half-life of the foam is less than 200 

minutes. At 60
o
C, however, the bulk foam stability of GC 468 at all salinities was 

dramatically reduced, and the most stable foam was with a salinity of 20,000 ppm, as 

seen in Figure 4.4. Bulk foam stability experiments were performed 3 times, and the 

median bulk foam experiment was plotted. The variability of the bulk foam stability 

results can be seen in Appendix B.  
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Figure 4. 3: Bulk foam stability of GC 468 at T=25
o
C at varying salinities. Bulk 

foam stability is measured as a function of foam height divided by the 

initial foam height. No oil was present.  



59 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200

h
/

h
o

 

Time (min) 

GC 468 at T=60oC 
0% NaCl +  0%CaCl2 +
0%MgCl2

0%NaCl + 1%CaCl2 +
1%MgCl2

1%NaCl + 1%CaCl2 +
1%MgCl2

4%NaCl+ 1%CaCl2 +
1%MgCl2

8%NaCl + 1%CaCl2 +
1%MgCl2

10%NaCl + 1%CaCl2 +
1%MgCl2

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4: Bulk foam stability of GC 468 at T=60
o
C at varying salinities. Bulk 

foam stability is measured as a function of foam height divided by the 

initial foam height. No oil was present for these bulk foam stability 

tests. 
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Table 4. 5: A summary of results of bulk foam stability for GC 468 at varying salinities at 

both 25
o
C and 60

o
C. Half-life is the time at which the height of the foam is 

half the height of the initial foam. No oil was present for these bulk foam 

stability tests. 

Table 4.5 contains a summary of the half-life of GC 468 foam at varying salinities 

at both room temperature and at 60
o
C. Since the foam experiments in porous media were 

conducted at 60
o
C, the formulation of 1%MgCl2 and 1% CaCl2 with 0.5% GC 468 was 

selected.  

 

GC 580 

Figure 4.5 contains the bulk foam stability of GC 580 at varying salinities at room 

temperature. As seen in the figure below, the effect of salinity is more complicated than 

with GC 468. No foam is formed at 0 ppm salinity which suggests that ions are needed at 

the liquid interface to form lamella. The most stable foam is formed with 30,000 ppm. 

However, as more ions are added, the foam stability remains about the same at room 

Salinity Half-life at 

T=25
o
C 

Half-life at 

T=60
o
C 

0% 308 min 17 min 

1%MgCl2 + 1%CaCl2 312 min 77 min 

1% NaCl + 1%MgCl2 + 1%CaCl2 288 min 19 min 

4% NaCl + 1%MgCl2 + 1%CaCl2 88 min 21 min 

8% NaCl + 1%MgCl2 + 1%CaCl2 189 min 17 min 

10% NaCl + 1%MgCl2 + 1%CaCl2 44 min 15 min 
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temperature. As with GC 468, at 60
o
C the bulk foam stability of GC 580 at all salinities 

was dramatically reduced, as seen in Figure 4.6. At 60
o
C, the bulk foam stability 

increases with increasing salinity until 60,000 ppm then decreases with increasing salinity 

above 60,000 ppm.  

 

 

Figure 4. 5: Bulk foam stability of GC 580 at T=25
o
C at varying salinities. Bulk foam 

stability is measured as a function of foam height divided by the initial foam 

height. No oil was present. 
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Figure 4. 6: Bulk foam stability of GC 580 at T=60
o
C at varying salinities. Bulk foam 

stability is measured as a function of foam height divided by the initial foam 

height. No oil was present. 
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Salinity  GC 580 at 

T=25
o
C 

GC 580 at 

T=60
o
C 

0% 0 min 0 min 

1%MgCl2 + 1%CaCl2 50 min 7 min 

1% NaCl + 1%MgCl2 + 1%CaCl2 113 min 19 min 

4% NaCl + 1%MgCl2 + 1%CaCl2 28 min 31 min 

8% NaCl + 1%MgCl2 + 1%CaCl2 28 min 20 min 

10% NaCl + 1%MgCl2 + 1%CaCl2 19 min 7 min 

Table 4. 6: A summary of results of bulk foam stability for GC 580 at varying salinities at 

both 25
o
C and 60

o
C. Half-life is the time at which the height of the foam is 

half the height of the initial foam. No oil was present for these bulk foam 

stability tests. 

Table 4.6 contains a summary of the half-life of GC 580 foam at varying salinities 

at both room temperature and at 60
o
C. Since the foam experiments in porous media were 

conducted at 60
o
C, the formulation of 4% NaCl, 1%MgCl2, and 1% CaCl2, with 0.5% GC 

580 was selected. During the coreflood experiments, however, a new batch of GC 580 

had to be synthesized. The new batch of GC 580 has slightly different aqueous stability 

results, and the formulation had to be changed to 0.5% GC 580 with 2%NaCl, 0.5% 

CaCl2, and 0.5% MgCl2. Brief bulk foam stability tests were performed on this new 

formulation and had similar half-lives as the 4% NaCl, 1% CaCl2, and 1% MgCl2.  

 CTAB 

Figure 4.7 contains the bulk foam stability of CTAB at varying salinities at room 

temperature. As seen in this figure, no trend between salinity and bulk foam stability at 

room temperature exists for CTAB. At 60
o
C, however, the bulk foam stability of CTAB 
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at all salinities was dramatically reduced, and once again, no trend exists between salinity 

and bulk foam stability as seen in Figure 4.8. In general, the higher salinities have higher 

bulk foam stability at 60
o
C with 100,000 ppm having the longest half-life with 120,000 

ppm having almost the same half-life.  

 

 

 

Figure 4. 7: Bulk foam stability of CTAB at T=25
o
C at varying salinities. Bulk foam 

stability is measured as a function of foam height divided by the initial foam 

height. No oil was present. 
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Figure 4. 8: Bulk foam stability of CTAB at T=60
o
C at varying salinities. Bulk foam 

stability is measured as a function of foam height divided by the initial 

foam height. No oil was present. 
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Salinity  CTAB at T=25
o
C CTAB at T=60

o
C 

0% 140 min 7 min 

1%MgCl2 + 1%CaCl2 35 min 7 min 

1% NaCl + 1%MgCl2 + 1%CaCl2 40 min 9 min 

4% NaCl + 1%MgCl2 + 1%CaCl2 72 min 10 min 

8% NaCl + 1%MgCl2 + 1%CaCl2 79 min 31 min 

10% NaCl + 1%MgCl2 + 1%CaCl2 59 min 20 min 

Table 4. 7: A summary of results of bulk foam stability for CTAB at varying salinities at 

both 25
o
C and 60

o
C. Half-life is the time at which the height of the foam is 

half the height of the initial foam. No oil was present for these bulk foam 

stability tests. 

Table 4.7 contains a summary of the half-life of CTAB foam at varying salinities at both 

room temperature and at 60
o
C. Since CTAB was used as a comparison for the cationic 

Gemini surfactants, the same formulation for GC 580 was used for CTAB in the porous 

media experiments. The formulation of 4% NaCl, 1%MgCl2, and 1% CaCl2, with 0.5% 

CTAB was selected.  

 

AS-40 

Figure 4.9 contains the bulk foam stability of AS-40 at varying salinities at room 

temperature. As seen in the figure below, no trend between salinity and bulk foam 

stability at room temperature exists for AS-40. At 60
o
C, however, the bulk foam stability 

of AS-40 at all salinities was dramatically reduced, and once again, no trend exists 

between salinity and bulk foam stability as seen in Figure 4.10. At both room temperature 

and 60
o
C, AS-40 has significantly longer half-lives at all salinities than the cationic 
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surfactants. However, since AS-40 has a negative charge, it will be adsorbed on the 

carbonate surface at a much larger quantity than the cationic surfactants without the use 

of alkalis to reduce adsorption. Also, since AS-40 is not aqueously stable in the presence 

of divalence ions, AS-40 cannot be used without the addition of a co-solvent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 9: Bulk foam stability of AS-40 at T=25
o
C at varying salinities. Bulk foam 

stability is measured as a function of foam height divided by the initial foam 

height. No oil was present. 
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Figure 4. 10:  Bulk foam stability of AS-40 at T=60
o
C at varying salinities. Bulk 

foam stability is measured as a function of foam height divided by the 

initial foam height. No oil was present. 
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Salinity  
AS-40 at T=25

o
C AS-40 at T=60

o
C 

0% 
476 min  17min 

1%MgCl2 + 1%CaCl2 
110 min  227 min 

1% NaCl + 1%MgCl2 + 1%CaCl2 
402 min  325 min 

4% NaCl + 1%MgCl2 + 1%CaCl2 
624 min  80 min 

8% NaCl + 1%MgCl2 + 1%CaCl2 
402 min  138 min 

10% NaCl + 1%MgCl2 + 1%CaCl2 
291 min  138 min 

Table 4. 8: A summary of results of bulk foam stability for AS-40 at varying salinities at 

both 25
o
C and 60

o
C. Half-life is the time at which the height of the foam is 

half the height of the initial foam. No oil was present for these bulk foam 

stability tests. 

Table 4.8 contains a summary of the half-life of AS-40 foam at varying salinities 

at both room temperature and at 60
o
C. Despite longer half-lives, these surfactant 

solutions cannot be used in porous media because the solutions were not aqueously stable 

at room temperature or 60
o
C without the addition of a cosolvent. Due to time constraints, 

aqueous instability, and adsorption on carbonate rocks, AS-40 was not tested in porous 

media.  

 

4.1.2.3 Effect of Oil on Bulk Foam Stability 

GC 468 

Figure 4.11 contains the bulk foam stability of GC 468 with 1% CaCl2 and 1% 

MgCl2 in the presence of 1 wt% of varying oils at T=25
o
C. As seen in the figure below 

Crude A has the least destabilizing effect on the foam stability. Crude C also does not 

destabilize the foam as much as mineral oil, decane, and Crude B. These results are 
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slightly different than Schramm and Novosad’s study where it was found that the more 

viscous oils have less of destabilizing effects on the foam (Homme, 1996). Crude B was 

the most viscous oil with a viscosity of 200 cP, but it had the second most destabilizing 

effect on the bulk foam. As with the bulk foam stability tests without the presence of oil, 

the increased temperature to 60
o
C greatly reduced the half-life regardless of which oil 

was present, as seen in Figure 4.12. Similar to room temperature, all oils reduced the 

half-life of the foam in bulk phase at 60
o
C, but Crude A had the least destabilizing effect 

on the foam. Like at room temperature, mineral oil, decane, and Crude B are the worst for 

the bulk foam stability. An explanation for why Crude A is the least destabilizing will be 

discussed in Section 4.1.3 where the spreading, entering, and bridging coefficients are 

analyzed.  

Table 4.9 contains a summary of the half-life of GC 468 foam in the presence of 

different at both room temperature and at 60
o
C. For core floods, Crude A was selected 

because it had the least destabilizing effect on the foam. Crude A decreases the half-life 

by only 13% at 60
o
C; whereas, Crude B and Crude C reduce the half-life of the foam by 

83% and 71%, respectively.   
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Figure 4. 11: Bulk foam stability of GC 468 with 1% CaCl2 and 1% MgCl2 at T=25
o
C in 

the presence of oils. Bulk foam stability is measured as a function of foam 

height divided by the initial foam height. Three crude oils were tested in 

addition to mineral oil and decane.  
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Figure 4. 12: Bulk foam stability of GC 468 with 1% CaCl2 and 1% MgCl2 at T=60
o
C in 

the presence of varying oils. Bulk foam stability is measured as a function of 

foam height divided by the initial foam height. Three crude oils were tested 

in addition to mineral oil and decane.  
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Table 4.9: A summary of results of bulk foam stability for GC 468 with 1%CaCl2 and 1% 

MgCl2 in the presence of varying oils at both 25
o
C and 60

o
C.  1 wt% oil was 

present.  

 

GC 580 

Figure 4.13 contains the bulk foam stability results of GC 580 with 4% NaCl, 1% 

CaCl2, and 1% MgCl2 in the presence of 1 wt% of oils at room temperature. As seen in 

the figure, the presence of oil reduces the stability of the foam. As with GC 468, mineral 

oil and decane have the greatest reduction of foam half-life. Mineral oil destabilizes GC 

580 more than it destabilizes GC 468. A 98% decrease in half-life is seen when 1wt% 

mineral oil is introduced to GC 580 in the bulk foam phase; whereas, an 80% decrease in 

half-life is seen when mineral oil is introduced to GC 468 foam. Like GC 468, Crude A 

destabilizes GC 580 foam the least.  A similar trend is seen at 60
o
C, as seen in Figure 

4.14. All of the oils destabilize the foam, but Crude A destabilizes GC 580 the least; the 

explanation will be discussed in Section 4.1.3 while the spreading, entering, and bridging 

Oil GC 468 at T=25
o
C GC 468 at T=60

o
C 

No oil 145 min 46 min 

Decane  8.5 min  7 min 

Mineral oil 32 min 7 min 

Crude A 106 min 40 min 

Crude B 11 min 8 min 

Crude C 60 min 13 min 
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coefficients are analyzed. Mineral oil, Decane, Crude B, and Crude C all decrease the 

half-life of the bulk foam by over 90%.  

 

Figure 4. 13: Bulk foam stability of GC 580 with 4% NaCl, 1% CaCl2, and 1% MgCl2 at 

T=25
o
C in the presence of varying oils. Bulk foam stability is measured as a 

function of foam height divided by the initial foam height. Three crude oils 

were tested in addition to mineral oil and decane. 
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Figure 4. 14: Bulk foam stability of GC 580 with 4%NaCl, 1% CaCl2, and 1% MgCl2 at 

T=60
o
C in the presence of varying oils. Bulk foam stability is measured as a 

function of foam height divided by the initial foam height. Three crude oils 

were tested in addition to mineral oil and decane. 
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Oil GC 580 at T=25
o
C GC 580 at T=60

o
C 

No oil 113 min 31 min 

Decane  1 min 1 min 

Mineral oil 2 min  2 min 

Crude A 31 min 9 min 

Crude B 6 min 3 min 

Crude C 2 min 3 min 

Table 4. 9: A summary of results of bulk foam stability for GC 580 with 4% NaCl,  

1%CaCl2, and 1% MgCl2 in the presence of varying oils at both 25
o
C and 

60
o
C.  1 wt% oil was present.  

Table 4.10 contains a summary of the half-life of GC 580 foam in the presence of 

different at both room temperature and at 60
o
C. For core floods, Crude A was selected 

because it had the least destabilizing effect on the foam. Crude A decreased the half-life 

at 60
o
C by 70%; whereas, Crude B and Crude C reduce the half-life of the foam by over 

90%. All three crudes destabilized GC 580 more than they destabilized GC 468.   

 

CTAB  

Figure 4.15 contains the results of bulk foam stability of CTAB with 4% NaCl, 

1% CaCl2, and 1% MgCl2 in the presence of 1 wt% of oils at room temperature. As seen 

in the figure, the presence oil destabilizes CTAB foam. Crude A and Crude C destabilize 

the foam less than Crude B, mineral oil, and decane. Crude A only reduces the half-life 

by 13 minutes at room temperature. Like GC 468 and GC 580, decane and mineral oil 
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have the most destabilizing effects on the CTAB foam stability, indicating that these 

cationic gemini surfactants have comparable foam stability in the presence of oil as seen 

with conventional cationic surfactants. Figure 4.16 contains the bulk foam stability of 

CTAB with 4% NaCl, 1% CaCl2, and 1% MgCl2 at 60
o
C. At 60

o
C, all oils have a similar 

destabilizing effect on the foam stability. However, Crude B has the least destabilizing 

effect with only a decrease in foam half-life by 58%, while Crude A and Crude C both  

decrease the half-life by 65%.  

 

 

Figure 4. 15: Bulk foam stability of CTAB with 4% NaCl, 1% CaCl2, and 1% MgCl2 at 

T=25
o
C in the presence of varying oils. Bulk foam stability is measured as a 

function of foam height divided by the initial foam height. Three crude oils 

were tested in addition to mineral oil and decane.
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Figure 4. 16: Bulk foam stability of CTAB with 4% NaCl, 1% CaCl2, and 1% MgCl2 at 

T=60
o
C in the presence of varying oils. Bulk foam stability is measured as a 

function of foam height divided by the initial foam height. Three crude oils 

were tested in addition to mineral oil and decane. 
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Oil CTAB at T=25
o
C CTAB at T=60

o
C 

No oil 103 min 26 min 

Decane  4 min 6 min 

Mineral oil 13 min 8 min 

Crude A 90 min 9 min 

Crude B 17 min 11 min 

Crude C 74 min 9 min 

Table 4. 10: A summary of results of bulk foam stability for CTAB with 4% NaCl, 

1%CaCl2, and 1% MgCl2 in the presence of oils at both 25
o
C and 60

o
C.       

1 wt% oil was present.  

Table 4.11 contains a summary of the half-life of CTAB foam in the presence of 

different at both room temperature and at 60
o
C.  In general, the half-life of CTAB in the 

presence of all oils at room temperature and 60
o
C is shorter than GC 468 and comparable 

to GC 580, indicating that these cationic gemini surfactants have potential for foam 

flooding. Due to time constraints, CTAB was not used for foam floods in the presence of 

oil; however, its foaming ability in porous media was tested in the absence of oil and will 

be compared to the cationic gemini surfactants in Section 4.1.5. Tsau and Grigg (1997) 

found that the stability of foam in the bulk phase can be correlated with foam in porous 

media. They found that surfactants with greater bulk foam stability also resulted in more 

mobility reduction during foam displacement. Using this correlation, we can assume that 

our cationic gemini surfactants will perform as well or better than the conventional 

cationic surfactant CTAB.  
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AS-40  

Figure 4.16 contains the bulk foam stability of AS-40 with 4% NaCl in the 

presence of 1 wt% of varying oils at room temperature. As seen in the figure, all oils have 

a destabilizing effect on the foam stability. As with the cationic surfactants, decane has 

the most destabilizing effect on the foam stability. Unlike the cationic surfactants for 

which Crude A is the least destabilizing, Crude C has the least destabilizing effect on AS-

40 at both room temperature and 60
o
C. Figure 4.18 contains the bulk foam stability of 

AS-40 with 4% NaCl in the presence of 1 wt% of varying oils at 60
o
C. As seen in the 

figure, the presence of any oil has a destabilizing effect on foam half-life. Like at room 

temperature, Crude C has the least destabilizing effect on AS-40 at 60
o
C, and decane has 

the most destabilizing effect on the foam.  
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Figure 4. 17: Bulk foam stability of AS-40 with 4% NaCl in the presence of varying oils 

at T=25
o
C. Bulk foam stability is measured as a function of foam height 

divided by the initial foam height. Three crude oils were tested in addition to 

mineral oil and decane. 

Table 4.12 contains a summary of the half-life of AS-40 foam in the presence of 

different at both room temperature and at 60
o
C. As seen in the table, AS-40 has longer 

half-lives than all three cationic surfactants. However, due to adsorption on the carbonate 

surface, using a cationic surfactant would be more beneficial than using an anionic 

surfactant. Surfactant adsorption will be discussed in Section 4.1.4.  
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Figure 4. 18: Bulk foam stability of AS-40 with 4% NaCl at T=60
o
C in the presence of 

varying oils. Bulk foam stability is measured as a function of foam height 

divided by the initial foam height. Three crude oils were tested in addition to 

mineral oil and decane. 
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Oil AS-40 at T=25
o
C AS-40 at T=60

o
C 

No oil 320 min 145 min 

Decane  10 min 22 min 

Mineral oil 160 min 41 min 

Crude A 189 min 44 min 

Crude B 188 min 95 min 

Crude C 283 min 103 min 

Table 4. 11: A summary of results of bulk foam stability for AS-40 with 4% NaCl in the 

presence of varying oils at both 25
o
C and 60

o
C.  1 wt% oil was present.  

4.1.2.3 Effect of pH on Bulk Foam Stability 

 For CO2 foam, CO2 reduces the pH of surfactant solutions and it is necessary to 

determine the effects of pH on bulk foam stability. The pH was varied by adding 

hydrochloric acid to the surfactant solution before passing air to form foam in these 

laboratory experiments. The effects of pH on bulk foam stability were studied at room 

temperature for the three surfactant solutions that were used during porous media 

foaming experiments. Figure 4.19 shows the effect of pH on 0.25% GC 468 with 

1%CaCl2 and 1% MgCl2. As seen in the figure, pH has little to no effect on the half-life 

of GC 468 bulk foam.  
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Figure 4. 19: The bulk foam stability of GC 468 with 1%CaCl2 and 1%MgCl2 at varying 

pH at T=25
o
C. 9.7 is the normal pH of the surfactant solution. The pH was 

reduced to 5 and to 4 to simulate the effect of CO2 on the pH of the 

surfactant solution.  

 The effect of pH on the bulk foam stability was also determined for GC 580 with 

4% NaCl, 1% CaCl2, and 1% MgCl2. As seen in Figure 4.20, pH also has little to no 

effect on the bulk foam stability of GC 580.  
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Figure 4. 20: The bulk foam stability of GC 580 with 4% NaCl, 1%CaCl2, and 1%MgCl2 

at varying pH at T=25
o
C. 9 is the normal pH of the surfactant solution. The 

pH was reduced to 6.6 and to 5 to simulate the effect of CO2 on the pH of 

the surfactant solution. 
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Figure 4. 21: The bulk foam stability of GC 580 with 4% NaCl, 1%CaCl2, and 1%MgCl2 

at varying pH at T=25
o
C. 7.7 is the normal pH of the surfactant solution. 

The pH was reduced to 6.3 and to 5 to simulate the effect of CO2 on the pH 

of the surfactant solution. 

Lastly, the effect of pH on the bulk foam stability of CTAB with 4% NaCl, 1% 

CaCl2, and 1% MgCl2 was tested. The results of this bulk foam stability test are shown in 

Figure 4.21. Unlike GC 468 and GC 580, it appears that decreasing the pH has a 

beneficial effect on the half-life of CTAB bulk foam. However, the difference between 

the half-life at pH 5 and pH 6.3 is small, only 8 minutes. The difference between pH 7.67 

and pH 5 is more significant with a difference of almost 40 minutes, approximately 35% 

shorter of a half-life. From these pH tests, it is apparent that the pH changes from CO2 

will not have a detrimental effect on foam stability in the porous medium during core 

flood experiments.  
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4.1.3 Spreading, Entering, and Bridging Coefficients 

The surface tensions of oils/gas and aqueous surfactant solutions/gas were 

measured using the goniometer. To ensure that the Pendant drop method was accurate for 

surface tension measurements, the surface tension of water and mineral oil with respect to 

air were measured. The surface tension of water was 70.3 dynes/cm, which is within 5% 

error of the documented value of 71.97 dynes/cm. Likewise, the surface tension of decane 

using the goniometer was found to be 24.27 dynes/cm which is supposed to be 23.83 

dynes/cm. However, the measured value of mineral oil/air surface tension was 22.1 

dynes/cm, which is significantly different than the surface tension value found in the 

MSDS for mineral oil of 34 dynes/cm. Therefore, some of the crude oil surface tension 

measurements may be subject to experimental error. Since the goniometer in our lab 

could only measure surfactant/air and oil/air surface tensions at room temperature, the 

spreading, entering, and bridging coefficients were only calculated at room temperature. 

Surface tension and interfacial tension measurements were only taken at salinities in 

which the surfactant was aqueously stable. The spreading (S), entering (E), and bridging 

(B) coefficients were calculated using the following three equations. 

𝑆 = 𝛾𝐺/𝑆 − 𝛾𝑂/𝑆 − 𝛾𝐺/𝑂 ,                                             (4.1)     

𝐸 = 𝛾𝐺/𝑆 + 𝛾𝑂/𝑆 − 𝛾𝐺/𝑂  ,                                                  (4.2) 

B = 𝛾𝐺/𝑆2 + 𝛾𝑂/𝑆2 − 𝛾𝐺/𝑂2    .                                             (4.3)   

 

The surface tension for each of the cationic surfactants was measured at varying 

salinities at room temperature. Table 4.13 summarizes the surface tensions of GC 468, 

GC 580, and CTAB. The surface tension of each of the oils was also measured, and the 

results are shown in Table 4.14. As seen in Equation 4.3, if the surface tension of the 
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surfactant solution is greater than the surface tension of the oil, the bridging coefficient 

will be positive because the IFT of surfactant and oil cannot be negative.  

 

Salinity  Surface 

Tension GC 

468 

(dynes/cm) 

Surface 

Tension GC 

580 (dynes/cm) 

Surface 

Tension CTAB 

(dynes/cm) 

0% 
30.6 36.3 32.6 

1%CaCl2 + 1%MgCl2 
31.2 40.8 32.0 

1%NaCl + 1%CaCl2 + 

1%MgCl2 30.4 39.2 33.8 

4%NaCl + 1%CaCl2 + 

1%MgCl2 31.9 35.1 31.9 

8%NaCl + 1%CaCl2 + 

1%MgCl2 30.2 Not aq. stable 32.5 

10%NaCl + 1%CaCl2 + 

1%MgCl2 Not aq. stable Not aq. stable 30.6 

Table 4. 12: Surface tension of each cationic surfactant at varying salinities. The 

measurements were performed at room temperature, therefore, the surface 

tension was not measured for solutions that were not aqueous stable at 

T=25
o
C. 
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Oil Surface Tension (dynes/cm) 

Decane  24.3 

Mineral Oil 22.1 

Crude A 31.3 

Crude B 24.8 

Crude C 23.0 

Table 4. 13: Surface tension of each of the oils at room temperature.  

From the bridging coefficient number, it is evident that the bridging coefficient 

will only be favorable (B<0) for surfactant/gas/oil systems where the surface tension of 

oil is greater than the surface tension of the surfactant summed with the interfacial 

tension of the oil and surfactant. As seen in Table 4.13 and Table 4.14, regardless of IFT 

between oil and surfactant, Crude A is the only oil for which a negative bridging 

coefficient is feasible. This explains why Crude A has the least destabilizing effect on 

bulk foam stability for the cationic surfactants studied. To show that only Crude A can 

result in a favorable bridging coefficient, the IFT values for GC 468 were calculated for 

all salinities with all three crude oils. The results can be seen in Table 4.15.  
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GC 468 IFT with Crude 

A (dynes/cm) 

IFT with Crude B 

(dynes/cm) 

IFT with Crude C 

(dynes/cm) 

0% NaCl + 0% 

CaCl2 + 0% MgCl2 0.38 1.15 0.15 

0% NaCl + 1% 

CaCl2 + 1% MgCl2 0.14 0.12 0.14 

1% NaCl + 1% 

CaCl2 + 1% MgCl2 0.13 0.13 0.12 

4% NaCl + 1% 

CaCl2 + 1% MgCl2 0.11 0.33 0.76 

8% NaCl + 1% 

CaCl2 + 1% MgCl2 0.17 0.14 0.11 

Table 4. 14: IFT values for GC 468 at varying salinities with all three crude oils 

measured at room temperature.  

For mineral oil and decane, only one IFT value was measured to determine the 

order of magnitude of the IFT between surfactant and oil. The IFT between GC 468 and 

decane is greater than 5 dynes/cm, and the IFT between GC 468 and mineral oil is greater 

than 10 dynes/cm. The spreading, entering, and bridging coefficients were tested for all 

GC 468 salinities with all three crude oils. The results are shown in Table 4.16.  
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GC 

468 

Crude 

A 

S 

Crude 

A 

E 

Crude 

A 

B 

Crude 

B 

S 

Crude 

B 

E 

Crude 

B 

B 

Crude 

C 

S 

Crude 

C 

E 

Crude 

C 

B 

0 -1.05 -0.28 -40.9 7.5 7.8 410.3 5.7 8.0 374.4 

0+1+1 -0.20 0.07 -4.1 8.3 8.5 457.3 7.3 7.6 410.0 

1+1+1 -1.06 -0.80 -57.3 5.8 6.1 308.6 6.5 6.7 449.5 

4+1+1 0.44 0.67 35.2 8.1 9.6 487.2  7.7 8.4 449.5 

8+1+1 -1.3 -0.98 -70.5 7.0 7.3 380.8 6.2 6.5 343.6 

Table 4. 15: Spreading, entering, and bridging coefficients for GC 468 at varying 

salinities with all three crude oils. The bolded numbers are favorable 

bridging coefficients.  

 

As seen in Table 4. 16, the bridging coefficient is favorable for foam stability for 

GC 468 and Crude A, which was confirmed during bulk foam stability tests. The positive 

entering coefficients theoretically are not favorable for foam stability. However, 

Kruglyakov and Vilkova (1999) found that the spreading and entering coefficients are not 

good criteria for antifoam determining factors. Farajzadeh et al. (2012) suggests that the 

bridging coefficient is more correct in predicting foam stability than the spreading and 

entering coefficients.  
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The bridging, spreading, and entering coefficients were calculated for GC 580 and 

Crude A. The IFT values for GC 580 at varying salinities with Crude A can be seen in 

Table 4.17. As seen in the table, the IFT values for Crude A and GC 580 are low, less 

than 1 dynes/cm, but not ultra-low IFT like the surfactants used in ASP flooding.  

 

GC 580 IFT with Crude A (dynes/cm) 

0% NaCl + 0% CaCl2 + 0% MgCl2 0.77 

0% NaCl + 1% CaCl2 + 1% MgCl2 0.645 

1% NaCl + 1% CaCl2 + 1% MgCl2 0.59 

4% NaCl + 1% CaCl2 + 1% MgCl2 0.535 

Table 4. 16: IFT values for GC 580 at varying salinities with Crude A. 

 Even though Crude A, has the highest surface tension and is the most likely to 

result in a favorable bridging coefficient, the surface tension of GC 580 is larger than the 

surface tension than Crude A and results in unfavorable bridging coefficients, as seen in 

Table 4.18. Since Crude B and Crude C have even lower surface tension values than 

Crude A, the bridging coefficients will be much larger, and therefore, more unfavorable 

than Crude A. Even though Crude A and GC 580 do not exist in a stable foam system, 

Crude A has lower bridging coefficients than Crude B and Crude C and is less unstable 

than Crude B and Crude C. GC 580 with 4% NaCl, 1% CaCl2, and 1% MgCl2 has the 

lowest bridging coefficient and is less unfavorable than the other formulations. This is 

also seen during the bulk foam stability tests, where GC 580 with 4% NaCl, 1% CaCl2, 

and 1% MgCl2 is the most favorable salinity for bulk foam stability.  
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GC 580 
Crude A 

S 

Crude A 

E 

Crude A 

B 

0 4.2 5.8 339.2 

0+1+1 8.9 10.2 688.7 

1+1+1 7.2 8.4 553.4 

4+1+1 3.3 4.3 253.2 

Table 4. 17: Spreading, entering, and bridging coefficients for GC 580 and Crude A. No 

bridging coefficients are favorable, but GC 580 with 4% NaCl, 1% CaCl2, 

and 1% MgCl2 is the closest to stable.  

As with GC 580, the surface tension for CTAB at all salinities is larger than the 

surface tension for mineral oil, decane, and all three crude oils. Because the surface 

tension of CTAB is larger than the surface tension of the oils, the bridging coefficient, 

regardless of the IFT measurements, will be positive, and therefore unfavorable. Since 

Crude A has the highest surface tension of the oils tested, it will result in the bridging 

coefficients closest to zero and be the least destabilizing of the oils on the CTAB foam, 

which was seen during the bulk foam stability tests with oil.  
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4.1.4 Adsorption  

The adsorption of 0.1%, 0.5%, and 1% GC 468, GC 580, CTAB, and AS-40 were 

determined using batch adsorption experiments.   

4.1.4.1 Anionic Surfactant Adsorption 

 A calibration curve for AS-40 was generated by using HPLC to calculate the area 

for calibration samples of 0.01 wt%, 0.03 wt%, 0.05 wt%, and 0.1 wt% of AS-40 

solutions. The calibration curve can be seen in Figure 4.22. 

Figure 4. 22: Calibration curve for AS-40 using HPLC.  

Batch adsorption experiments were performed on AS-40 samples of 0.1 wt%, 
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respectively. The adsorption of AS-40 shows Langmuir type behavior, increasing 

adsorption with increasing concentrations until the CMC of the surfactant, at which point 

the adsorption should remain constant with increases in concentration, which is expected 

for surfactant adsorption on carbonate reservoirs.  

4.1.4.2 Cationic Surfactant Adsorption 

 Calibration curves for GC 468, GC 580, and CTAB were generated using the 

titration method discussed in Chapter 3 for cationic adsorption. Calibration samples for 

GC 468 were generated by measuring UV-vis for 0.001, 0.002, 0.004, 0.006, and 0.008 

weight % solutions. The calibration curve for GC 468 can be seen in Figure 4.23. 

 

Figure 4. 23: Calibration curve for GC 468 using UV-vis.  
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After generating the calibration curve, adsorption was measured for GC 468 

solutions of 0.1, 0.5, and 1 wt% surfactant; the UV-vis absorbance was 1.09, 1.27, and 

1.29, respectively. Using the calibration curve in Figure 4.23 and Equation 3.8, it was 

determined that the batch adsorption values for GC 468 were 0.034, 0.013, and 0.011 

mg/g, respectively. This does not follow Langmuir type adsorption. One reason, the 

adsorption does not show Langmuir behavior is the adsorption values are extremely low, 

and error exists in this method.   

Adsorption was measured for GC 580 solutions 0.1, 0.5, and 1 wt% of surfactant; 

the UV-vis adsorbance was 0.4575, 0.43, and 0.4175, respectively. The calibration curve 

was generated using 0.001, 0.002, 0.004, 0.006, and 0.008 wt% solutions of GC 580. 

Using the calibration curve in Figure 4.24 and Equation 3.8, it was determined that the 

batch adsorption values for GC 580 were 0.007, 0.009, and 0.01 mg/g. The adsorption for 

GC 580 follows Langmuir behavior.  
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Figure 4. 24: Calibration curve for GC 580 using UV-vis.  
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Figure 4. 25: Calibration curve for CTAB using UV-vis. 

 

Table 4.19 contains a summary of the batch adsorption results for each surfactant 

at three different concentrations. As seen in the table below, the three cationic surfactants 

had significantly lower adsorption on limestone than anionic surfactant. The anionic 

surfactant had more than 10 times more adsorption than GC 580 at all the surfactant 

concentrations tested, and 10 times more adsorption than GC 468 and CTAB at higher 

surfactant concentrations, 0.5 and 1.0 wt%. These results show that cationic gemini 

surfactants are much better surfactants to use for carbonate reservoirs. Far less cationic 

surfactant will be consumed during EOR processes in laboratory and core applications, 

and they do not require the use of alkali to reduce the amount of surfactant lost to 

y = 0.0214x + 1.1848 
R² = 0.9965 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 5 10 15 20 25

U
V

-v
is

 

CTAB ppm 

CTAB Adsorption Calibration Curve 



99 

 

adsorption, unlike conventional anionic surfactants. This could be particularly useful in 

applications when the typical alkali, sodium carbonate, is not effective, such as in the 

presence of anhydrite. Many studies are being conducted to reduce anionic surfactant 

adsorption in carbonate reservoirs, especially those that contain gypsum and anhydrite, 

using various alkali materials such as sodium polyacrylate (ShamsiJazeyi, 2013), sodium 

metaborate, and ammonium hydroxide (Sharma et al, 2014).  

 

 GC 580 GC 468 CTAB AS-40 

0.1 wt% 0.007 mg/g 0.034 mg/g 0.031 mg/g 0.14 mg/g 

0.5 wt% 0.009 mg/g 0.013 mg/g 0.019 mg/g 0.19 mg/g 

1.0 wt% 0.010 mg/g 0.011 mg/g 0.018 mg/g 0.26 mg/g 

Table 4. 18: Summary of batch adsorption studies for each of the four surfactants studied 

at three different concentrations. All batch adsorption studies were done at 

60
o
C and at the injection brine salinity.  

Even though the use of alkalis reduce the amount of anionic surfactant adsorption 

in carbonate reservoirs during ASP floods, they would not be effective to use during CO2 

foam floods. Because the CO2 would decrease the pH to below 6, surfactant adsorption 

would increase wherever CO2 sweeps the reservoir, nulling the beneficial effects of 

alkali.  
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4.1.4.5 Wettability Alteration  

Preliminary wettability alteration experiments were performed on calcite chips. 

Both cationic gemini surfactants were tested for all three crude oils. Figure 4.26a shows 

the calcite chip aged with Crude A immersed in 0.5% GC 468 aqueous solution with 1% 

CaCl2 and 1% MgCl2. Figure 4.26b shows the calcite chip aged with Crude A in 0.5% 

GC 580 aqueous solution with 2% NaCl, 0.5% CaCl2, and 0.5% MgCl2. Figure 4.27a 

shows the calcite chip aged with Crude B in 0.5% GC 468 with 1% CaCl2 and 1% 

MgCl2. Figure 4.27b shows the calcite chip aged with Crude B in 0.5% GC 580 with 2% 

NaCl, 0.5% CaCl2, and 0.5% MgCl2. Figure 4.28a shows the calcite chip aged with Crude 

C in 0.5% GC 468 with 1% CaCl2 and 1% MgCl2. Figure 4.28b shows the calcite chip 

aged with Crude C in 0.5% GC 580 with 2% NaCl, 0.5% CaCl2, and 0.5% MgCl2. 

 

Figure 4. 26: a) Calcite chip aged in Crude A in GC 468, b) Calcite chip aged in Crude A 

in GC 580. 
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Figure 4. 27: a) Calcite chip aged in Crude B in GC 468. b) Calcite chip aged in Crude B 

in GC 580.  

  

 

 

 

 

 

Figure 4. 28: a) Calcite chip aged in Crude C in GC 468, b) Calcite chip aged in 

Crude C in GC 580. 
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For Crude A, neither GC 580 nor GC 468 are capable of reducing the oil contact 

angle below 90
o
. GC 468, however, results in a lower contact angle than GC 580. Crude 

B in GC 468 results in a contact angle less than 90
o
. Crude B in GC 580, still results in a 

contact angle greater than 90
o
. Like with Crude A, neither GC 468 nor GC 580 is able to 

reduce the contact angle to below 90
o
. With Crude C, unlike Crude A and B, GC 580 

results in the lower contact angle; however, Crude C in both GC 468 and GC 580 has 

contact angles greater than 125
o
. 

 

4.2 COREFLOODS IN THE ABSENCE OF OIL  

Corefloods in the absence of oil were performed using varying concentrations of 

GC 468, GC 580, and CTAB. The foam quality was also varied for the three cationic 

surfactants. 

4.2.1 GC 468  

Core floods in the absence of oil were performed to determine if GC 468 co-

injected with CO2 would form foam in porous media and to determine the effects of 

surfactant concentration and foam quality on foam strength. The core properties for the 

experiments done in the absence of oil can be seen in Table 4.20. The experimental 

conditions are listed in Table 4.21.  
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Texas Cream Properties  

Length (in) 9  

Diameter (in) 1.48 

Porosity (%) 27% 

Permeability 38 mD 

Table 4. 19: Texas Cream Limestone properties for coreflood experiments performed in 

the absence of oil.  

Experimental Conditions 

Temperature 60
o
C 

Back Pressure ~100 psi 

Total Flow Rate 4 ft/day 

Table 4. 20: Experimental conditions of corefloods performed in the absence of oil.  

Brine was injected into the core at 4 ft/day until the pressure drop reached a 

constant pressure at 2.7 psi. The injection fluid was switched to CO2. CO2 was injected at 

4 ft/day until the pressure drop reached a constant pressure of 2 psi. CO2 and brine were 

co-injected at 90% quality at 4 ft/day to give a baseline for CO2 and surfactant co-

injection. The brine and CO2 co-injected reached a steady-state pressure of 3.5 psi.  

One pore volume of 0.1% GC 468 with 1% CaCl2 and 1% MgCl2 was injected to 

satisfy adsorption. CO2 and the 0.1% surfactant solution were co-injected at 90% quality 

at 4 ft/day until the pressure drop stabilized around 7.2 psi. The pressure drop during a 

co-injection of surfactant and CO2 was double the pressure drop during the co-injection 
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of brine and CO2 at the same volume ratio, indicating that foam is forming, increasing the 

pressure drop across the core. The formation of foam was confirmed using the visual cell 

at the inlet of the core.  

One pore volume of 0.25% GC 468 with 1% CaCl2 and 1% MgCl2 was injected 

into the core to satisfy adsorption. The 0.25% surfactant solution was co-injected with 

CO2 at 90% quality until the pressure stabilized around 7.4 psi. This pressure drop is 

essentially the same pressure drop as seen with 0.1% surfactant solution.  

One pore volume of 0.5 % GC 468 with 1% CaCl2 and 1% MgCl2 was injected 

into the core to satisfy adsorption. The 0.5% solution was then co-injected with CO2 at 

90% quality. Once again, the pressure stabilized around 7.0 psi, suggesting that there is 

little to no effect of GC 468 concentration on foam strength in the absence of oil. The 

results of these experiments in the absence of oil can be seen in Figure 4.28. This is 

different than typical literature results where increasing surfactant concentration results in 

increased foam strength. Perhaps not a large enough range of surfactant concentrations 

was studied to see an effect of surfactant concentration.  

The effect of quality on foam strength was also tested in the absence of oil in the 

same core as listed in the table above. The ratio of 0.5% GC 468 with 1% CaCl2 and 1% 

MgCl2 and CO2 was varied from 70% to 95% in increments of 5%. The effects of quality 

on foam strength can be seen in Figure 4.29. As seen in the figure, when foam was 

injected at 70% quality, the pressure drop reached steady state around 9.0 psi. When the 

quality was increased to 75%, the steady-state pressure drop increased to approximately 

11.8 psi. The quality was increased to 80%, and the steady-state pressure increased to 

14.5 psi. The steady-state pressure drop across the core continued to increase as the foam 

quality was increased to 85% quality. At 85% quality, the foam strength reached a 
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maximum, as the pressure drop reached 16 psi. After 85% quality, however, the pressure 

drop decreased with further increases in the quality. At 90% quality, the pressure drop 

stabilized around 8.4 psi. When the quality was further increased to 95%, the steady-state 

pressure drop decreased further to 7.0 psi. This apparent optimum quality for foam 

strength is also seen in literature results (Zeng et al., 2015. Because the foam was the 

strongest at 85% quality, the formulation of 0.5% GC 468 with 1% CaCl2 and 1% MgCl2 

co-injected with CO2 at 85% quality for foam corefloods performed in the presence of 

oil.  

The core was cleaned by injecting 8 pore volumes of 0.5% NaCl at 5 ft/day, 

followed by 10 pore volumes of methanol mixed with 0.5% NaCl at equal volume ratios, 

followed by 10 pore volumes of 0.5% NaCl. The core was dried in the oven overnight 

before vacuuming and the brine saturation for the next set of coreflood experiments.   
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Figure 4. 29: Core flood experiment in the absence of oil with GC 468 with 1% CaCl2 

and 1% MgCl2. The flow rate was 4 ft/day. The steady state pressure drop is 

plotted.  This experiment looks at the effect of surfactant concentration on 

pressure drop during CO2 and surfactant co-injection at 90% quality. 
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Figure 4. 30: Core flood experiment in the absence of oil with 0.5% GC 468 with 

1%CaCl2 and 1%MgCl2. The flow rate was 4 ft/day. The pressure drop 

plotted is the pressure drop at the steady state.  This experiment looks at the 

effect of the ratio of CO2 to surfactant solution on the pressure drop across 

the core.  

4.2.2 GC 580 

The effect of surfactant concentration on foam strength was determined by 

changing the surfactant concentration co-injected with CO2 in porous media with no oil 
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was assumed that foam was in the porous media. The properties of the core and the 

experimental conditions for this experiment are in Table 4. 20 and Table 4.21.  

Brine was injected at 4 ft/day until the pressure reached steady-state for one pore 

volume. The steady-state pressure for brine was approximately 2.6 psi. Since the pressure 

drop for brine was the same as the previous brine injection, it can be assumed that the 

core was completely cleaned and all previous surfactant had been removed from the core. 

The injection fluid was switched to CO2 at an injection pressure of 100 psi set by a back 

pressure regulator. After the pressure reached steady-state for 1 pore volume at 1.4 psi, 

brine and CO2 at 90% quality was injected. The steady state pressure for brine and CO2 

co-injected at 90% quality is 4.8 psi. The co-injection pressure of brine and CO2 is higher 

than that of either brine or CO2 because the relative permeabilities of CO2 and of brine 

decrease with the introduction of a second phase.  

One pore volume of 0.1% GC 580 solution was injected to satisfy adsorption. 

0.1% GC 580 with 2%NaCl, 0.5% CaCl2, and 0.5% MgCl2 was co-injected with CO2 at 

90% quality until the pressure reached steady state at 4.9 psi. Since there is little pressure 

increase between the CO2 and brine co-injection and the CO2 and 0.1% GC 580 co-

injection, it appears that no foam forms in porous media with only 0.1% surfactant 

solution.  

One pore volume of 0.25% GC 580 was injected at 4 ft/day to satisfy adsorption. 

Then, CO2 and 0.25% GC 580 were co-injected at 90% quality until the pressure reached 

steady state at 8.6 psi. The pressure drop of CO2 and 0.25% surfactant was almost double 

the CO2 and brine co-injection, indicating that foam was most likely present in the core. 

Foam could also be seen in the visual cell at the inlet of the core, confirming the presence 

of foam.   
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The last surfactant concentration tested was 0.5% GC 580. After one pore volume 

of 0.5% GC 580 was injected to satisfy adsorption, CO2 and 0.5% GC 580 were co-

injected at 90% quality until steady state was reached at 11.3 psi. The results from these 

experiments can be seen in Figure 4.30. As seen in the figure, the pressure drop across 

the core increases with increasing surfactant concentration. This is consistent with 

Apaydin and Kovscek (2000) who found that decreasing surfactant concentration results 

in an increase in gas mobility, decrease in displacement efficiency, and decrease in foam 

strength.   

Tests were also done to determine the effect of foam quality on the formation of 

foam in porous media. For these experiments, the co-injection of CO2 and 0.5% GC 580 

at 4 ft/day was varied from 70% quality to 95% quality in increments of 5%. The results 

of these experiments can be seen in Figure 4.31.  
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Figure 4. 31: Core flood experiment in the absence of oil with GC 580 with 4%NaCl, 

1%CaCl2, and 1%MgCl2. The flow rate was 4 ft/day. The steady state 

pressure drop is plotted.  This experiment looks at the effect of surfactant 

concentration on pressure drop during CO2 and surfactant co-injection. 

As seen in the figure, the pressure drop at 70% quality reaches steady state at 4.7 

psi, the same pressure as CO2 and brine co-injection, indicating that very little, if any, 

foam is forming at this quality. The quality was increased to 75%, where it reached a 

steady-state pressure of 4.9 psi, also suggesting that very little, if any foam, is formed at 

75% quality. When the quality is increased to 80%, however, the steady state pressure 

increases to 11.4 psi, suggesting a stronger foam formation. This was verified by seeing 

foam in the visual cell at the core inlet. When the quality was increased to 85%, the 

steady state pressure increased to 12.4 psi. The quality was increased to 90%; instead of 

seeing another increase in steady state pressure as expected, the pressure drop decreased 
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to 11.3 psi. The last quality tested was 95% quality. The steady state pressure for 95% 

quality was dramatically reduced from that of 90% with a pressure of 5.6 psi. The 

pressure drop at 95% was similar to the pressure drop at 70% and 75% quality, indicating 

an optimum foam quality to produce strong foam. A similar trend of increasing pressure 

drop for increasing quality before reaching an optimum quality after which a decrease in 

pressure drop is seen with increasing quality is found in many studies. Zeng et al. (2015) 

found that the pressure drop for foam formed from AOS C14-16 and CO2 increased with 

increasing pressure drop until 80% quality then proceeded to decrease with an increase in 

quality. For GC 580, the strongest foam was formed at 85% quality; therefore, for foam 

floods in the presence of oil, a quality of 85% was selected. The core was cleaned by the 

same method as described in 4.1.5.1.   
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Figure 4. 32: Core flood experiment in the absence of oil with 0.5% GC 580 with 

4%NaCl, 1%CaCl2, and 1%MgCl2. The flow rate was 4 ft/day. The steady 

state pressure drop is plotted.  This experiment looks at the effect of ratio of 

CO2 to surfactant during co-injection on pressure drop. 

 4.2.3 CTAB 

Corefloods in the absence of oil were performed with CTAB to compare the foam 

strength of this conventional cationic surfactant to the two novel cationic gemini 

surfactants. As with the two cationic gemini surfactants, a series of injections at 4 ft/day 

were performed. The core properties are listed in Table 4.20, and the experimental 

conditions are listed in Table 4.21.  Brine was injected at 4 ft/day and reached a steady-

state pressure of 2.7 psi, the same pressure as the two prior water floods, indicating that 

the core had been completely cleaned. CO2 was then injected at 4 ft/day and resulted in a 

steady-state pressure drop of 1.3 psi, similar to the other two CO2 injections. When CO2 

and brine were co-injected at 90% quality, the pressure stabilized around 4.0 psi, in 
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between the other two brine-CO2 injections. One pore volume of a solution containing 

0.1% CTAB with 4% NaCl, 1% CaCl2, and 1% MgCl2 was injected to satisfy adsorption. 

The surfactant solution was co-injected with CO2, and the pressure reached steady-state 

around 7.0 psi. This is the same pressure drop as seen with 0.1% GC 468 and 2 psi higher 

than the pressure drop seen with 0.1% GC 580. At low surfactant concentrations, the 

foam strength of GC 468 is comparable to a conventional surfactant CTAB.  

One pore volume of 0.25% CTAB solution with 4% NaCl, 1% CaCl2, and 1% 

MgCl2 was injected to satisfy adsorption. The 0.25% surfactant solution was co-injected 

with CO2 at 90% quality at 4 ft/day. Instead of seeing an increase in pressure drop as seen 

when the concentration of GC 468 and GC 580 were increased, the pressure drop of 

0.25% CTAB foam was decreased to 5.0 psi. The pressure drop for 0.25% CTAB co-

injected with CO2 at 90% quality was lower than the pressure drop at the same surfactant 

concentration of both GC 468 and GC 580.  

Lastly, the surfactant solution was increased to 0.5% CTAB with 4% NaCl, 1% 

CaCl2, and 1% MgCl2. After one pore volume of surfactant solution was injected, 0.5% 

CTAB with 4% NaCl, 1% CaCl2, and 1% MgCl2 was co-injected with CO2 at 90% 

quality. Once again, the pressure drop decreased to 3.8 psi. The pressure drop for the 

0.5% foam was similar to the pressure drop of brine and CO2 co-injected at 90% quality, 

indicating CTAB does not form strong foam in porous at 0.5% surfactant concentration. 

This trend of decreasing pressure drop with increasing surfactant concentration has been 

seen in literature. Tsau and Grigg (1997) found that some commercial surfactants reach 

an optimum foam stability near CMC. Above CMC, some surfactants show a decrease in 

foam stability. The effects of surfactant concentration on foam strength for each cationic 

surfactant are shown in Figure 4.33. As seen in the figure, the two cationic gemini 
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surfactants may be better at forming foam in porous media than the conventional cationic 

surfactant CTAB.   

 

Figure 4. 33: Core flood experiment in the absence of oil with surfactants in 4% NaCl, 

1% CaCl2, and 1% MgCl2. The flow rate was 4 ft/day. The pressure drop 

plotted is the pressure drop at the steady state.  CO2 and surfactant solution 

are co-injected at 90% quality. CTAB is compared to the two cationic 

gemini surfactants, GC 468 and GC 580 at different concentrations  
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Figure 4. 34: Core flood experiment in the absence of oil with 0.5% surfactant with  4% 

NaCl, 1%CaCl2, and 1%MgCl2. The flow rate was 4 ft/day. The pressure 

drop plotted is at the steady state.  This experiment looks at the effect of 

ratio of CO2 to surfactant solution during co-injection on pressure drop. 

CTAB is compared to the two cationic gemini surfactants, GC 468 and GC 

580. 

The effect of quality on foam strength for CTAB was also tested and compared to 

the two gemini surfactants, as seen in Figure 4.34. The quality was varied from 70% to 

95% in increments of 5%. The surfactant solution contained 0.5% CTAB with 4% NaCl, 

1% CaCl2, and 1% MgCl2. As seen in the figure, the pressure drop did not change with 

changes in quality.  Most likely, this is because no foam was forming with the 0.5% 

surfactant solution. To see the effects of quality on CTAB foam strength, a concentration 

closer to CMC should have been used. However, for these parameters, the novel cationic 

geminis have better foam formation in porous media. 
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4.2.4 Mobility Reduction Factor 

The pressure drops from the corefloods in the absence of oil with GC 468, GC 

580, and CTAB were converted to a mobility reduction factor, MRF, using Equation 4.4. 

The mobility reduction factor is used in place of a foam viscosity because the differences 

in pressure drops may be a result of changes in relative permeability, as well as changes 

in foam viscosity. 

 

𝑀𝑅𝐹 =
∆𝑃𝑓𝑜𝑎𝑚

∆𝑃𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
.                                                      (4.4)      

 

Figure 4.35 shows the mobility reduction for GC 468, GC 580, and CTAB at 

varying surfactant concentrations: 0.1%, 0.25%, and 0.5% surfactant. As seen in the 

figure, GC 468 has a higher mobility reduction factor than CTAB at all three 

concentrations tested. GC 580 also has a higher mobility reduction factor than CTAB at 

0.25% and 0.5% surfactant concentrations. The cationic gemini surfactants will be more 

effective at reducing the mobility ratio and increasing the sweep efficiency of the foam in 

porous media.  

 

 

 

 

 

 

 

 



117 

 

 

Figure 4. 35: The mobility reduction factor is compared for all three cationic surfactants. 

The effect of surfactant concentration is also shown.  

The mobility reduction factor was also calculated at varying foam qualities for 

each of the three cationic surfactants. These results are shown in Figure 4.36. As seen in 

the figure, the two novel cationic gemini have higher mobility reduction factors than 

CTAB at all foam qualities. Both GC 468 and GC 580 have the highest mobility 

reduction factor at 85% quality; therefore, 85% quality should yield the highest sweep 

efficiency during coreflood experiments with oil.  
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Figure 4. 36: The mobility reduction factor is compared for all three cationic surfactants. 

The effect of CO2 and surfactant ratio is also shown. 

4.3 COREFLOODS IN THE PRESENCE OF OIL  

A series of corefloods in the presence of oil were performed to test the cationic 

gemini surfactants as potential surfactants for enhanced oil recovery using CO2-foam.  

GC 468 and GC 580 were both used for water-wet limestones saturated with a mineral 

oil. They also were used for water-wet limestones saturated with Crude A, diluted to 10 

cP. Lastly, GC 468 was used for an oil-wet limestone saturated with Crude A, at 100 cP.  

 

4.3.1 Coreflood 1: GC 468 with Mineral Oil (Water wet) 

 A Texas Cream limestone was saturated with mineral oil to ensure the core was 

water-wet. The core properties are listed in Table 4.22, and the experimental conditions 

are listed in Table 4.23. 
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Coreflood 1: Core Properties 

Length  1.48 in 

Diameter  11 in 

Porosity 28% 

Brine Permeability  20.5 mD 

Initial Oil Saturation 77.3% 

Table 4. 21: Core properties for Coreflood 1.  

Coreflood 1: Experimental Conditions 

Temperature  60
o
C 

Back Pressure ~100 psi 

Oil viscosity (T=60
o
C) 11 cP 

Foam quality  86% 

Flow Rate 1 ft/day 

Table 4. 22: Experimental conditions for Coreflood 1. 

Table 4.24 shows a summary of the coreflood results. Figure 4.37 shows the oil 

recovery and pressure drop as a function of pore volumes injected. As seen in the figure, 

the water flood at 1 ft/day recovered 58.6% of OOIP. The waterflood rate was increased 

to 5 ft/day, and no additional oil was recovered. One pore volume of 0.5% GC 468 with 

1% CaCl2 and 1% MgCl2 was injected to satisfy adsorption. As seen in the figure and 

results table, no additional oil was recovered during the surfactant flood because mineral 

oil is inactive and the surface tension between surfactant and mineral oil is over 3 
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dynes/cm. Surfactant and CO2 were co-injected at 86% quality and 1 ft/day. After almost 

one pore volume of foam injection, additional oil recovery was seen. After three pore 

volumes of foam injection, an additional 15.9% OOIP was recovered.  

Figure 4.38 shows the oil, water, and gas cuts as a function of pore volumes 

injected. The gas cut was calculated by measuring the volumetric flow rate at 

atmospheric pressure, converting to 100 psi, and dividing by the total flow rate of oil, 

water, and gas. As seen in the figure, water break through occurred around 0.35 PV. Once 

the foam flood began, it took 0.42 PV of foam injection before gas breakthrough was 

seen. The addition of surfactant greatly slowed the breakthrough time of CO2. Even after 

gas breakthrough, more oil recovery still occurred for another 2 PV of foam injection, 

showing that the foam was sweeping previously unswept regions of the core. Since the 

pressure drop during the foam flood is less than the pressure drop during the water and 

surfactant floods, it appears that oil destabilizes the foam upon entering the core. 
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Figure 4. 37: The pressure drop and oil recovery are shown as a function of pore 

volumes injected for Coreflood 1. Brine is injected at 1 ft/day, followed 

by brine injection at 5 ft/day, surfactant injection at 1 ft/day, and finally 

a foam injection at 86% quality at 1 ft/day.  
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Figure 4. 38: The oil, water, and gas cuts during Coreflood 1.  
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Table 4. 23: Summary of oil recovery during Coreflood 1.  

 

 

4.3.2 Coreflood 2: GC 468 with Crude A  (Water Wet) 

A second coreflood was performed on a Texas Cream Limestone core saturated 

with Crude A. The core was not aged, so the core was water wet. The core properties are 

listed in Table 4. 25 and the experimental conditions are listed in Table 4.26.  

 

Coreflood 2: Core Properties 

Length  1.475 in 

Diameter  11.75 in 

Porosity 28.6% 

Brine Permeability  32.5 mD 

Initial Oil Saturation 47 % 

Table 4. 24: Texas Cream Limestone properties for Coreflood 2.  

 

Coreflood 1: Summary of Results 

Water flood 1 ft/day 1.4 PV 58.6% OOIP 

Water flood 5 ft/day 1 PV 0% OOIP 

0.5% GC 468 1 PV 0% OOIP 

86% quality foam flood 4.8 PV 15.9% OOIP 

 Total oil recovery 74.5% OOIP74.5% 
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Core Flood 2: Experimental Conditions 

Temperature  60
o
C 

Back Pressure ~100 psi 

Oil viscosity (T=60
o
C) 7 cP 

Foam quality  86% 

Flow Rate 1 ft/day 

Table 4. 25: Experimental conditions for Coreflood 2.  

As with Coreflood 1, a waterflood at 1 ft/day was performed, followed by a 

waterflood at 5 ft/day, followed by 1 PV of surfactant injection at 1 ft/day, and lastly, a 

foam flood was performed. A summary of the results of this coreflood can be seen in 

Table 4.27. Figure 4.39 shows the percent oil recovery and pressure drop across the core 

as a function of pore volumes injected. As seen in the figure, the waterflood at 1 ft/day 

recovered 35% of OOIP. When the waterflood flow rate was increase to 5 ft/day, no 

further oil was recovered, confirming that the core was water wet and no capillary end 

effects were seen. One pore volume of 0.5% GC 468 with 1% CaCl2 and 1% MgCl2 was 

injected to satisfy adsorption. 3.2% OOIP was recovered during the surfactant flood. One 

possible reason for oil recovery during this surfactant flood, but none during the mineral 

oil experiment is the lower interfacial tension between GC 468 and Crude A 

(approximately 0.1 dynes/cm) compared to GC 468 and mineral oil (approximately 10 

dynes/cm). During the foam flood at 86% quality, an additional 9% OOIP was recovered 

after 2 PV of surfactant and CO2 co-injection. After 2 PV of foam injection, no more oil 
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was recovered. Once again, the foam pressure is less than the waterflood pressure, 

suggesting that the foam is breaking down in the presence of oil.  

 

 

Figure 4.40 shows the ratio oil, water, and gas recovered during various stages of 

the coreflood. As seen in the figure below, the oil cut was low during the entire 

waterflood. Because the flood did not begin at residual water saturation, water and oil 

were recovered from the beginning of the water flood. During the surfactant flood, the oil 

cut was still lower than the water cut. During the foam flood, the oil recovery began just 
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Figure 4. 39: The pressure drop and oil recovery are shown as a function of pore 

volumes injected for Coreflood 2. Brine is injected at 1 ft/day, followed 

by brine injection at 5 ft/day, surfactant injection at 1 ft/day, and finally a 

foam injection at 86% quality at 1 ft/day.  
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before gas break through and continued for a little bit after gas break through. Gas 

breakthrough occurred at 0.54 PV. After gas break through, more water was recovered; 

however, no additional oil was recovered. The cumulative oil recovery was 47.2% OOIP 

with 12.2% OOIP occurring after the water flood. One reason for a lower recovery with 

Crude A than with mineral oil despite the higher foam stability with Crude A is the foam 

flood with the mineral oil was performed at a lower oil saturation. The waterflood during 

the mineral oil coreflood had much higher oil recovery, reducing the oil saturation below 

critical oil saturation, providing a better environment for foam formation, and therefore, 

increased sweep efficiency. Studies have observed that increases in oil saturation results 

in a decrease in the pressure gradient in oil-destabilized flowing foam (Myers and Radke, 

2000). Since the waterflood was less effective in reducing oil saturation, Coreflood 2 had 

a higher oil saturation, and therefore a more destabilizing effect on the foam.  
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Coreflood 2: Summary of Results 

Water flood 1 ft/day 1.6 PV 35% OOIP 

Water flood 5 ft/day 1 PV 0% OOIP 

0.5% GC 468  1 PV 3.2% OOIP 

86% quality foam flood 4.9 PV 9% OOIP 

 Total oil recovery 47.2 %OOIP 

Table 4. 26: A summary of oil recovery during Coreflood 2.  
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Figure 4. 40: The oil, water, and gas cuts during Coreflood 2. 
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4.3.3 Coreflood 3: GC 468 with Crude A (Oil Wet) 

A third coreflood was performed on a Texas Cream Limestone core saturated with 

Crude A. The core was aged in an oven at 80
o
C for one month, making the core oil wet. 

The core properties are listed in Table 4.28, and the experimental conditions are listed in 

Table 4.29.  

 

Coreflood 3: Core Properties 

Length  1.475 in 

Diameter  11.75 in 

Porosity 23.4% 

Brine Permeability  12.5 mD 

Initial Oil Saturation 65.9% 

Table 4. 27: Texas Cream Limestone properties for Coreflood 3.  

 

 

 

Core Flood 3: Experimental Conditions 

Temperature  60
o
C 

Back Pressure ~100 psi 

Oil viscosity (T=60
o
C) 43 cP 

Foam quality  86% 

Flow Rate 1 ft/day 

Table 4. 28: Experimental conditions for Coreflood 3.  
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A waterflood at 1 ft/day was performed, followed by a waterflood at 4 ft/day, 

followed by 1 PV of surfactant injection at 1 ft/day, and lastly, a foam flood was 

performed. The second waterflood was performed at 4 ft/day rather than 5 ft/day due to 

pressure constraints of the coreholder. A summary of the results of this coreflood can be 

seen in Table 4.30. Figure 4.41 shows the percent oil recovery and pressure drop across 

the core as a function of pore volumes injected. Figure 4.42 shows the oil, water, and gas 

cuts throughout the flood. As seen in the figure, the waterflood at 1 ft/day recovered 33% 

of OOIP. When the waterflood flow rate was increase to 4 ft/day, no further oil was 

recovered; no capillary end effects were seen. One pore volume of 0.5% GC 468 with 1% 

CaCl2 and 1% MgCl2 was injected to satisfy adsorption. 1% OOIP was recovered during 

the surfactant flood. During the foam flood at 86% quality, an additional 13% OOIP was 

recovered after 6 PV of surfactant and CO2 co-injection. Unlike the water-wet floods, 

where oil recovery was only seen at the beginning of the foam flood, oil was recovered 

throughout the foam flood. This could be a result of wettability alteration. The total oil 

recovery was 47% OOIP, with 14% OOIP occurring after the waterflood. As seen in 

Figure 4.42, it took almost 0.5 PV of foam injection before gas breakthrough. The 

pressure drops are much higher in this coreflood than the other corefloods because the oil 

viscosity is 47 cP rather than 7-11 cP, and the permeability is only 12 mD instead of 20-

30 mD. However, these pressure drops are too high, and in a field, the injection rate 

would have be reduced. 
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Figure 4. 41: The pressure drop and oil recovery are shown as a function of pore volumes 

injected for Coreflood 3. Brine is injected at 1 ft/day, followed by brine 

injection at 4 ft/day (because this coreholder should not be subjected to 

more than 400 psi), surfactant injection at 1 ft/day, and finally a foam 

injection at 86% quality at 1 ft/day. 
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Figure 4. 42: The oil, water, and gas cuts during Coreflood 3. 

 

 

Coreflood 3: Summary of Results 

Water flood 1 ft/day 1.57 PV 33% OOIP 

Water flood 4 ft/day 1 PV 0% OOIP 

0.5% GC 468  1 PV 1% OOIP 

86% quality foam flood 7.2 PV 13% OOIP 

 Total oil recovery 47% OOIP 

Table 4. 29: A summary of oil recovery during Coreflood 3. 
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4.3.4 Coreflood 4: GC 580 with Mineral Oil (Water wet) 

 The core properties for the Texas Cream limestone used in the water wet 

coreflood with mineral oil are in Table 4.31, and the experimental conditions are listed in 

Table 4.32.  

 

Coreflood 4: Core Properties 

Length  1.48 in 

Diameter  11.75 in 

Porosity 27% 

Brine Permeability  20.9 mD 

Initial Oil Saturation 70.3% 

Table 4. 30: Texas Cream Limestone properties for Coreflood 4.  

Coreflood 4: Experimental Conditions 

Temperature  60
o
C 

Back Pressure ~100 psi 

Oil viscosity (T=60
o
C) 11 cP 

Foam quality  86% 

Flow Rate 1 ft/day 

Table 4. 31: Experimental conditions for Coreflood 4.  
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A summary of the coreflood results are shown in Table 4.33, and Figure 4.43 

shows the oil recovery and pressure drop during the flood as a function of pore volumes 

injected. As seen in the figure below, brine was injected at 1 ft/day until no more oil was 

recovered. The waterflood recovered 41.6% OOIP. The waterflood flow rate was 

increased to 5 ft/day, and no additional oil was recovered. One pore volume of 0.5% GC 

580 with 2% NaCl, 0.5% CaCl2, and 0.5% MgCl2 was injected to satisfy adsorption. No 

additional oil was recovered during the surfactant flood. After the surfactant flood, the 

foam flood at 86% quality was started at 1 ft/day. Very little oil, only 3.1% OOIP was 

recovered during the foam flood. The gas breakthrough occurred fairly early for a foam 

flood, after 0.26 PV of foam injection. Because so little oil was recovered and gas 

breakthrough occurred early, it was thought that the flow rate may have been too slow for 

foam formation. As a result, the flow rate was increased to 4 ft/day. At 4 ft/day, another 

3.1% OOIP was recovered. The cumulative oil recovery from waterflood, surfactant 

flood, and foam flood was 47.8% OOIP. One explanation for the poor oil recovery from 

foam is the greatly destabilizing effect of mineral oil on GC 580 foam stability. Mineral 

oil decreased the bulk foam stability almost instantaneously in the bulk phase. It is 

possible that the mineral oil also ruptured the foam upon entering porous media, 

preventing foam from propagating through the core.  

 

 

 

 

 



134 

 

Figure 4.44 contains the oil, water, and gas cuts. It can be seen that the oil recovery 

occurred twice during the foam flood, once during the 1 ft/day foam flood and once 

during the 4 ft/day foam flood.  

 

 

Figure 4. 43: The pressure drop and oil recovery are shown as a function of pore volumes 

injected for Coreflood 4. Brine is injected at 1 ft/day, followed by brine 

injection at 5 ft/day, surfactant injection at 1 ft/day, and finally a foam 

injection at 86% quality at 1 ft/day. Since the 1 ft/day foam flood did not 

recover much, the foam flood rate was increased to 4 ft/day. 
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Figure 4. 44: The oil, water, and gas cuts during Coreflood 4. 

 

 

Core Flood 4: Summary of Results 

Water flood 1 ft/day 2.6 PV 41.6% OOIP 

Water flood 5 ft/day 1 PV 0% OOIP 

0.5% GC 580  1 PV 0% OOIP 

86% quality foam flood 

1  ft/day 1.2 PV 3.1% OOIP 

86% quality foam flood  

4 ft/day 3.75 PV 3.1% OOIP 

 Total oil recovery 47.8% OOIP 

Table 4. 32: A summary of oil recovery during Coreflood 4 
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4.3.5  Coreflood 5:  GC 580 with Crude A (Water Wet) 

A Texas Cream Limestone was saturated with Crude A, but the core was not 

aged, ensuring the core was water-wet. The properties of the core can be seen in Table 

4.34. The experimental conditions for the coreflood are listed in Table 4. 35. 

 

Coreflood 5: Core Properties 

Length  1.48 in 

Diameter  11.75 in 

Porosity 28% 

Brine Permeability  23 mD 

Initial Oil Saturation 48% 

Table 4. 33: Texas Cream Limestone properties for Coreflood 5. 

Coreflood 5: Experimental Conditions 

Temperature  60
o
C 

Back Pressure ~100 psi 

Oil viscosity (T=60
o
C) 7 cP 

Foam quality  86% 

Flow Rate 1 ft/day 

Table 4. 34: Experimental conditions for Coreflood 5.  
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A summary of the coreflood results and a plot of oil recovery and pressure drop 

across the core as function of pore volumes injected can be seen in Table 4.36 and Figure 

4.45 A plot containing the fraction of oil, water, and gas recovery as a function of pore 

volumes injected can be seen in Figure 4.46. As seen in the figure, brine was injected at 1 

ft/day until no more oil was recovered. The waterflood recovered 39.9% OOIP. The 

waterflood rate was increased to 5 ft/day to ensure that there were no capillary end 

effects. No additional oil was recovered during the 5 ft/day waterflood, confirming that 

the core was water-wet. One pore volume of 0.5% GC 580 with 2% NaCl, 0.5% CaCl2, 

and 0.5% MgCl2 was injected at 1 ft/day to satisfy adsorption, during which 5.4% OOIP 

was recovered. After the surfactant injection, CO2 and surfactant were co-injected at 86% 

quality and 1 ft/day flow rate. The foam flood recovered 3% OOIP before gas 

breakthrough, which occurred 0.43 PV after the foam injection began. After 

breakthrough, however, the foam flood continued to produce another 5.8% OOIP. The 

foam flood recovered a total of 8.8% OOIP. The waterflood, surfactant flood, and foam 

flood recovered 54.1% OOIP. The tertiary recovery of the coreflood with Crude A was 

substantially better than the tertiary recovery of the coreflood with mineral oil, indicating 

that the type of oil has an effect of foam stability in porous media. Once again, the 

pressure drop during the foam flood was lower than the pressure drop during the 

waterflood, indicating that the oil quickly destabilized the foam.  
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From Figure 4.45, it can be seen that oil recovery occurred during the 1 ft/day 

waterflood, the surfactant flood, and during the foam flood. During the foam flood, oil 

recovery can be seen at three separate times, suggesting that the foam was continuing to 

sweep new sections of the core, unlike the other water-wet corefloods where one main 

sweep was seen during the foam flood at 1 ft/day. 

 

 

 

 

 

 

 

0

10

20

30

40

50

60

70

0

10

20

30

40

50

60

0 2 4 6 8

P
re

ss
u

re
 D

ro
p

 (
P

S
I)

 

O
il

 R
e

co
v

e
ry

 (
%

O
O

IP
) 

PV injected 

%OOIP Pressure

Brine 
1ft/d 

Brine 
5ft/d 

GC580 
1ft/d 

Foam 
1ft/d 

Figure 4. 45: The pressure drop and oil recovery are shown as a function of pore 

volumes injected for Coreflood 5. Brine is injected at 1 ft/day, followed 

by brine injection at 5 ft/day, surfactant injection at 1 ft/day, and finally a 

foam injection at 86% quality at 1 ft/day. 
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Figure 4. 46: The oil, water, and gas cuts during Coreflood 5. 

 

 

Table 4. 35: A summary of oil recovery during Coreflood 5.  

 

 

 

 

Coreflood 5: Summary of Results 

Water flood 1 ft/day  2 PV 39.9% OOIP 

Water flood 5 ft/day 1 PV 0% OOIP 

0.5% GC 580  1 PV 5.4% OOIP 

86% quality foam flood 4 PV 8.8% OOIP 

 Total oil recovery 54.1% OOIP 
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Chapter 5: Conclusions and Recommendations 

ASP flooding using anionic surfactants are not suitable for many carbonate 

reservoirs. For example, common alkali cannot be used with hard formation brine. The 

anionic surfactant adsorption on carbonate rocks are high in the absence of high pH. 

Polymers plug low permeability reservoirs. Thus alternative methods of EOR need to be 

found for low permeability carbonate reservoirs.  The goal of this work was to evaluate 

two novel cationic gemini surfactants for CO2-foam flooding for EOR in carbonate 

reservoirs.  

5.1 CONCLUSIONS 

Experiments were first performed to characterize the surfactants in terms of 

aqueous stability, bulk foam stability, and adsorption. It was found that the cationic 

gemini surfactants are stable in brines at a range of temperatures and salinities. The 

shorter chain cationic gemini, GC 468, was stable from 25
o
C up to 120

o
C (the highest 

temperature tested) with 100,000 ppm salinity. The bulk foam stability was studied with 

and without oils at several salinities and temperatures. The bulk foam stability of the two 

cationic gemini surfactants was comparable to the bulk foam stability of a conventional 

cationic surfactant. It was found that increasing temperature resulted in a decrease in bulk 

foam stability, but pH had no effect on the bulk foam stability of these cationic gemini 

surfactants. Static adsorption was measured, and it was found that the cationic surfactants 

had 10 times less adsorption on crushed limestone than an anionic surfactant. The 

wettability alteration experiments showed that both cationic geminis are capable of 

changing an oil-wet calcite chip aged in Crude B to intermediate-wet. It is important for 

foam propagation that the rock is no longer oil-wet. Although water-wet conditions are 

ideal for foam propagation, foams can propagate in intermediate-wet reservoirs (Lescure 
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and Claridge, 1986). For Crude A and Crude C, however, these surfactants were not 

effective at wettability alteration and would require an additional surfactant for 

wettability alteration. 

 Core flood experiments were performed in the absence of oil to prove foam 

formation, determine the effect of surfactant concentration on foam strength, and to 

determine the quality at which the surfactants had the strongest foam. Both cationic 

gemini surfactants showed stronger foam than a conventional cationic surfactant. The 

foam strength increased with increasing gemini surfactant concentration. The strength of 

the foam increased with increasing quality from 70%-85%; after 85%, however, an 

increase in quality caused a decrease in foam strength. Due to this, a foam quality of 85% 

was chosen for foam floods in the presence of oil.  

Two water-wet corefloods were performed with each surfactant. When using GC 

468 during a coreflood with a limestone saturated with mineral oil, the foam flood 

recovered 15.9% OOIP after the water flood recovered 58.6% OOIP resulting in a total 

recovery of 74.5% OOIP. When the core was saturated with Crude A, the waterflood 

recovered 35% OOIP, and the GC 468 surfactant and foam flood recovered an additional 

12.2% OOIP, resulting in a total recovery of 47.2% OOIP. When using GC 580 during a 

coreflood with a limestone saturated with mineral oil, the foam flood recovered an 

additional 6.2% OOIP after the waterflood recovered 41.6%, resulting in a total recovery 

of 47.8%. When the core was saturated with Crude A, the GC 580 surfactant and foam 

flood recovered an additional 14.2% OOIP after the waterflood recovered 39.9% OOIP, 

resulting in a total recovery of 54.1% OOIP.  

One oil-wet coreflood was performed. The limestone was saturated with Crude A 

and aged for one month. The surfactant and foam flood recovered an additional 14% 
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OOIP after the waterflood recovered 33% OOIP, resulting in a total oil recovery of 47 % 

OOIP. The pressure drop during all the water-wet foam floods in the presence of oil was 

not too high, less than 15 psi/ft.  Despite the lower pressure drop, the foam floods 

recovered an additional 6-16% OOIP, indicating the foam was sweeping unswept regions 

of the core, unlike polymers, which would have a significantly higher pressure drop than 

the waterflood. These results show that these novel cationic gemini surfactants could be a 

viable alternative to polymer flooding in carbonate reservoirs.  
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 5.2 RECOMMENDATIONS AND FUTURE WORK 

The more experiments are recommended for further studies the use of cationic 

gemini surfactants for foam flooding in carbonate reservoirs. It would be beneficial to use 

Crude B in an oil-wet experiment since GC 468 showed favorable wettability alteration 

during calcite chip experiments. It would also be beneficial to vary the type of carbonate 

core to show these cationic surfactants can be used in a variety of reservoirs. Likewise, it 

would be valuable to add foam boosters to see if a stronger foam can be formed and 

further increase sweep efficiency. In addition to adding foam boosters, it could be 

valuable to look for synergistic surfactants for better wettability alteration. It could be 

beneficial to make shorter chain cationic gemini surfactants or shorter spacer to increase 

aqueous stability at higher salinity. Lastly, it would be valuable to evaluate heterogeneous 

systems (sand pack and core) to show foam does increase sweep efficiency. 
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Appendix A 

Appendix A contains the aqueous stability results for GC 566 and GC 776. 

 

Salinity T=25
o
C T=60

o
C T=80

o
C T=120

o
C 

0% NaCl + 0% 

CaCl2 + 0% MgCl2 Cloudy Hazy Clear Clear 

0% NaCl + 1% 

CaCl2 + 1% MgCl2 Cloudy Hazy Clear Clear 

1% NaCl + 1% 

CaCl2 + 1% MgCl2 Cloudy Hazy Clear Clear 

4% NaCl + 1% 

CaCl2 + 1% MgCl2 Cloudy Hazy Hazy Hazy 

8% NaCl + 1% 

CaCl2 + 1% MgCl2 Cloudy Hazy Hazy Hazy 

10% NaCl + 0% 

CaCl2 + 0% MgCl2 Cloudy Hazy Hazy Hazy 

15% NaCl + 0% 

CaCl2 + 0% MgCl2 Cloudy Hazy Hazy Hazy 

Table A. 1: Aqueous stability GC 566 at a range of temperatures and salinities. GC 

566 was only aqueously stable above 80
o
C at low salinities. The reservoir 

temperature for this study was 60
o
C; therefore, this surfactant was not 

studied further.   
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Salinity T=25
o
C T=60

o
C T=80

o
C T=120

o
C 

0% NaCl + 0% 

CaCl2 + 0% MgCl2 Precipitates Precipitates Precipitates Precipitates 

0% NaCl + 1% 

CaCl2 + 1% MgCl2 Precipitates Precipitates Precipitates Precipitates 

1% NaCl + 1% 

CaCl2 + 1% MgCl2 Precipitates Precipitates Precipitates Precipitates 

4% NaCl + 1% 

CaCl2 + 1% MgCl2 Precipitates Precipitates Precipitates Precipitates 

8% NaCl + 1% 

CaCl2 + 1% MgCl2 Precipitates Precipitates Precipitates Precipitates 

10% NaCl + 0% 

CaCl2 + 0% MgCl2 Precipitates Precipitates Precipitates Precipitates 

15% NaCl + 0% 

CaCl2 + 0% MgCl2 Precipitates Precipitates Precipitates Precipitates 

Table A. 2: Aqueous stability of GC 776 at a range of temperatures and salinities. GC 

776 is not aqueously stable at any temperatures or salinities evaluated; 

therefore it was not studied further.   
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Appendix B 

Appendix B contains a few of the bulk foam stability results, showing the 

variability of each bulk foam stability test. Each experiment was performed three times to 

show the repeatability of foam formation and half-life at varying salinities, temperatures, 

and oils.  

 

Figure B. 1: Bulk foam stability results of 0.25% GC 468 with 1% CaCl2 and 1% MgCl2 

at T=60
o
C. No oil was present. 
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Figure B. 2: Bulk foam stability results of 0.25% GC 580 with 4% NaCl, 1% CaCl2, and 

1% MgCl2 at T=25
o
C in the presence of 1wt% decane. 
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Figure B. 3: Bulk foam stability results of 0.25% GC 580 with 4% NaCl, 1% CaCl2, and 

1% MgCl2 at T=25
o
C. No oil was present.  
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Figure B. 4: Bulk foam stability results of 0.25% GC 580 with 4% NaCl, 1% CaCl2, and 

1% MgCl2 at T=25
o
C in the presence of 1 wt% mineral oil. 
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Figure B. 5: Bulk foam stability results of 0.25% GC 580 with 4% NaCl, 1% CaCl2, and 

1% MgCl2 at T=25
o
C in the presence of 1 wt% Crude A. 
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Figure B. 6: Bulk foam stability of 0.25% CTAB with 4% NaCl, 1% CaCl2, and 1% 

MgCl2 at T=60
o
C. No oil was present. 
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Figure B. 7: Bulk foam stability of 0.25% AS-40 at T=60
o
C. No salt is present and no 

oil is present 
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