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        Quoc P. Nguyen 

 

The generation of stable carbon dioxide-in-water (C/W) foams at high 

temperatures is hindered by lack of surfactant solubility in the aqueous phase and 

acceleration in various foam destabilization mechanisms. Herein, fundamental 

understanding of the aqueous and CO2 phase behaviors, aqueous phase rheology and 

interfacial properties of the surfactant enabled the formation of stable and viscous C/W at 

conditions never achieved before. Switchable amine surfactants
 
 in the protonated state 

were soluble up to 120 °C and salinities up to 22% TDS. The addition of a second amine 

in the head and methyl substitution as in C16-18N(CH3)C3N(CH3)2 increased the aqueous 

solubility and eliminated cloud point precipitation associated with hydroxyethyl (EO) 

substitution. The unprotonated surfactants were soluble in CO2 at 120 °C and 3400 psia.
 
  

The affinity for both aqueous and CO2 phases resulted in high adsorption of the surfactant 

at the C-W interface and effective reduction of the interfacial tension. Furthermore, low 

C-W partition coefficients favored the formation of C/W foams. 

The surfactant structure was tuned to form a highly viscoelastic aqueous phase by 

transforming the micellar morphology from spherical to entangled wormlike micelles. 

For C16-18 N(CH3)C3N(CH3)2, the longer tail compared to C12-14N(EO)2 or  smaller head 
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versus C16-18N(EO)C3N(EO)2,  given methyl instead of hydroxyethyl substitution on the 

amine, increased the packing parameter and enabled the formation of a viscoelastic 

aqueous phase. 

The viscoelasticity of the aqueous phase slowed down the drainage rate to 

maintain thicker lamellae that significantly reduced destabilization of foam by Ostwald 

ripening, and coalescence.  Furthermore, the wormlike micelles contributed a component 

to the disjoining pressure that made it large enough to overcome high capillary pressures 

for foams with very high qualities. The high foam viscosity and stability were consistent 

with small bubble sizes. Moreover, as a consequence of the highly viscous aqueous 

phase, foam was generated using an order of magnitude lower superficial velocity (shear 

rate) than for the case of non-viscoelastic lamellae with the surfactant C12-14N(EO)2. 

Finally, C12-14N(EO)2 generated stable foams in the presence of oil fractional flow up to 

0.2 and was  selective for generation C/W foams rather than O/W emulsions as desired in 

enhanced oil recovery applications. 
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Chapter 1: Introduction 

1.1 MOTIVATION 

According to International Energy Outlook 2013 the world energy consumption 

increased from 524 quadrillion BTU in 2010 to 820 quadrillion BTU in 2040, a 56 

percent increase in 30 years. Furthermore, in 2040, fossil fuels are projected to account 

for 78% of the total energy.
1
 This increase in demand of fossil fuels as the main source of 

energy in the future is expected to cause an increase in the emissions of greenhouse gases 

and CO2 in particular. CO2 emissions are projected to increase from 31 billion metric ton 

in 2010 to 45 billion metric tons in 2040.
 

In order to decrease the concentration of greenhouse gases in the atmosphere, 

countries are committed to reducing their greenhouse emissions. CO2 emissions reduction 

can be accomplished by a shift from fossil fuels to renewable energy resources or a 

decrease in the CO2 intensity from fossil fuels. The second option can be realized by an 

increase in the use of natural gas in the expense of coal and capture and storage of CO2 in 

geological reservoirs.
2
 The global potential capacity for storage of CO2 is sufficient to 

store emitted CO2 for several decades underground for hundreds of years.
3
 

Carbon dioxide enhanced oil recovery (CO2 EOR) is a technology that increases 

oil production using CO2 with opportunity of CO2 storage underground. CO2 EOR can be 

accomplished by miscible and immiscible flooding of CO2.
4
 The type of flooding 

depends on the properties of the gas injected and the reservoir conditions.
4
 Immiscible 

flooding occurs when the pressure of the reservoir is less than the minimum miscible 

pressure (MMP) of the oil.
5
 In this case, no mixing of oil and gas is encountered and the 

gas is primarily used for pressure maintenance. On the other hand, above the MMP CO2 



 

 

 

2 

is miscible with oil and form a single phase fluid.
6
 The advantages of miscible flooding 

are elimination of capillary effects that cause retention of the oil and swelling of oil 

which reduces its viscosity and increases its mobility.
5, 7

 

A typical CO2 EOR operation consists of delivery of CO2 from a source to the 

field at pressure and density high enough for the project requirements. The CO2 is then 

directed to injection wells placed to optimize recovery. The injected CO2 moves through 

the reservoir pores and mixes with the residual droplets of oil and forms an oil bank that 

is swept towards the producing wells. Producing wells (typically three or four per 

injection well) produces oil, water and gas which is then separated. The produced gas 

which may include CO2 is further processed to remove CO2 which is recompressed for 

reinjection. Produced water is also treated and reinjected in s typical water alternating gas 

(WAG) scheme.
8
 The ratio of water/CO2 slugs can range from 0.5 to 4 per volume of 

CO2 at reservoir conditions. Typically, cumulative injected CO2 volume varies between 

80% of the hydrocarbon pore volume in the reservoir.
4
 

1.2 CO2 FOAM MOBILITY CONTROL 

The low recovery of oil using CO2 EOR (5-15% of original oil in place, OOIP)
4
 

can be explained by the properties of CO2 and reservoir heterogeneity.
9
 First, the low 

density of high pressure CO2 relative to oil promotes gravity override which causes the 

CO2 to flow in the top layers of the reservoir rather than contacting the oil. This results in 

low recovery in the lower portions of the formation.
6, 9, 10

 Second, the viscosity of dense 

liquid or supercritical CO2 (0.05-0.10 cP) is orders of magnitude lower than the targeted 

oil which results in the formation of fingers of CO2 in oil (viscous fingering) instead of a 

stable interface. Viscous fingering causes early CO2 breakthrough, high CO2 utilization, 



 

 

 

3 

delayed CO2 production, low sweep efficiency and low percent OOIP recovery.
4, 11

 Also, 

the low viscosity of CO2 causes CO2 to flow into the more permeable layers of the 

reservoir which are water flooded instead of low permeability areas which contain more 

recoverable oil. 

Other challenges to CO2 EOR are low reservoir pressure below the MMP which 

can make it infeasible to produce the oil through immiscible flooding. Additionally, 

asphaltene can deposit when CO2 is developing miscibility with oil which can prevent the 

flow of CO2 into oil rich zones. Moreover, at high pressure CO2 becomes more soluble in 

water which lowers the pH and causes dissolution of carbonate reservoirs leading to high 

permeability flow paths of CO2 and thus lower sweep efficiencies. 

To overcome the density and viscosity issues associated with CO2 EOR, 

decreasing the mobility of CO2 by increasing the viscosity is often proposed. The most 

promising technique for CO2 mobility control has been the use of surfactants to generate 

CO2 – in – water emulsions which are often called C/W foams.
12, 13

 CO2 in water foams 

comprised of CO2 bubbles in continuous water phase (lamellae) can be generated by 

applying shear to a mixture of water CO2 and an effective surfactant.
11, 14

 An effective 

surfactant will lower the interfacial tension between CO2 and water to lower the Laplace 

pressure for the formation of bubbles of CO2 in water.
15

 The reduced mobility of CO2 

foams is due to their high viscosity (up to 4 orders of magnitude compared to pure CO2).  

The high viscosity is caused by the force to deform surfactant – stabilized lamellae.
16, 17

 

Mobility control using surfactant forms a stable oil/CO2 displacement front and enhances 

oil recovery. 
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 An important concept for the design of surfactants for CO2 water systems is the 

hydrophilic/CO2-philic balance (HCB) of the surfactant – analogous to HLB for oil water 

systems 
18, 19, 20, 21, 22, 23, 24, 25

 . The HCB describes the interactions between the surfactant 

and the solvents 
1

𝐻𝐶𝐵
=

𝐴𝑇𝐶−𝐴𝑇𝑇−𝐴𝐶𝐶

𝐴𝐻𝑊−𝐴𝐻𝐻−𝐴𝑊𝑊
                                (1.1) 

where Aij is the interaction potential for CO2 (C), the hydrocarbon tail (T), water (W) and 

the surfactant head group (H).
25

 The HCB of the surfactant can be manipulated by 

changing surfactant structure and other formulation variables such as temperature, 

pressure and salinity.
25

 When the HCB is above unity the surfactant prefers the aqueous 

phase and the preferred curvature is CO2 in water macroemulsions (C/W foams) 

according to Bancroft rule. At HCB values very close to the balanced point, the 

interfacial tension becomes extremely small and emulsions become unstable.
26

 At HCB 

less than 1, the surfactant preferentially partitions to the CO2 phase and W/C emulsion 

can form Therefore, the optimum surfactant structure for C/W foam formation is 

achieved when the HCB is shifted by a modest amount away from the balanced state in 

favor of a more hydrophilic surfactant.  

Most experimental studies have been done on CO2 foams using water soluble 

nonionic or anionic surfactants intended for sandstone reservoirs often encountered in the 

U.S.
4
 The use of hydrophilic surfactants to generate CO2 in water foams is consistent 

with Bancroft’s rule. For example, Heller’s group studied the effect of concentration of 

the surfactant and permeability of the rock on the viscosity of the foam using an anionic 

sulfonate surfactant (Enordet X2001).
27, 28

 It was found that the surfactant concentration 

required for foam generation is usually higher than the critical micelle concentration of 
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the surfactant. Also, foam viscosity was found to increase with an increase in 

permeability at constant surfactant concentration and foam quality.
28

  The effect of flow 

rate on foam formation and propagation has been studied extensively by Hirasaki’s group 

and Rossen’s group.
29, 30, 31

 It was deduced that increasing the flow rate above a certain 

threshold causes a significant increase in the pressure drop and an abrupt increase in the 

viscosity.  

Despite the weak solvation strength of CO2, several attempts were made to design 

surfactants that are CO2 soluble and can generate C/W foams. The advantage of injection 

of surfactant from CO2 phase is to transport the surfactant along the same path as CO2 

and generate foam where CO2 flows to remediate gravity override and provide better 

sweep.
4, 32

 Xing et. al. used several classes of nonionic surfactants that are slightly CO2 

soluble and water soluble to stabilize foam. These surfactants showed some capacity of 

generation of foam but with low viscosity.
33, 34

 Other CO2 soluble surfactants include 

branched alkyl ethoxylate surfactants that are more CO2 philic due to the weak solute 

solute interactions between the branched tails. These surfactants were demonstrated to 

generate viscous CO2 in water foam at moderate temperatures.
35

  

Designing nonionic and cationic surfactants for C/W foams at temperatures > 100 

°C   is challenging given chemical instability and/or limited solubilities in the aqueous 

phase.  As the temperature is increased, nonionic surfactants with hydroxyethyl (EO) 

groups precipitate at the cloud point as hydrogen bonding with water becomes weaker.
35, 

36, 37 
Relatively few cationic surfactants are chemically stable and soluble in aqueous 

phases above 100 °C as the quaternary ammonium group is prone to Hoffman elimination 

of alkyl groups.
38, 39

 Although anionic surfactants such as sulfates and sulfonates are 
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soluble and stabilize C/W foams at high temperatures, they are limited in certain cases, 

for example as they  adsorb strongly on positively charged surfaces such as carbonate at 

low pH.
40

   

1.3 FOAM GENERATION IN POROUS MEDIA 

Lamellae in porous media can be generated by three different processes, namely, 

snap off, division and leave behind. However, mobilization of these lamellae is required 

for formation of viscous (strong) foam useful for CO2 mobility control applications 

1.3.1 Snap off 

Snap off is the most common mechanism for foam formation in porous media. 

The first step for snap off occurs when the capillary pressure (Equation 1.2), Pc, (the 

difference in pressure between the nonwetting gas phase and the wetting aqueous phase 

exceeds the entry pressure, Pc*, whereby the gas invades a liquid filled pore throat as 

depicted in Figure 1.1A. 

𝑃𝑐 = 𝑃𝑛𝑜𝑛𝑤𝑒𝑡𝑡𝑖𝑛𝑔 − 𝑃𝑤𝑒𝑡𝑡𝑖𝑛𝑔 =
2𝛾𝑐𝑜𝑠𝜃

𝑅
    (1.2) 

where, R is the radius of pore and 𝜃 is contact angle. At the pore level (Figure 1.1B), the 

curvature at the throat (R
 
at point a) is lower than near the rear (R at point b) and the 

capillary pressure is higher. Consequently, the liquid pressure at point (a) is higher than 

that at (b) and drives the bridging of the liquid at the throat to form a new lamella. This 

progression is depicted from left to right in Figure 1.1B.  
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A B 

 
 

Figure 1.1:  Mechanism of snap off. A) Gas invasion of a liquid filled pores (Kovscek 

and Radke, 1994)
41

.  B) Capillary pressure difference at the pore level 

(Rossen, 1996)
11
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1.3.2 Leave behind 

In generation processes such as drainage where liquid saturation decreases, gas 

can invades the liquid filled pores to create a lamella around the adjacent pore grains as 

shown in Figure 1.2. Leave behind mechanism allows easier foam generation in drainage 

processes compared to steady state processes at constant liquid saturation. 

Figure 1.2:  Lamellae generation by leave behind (Ransohoff and Radke, 1988).
42

  

 

1.3.3 Lamellae division 

A stable lamella can travel through pore bodies as a result of sufficient pressure 

gradient and deposit a new lamella in each pore throat as shown in Figure 1.3 This 

process can be effective in generating strong foam by multiplication of moving lamellae. 

 

Figure 1.3:  Lamellae generation by lamellae division (Kovscek and Radke, 1994)
41
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1.3.4 Lamellae mobilization 

Generation of strong foam requires lamellae mobilization where a minimum 

pressure gradient (MPG) overcomes the Laplace pressure (∆𝑝𝑚𝑎𝑥) for (n) number of 

lamellae over the length of the porous medium (L) as shown in Equation 1.3 .
30, 31

 

 

𝑀𝑃𝐺 = ∆𝑝𝑚𝑎𝑥 ×
𝑛

𝐿
=

4𝛾

�̅�𝑚𝑖𝑛
×

𝑛

𝐿
   (1.3) 

where 𝛾 is the interfacial tension, r̅min is the minimum value of r̅ ≡ 2/(1/r1 + 1/r2), 

and r1 and r2 are the principal radii of curvature of the lamella. The radius of curvature of 

the lamellae (r̅min) can be substituted by the pore throat diameter (Rt) which can be 

related to the porous medium properties, porosity (∅)  and permeability (k) by the 

following empirical equation. 

𝑅𝑡 = √
50𝑘

3∅
      (1.4)  

The minimum pressure gradient then becomes directly proportional to the 

interfacial tension and porosity and inversely proportional to the permeability as shown 

below 

𝑀𝑃𝐺 ∝
𝛾∅

𝑘
      (1.5) 

1.4 FOAM STABILITY 

Foams are thermodynamically unstable and the stability depends upon that of the 

lamellae between the bubbles. Destabilization mechanisms such as capillary drainage, 

Ostwald ripening and the presence of oil can cause foam to break. 

1.4.1 Capillary drainage 

 Capillary drainage is driven by the difference in the capillary pressure (Equation 

1.2) between the center of the lamellae and the plateau border. At the center of the 
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lamellae, the radius of curvature is extremely high and the capillary pressure is very low 

compared to the small radius and high capillary pressure at the plateau border.  Assuming 

a constant gas pressure, the liquid pressure is then higher at the center of the lamellae 

than at the plateau border resulting in flow of the liquid towards the plateau border, 

thinning and destabilization of the lamellae as depicted in Figure 1.4 

 

Figure 1.4: Capillary pressure and disjoining pressure. (Adapted from Schramm and 

Wassmuth, 1994) 
43
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The capillary pressure is opposed by disjoining pressure (Π𝑑) which is the sum of 

the forces between the interfacial layers across a lamella, namely, van der Waals 

attractions, electrostatic and steric repulsions. The van der Waals attraction  

 

Π𝑣𝑑𝑤 =
𝐴

6𝜋(2ℎ)3
      (1.6) 

where A is the Hamaker constant and h is the film thickness acts to thin lamellae. 

 Electrostatic repulsions across the lamellae rises from the presence of ionic 

surfactants where the charged surfactant heads create a charged lamellae surfaces that 

repel each other to maintain a thicker lamellae. Steric repulsion forces are short ranged 

forces that also aid in maintaining a thick and stable lamellae.  

Therefore, The difference in pressure between the thin film section of the lamellae 

film and plateau border,  ∆𝑃𝑓𝑖𝑙𝑚 = 2(𝑃𝑐 − Π𝑑) 
44

 creates a drainage velocity (V)  

 

𝑉 = −
𝑑ℎ𝑓

𝑑𝑡
=

ℎ𝑓
2

3𝜇𝑒𝑅𝑓
2 ∆𝑃𝑓𝑖𝑙𝑚     (1.7) 

where Rf and hf are the radius and thickness for the thin film, respectively (Figure 1.4). 

As the lamellae become very thin, thermal fluctuations may rupture the films and produce 

coalescence.
35, 45, 46

.
45, 46

 

1.4.2 Ostwald ripening 

Ostwald ripening is a destabilization mechanism that occurs when smaller bubbles 

shrink in favor of growing larger bubbles to cause an overall coarsening effect that 

ultimately destabilizes the foam. Here, the difference in the radius between the small and 

large bubbles creates a pressure difference according to Young – Laplace equation and 

diffusion of gas occurs through the lamellae. The Ostwald ripening rate (Ω3), is given by 
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Lifshitz and Slyozov followed by Wagner (LSW) in Equation 1.8 and calculated from 

the slope of the linear fit of the time change in bubble diameter. 

 

         Ω3 =
𝑑𝐷𝑠𝑚

3

𝑑𝑡
=

64𝛾𝐷𝑑𝑖𝑓𝑓𝑆𝑉𝑚

9𝑅𝑇
𝐹    (1.8) 

where Ddiff is the diffusion coefficient, F is a correction factor, S and Vm are the bulk 

solubility and the molar volume of the dispersed phase, respectively. 

1.4.3 Presence of oil 

The extent of the defoaming effect of oil depends on the stability of the pseudo 

emulsion film separating the oil phase from the foam liquid – gas interface (O/W/G 

film).
47

 For oil to break a foam, first it has to enter the gas - water interface which can be 

quantified by the entering coefficient (Eo/w) derived from a surface energy balance where 

W-G and O-W interfaces disappear and an O-W interface is created as illustrated in 

Figure 1.5.  Eo/w  is defined by Harkins et al 
48

 as.  

𝐸𝑜/𝑤 = 𝛾𝑤𝑔 + 𝛾𝑜𝑤 − 𝛾𝑜𝑔      (1.9) 

where w, g and o are water, gas, and oil, respectively. Negative entry coefficients suggest 

that oil will remain in the aqueous phase, whereas it enters the gas-water interface for 

positive values.
6, 49

 For porous media
49

 a generalized entering coefficient, 𝐸𝑜/𝑤
𝑔

  was 

defined by Bergeron et al. (Equation 1.10)
50

  

𝐸𝑜/𝑤
𝑔

= 𝛾𝑤𝑔 + 𝛾𝑜𝑤 − 𝛾𝑓      (1.10) 

where 𝛾𝑓 is the interfacial tension of the pseudoemulsion films. This approach 

incorporates the disjoining pressure and the thickness of the film.
49, 50

 Upon entering the 

interface, defoaming can occur via either spreading of the oil droplet at the interface or 

bridging of the foam film.
49

 Spreading is characterized by a spreading coefficient (𝑆𝑜/𝑤) 
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defined by Equation 1.11 and derived from the balance of an oil lens at the W-G 

interface as shown in Figure 1.5.
51

  

𝑆𝑜/𝑤 = 𝛾𝑤𝑔 − 𝛾𝑜𝑤 − 𝛾𝑜𝑔      (1.11) 

If 𝑆𝑜/𝑤<0, then the oil droplet is contained in the W-G interface as an equilibrated 

lens  and spreading is unfavorable.
6, 49

 if 𝑆𝑜/𝑤>0, the lens shaped droplet will 

spontaneously spread at the air water interface.
51

   

 

Figure 1.5:  Illustration of entering and spreading of an oil droplet at the gas (air or CO2) 

– water interface. (Adapted from Kralchevsky, 2001).
51
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An alternative mechanism is to describe the degree of oil emulsification in the 

foam lamellae as suggested by Schramm and Novosad.
52

 Here, a lamellae number (L) 

describes the ratio of the capillary suction (∆𝑝𝑐) in the plateau border to the opposing 

pressure drop across the interfacial area (∆𝑝𝑅) and is illustrated in Figure 1.6 and defined 

by Equation 1.12 

𝐿 =
∆𝑝𝑐

∆𝑝𝑅
=

𝑟𝑜𝛾𝑤𝑔

𝑟𝑝𝛾𝑜𝑤
       (1.12) 

where 𝑟𝑜 and 𝑟𝑝 are the radii of the oil droplet and the plateau border, respectively. If 

L<1, the equation predicts that oil cannot be emulsified and foam is stable. Foam was 

observed to be moderately stable for 1<L<5.5 and unstable at values greater than 5.5.
52

 

 

 

 

Figure 1.6:  Illustration of lamellae numbers (oil droplets pinched into the plateau 

border by capillary pressure). (Adapted from Shramm and Novosad, 

1990).
52
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1.5 OBJECTIVES 

The main objective of this work is to provide a comprehensive study of the design 

of surfactants for generation of stable CO2 – in – water foams at high temperature by 

understanding the phase behavior, aqueous phase rheology and interfacial properties at 

the C-W interface as a function of surfactant structure. Tertiary amine surfactants can 

reversibly switch from a nonionic (unprotonated) to a cationic (protonated) state by 

decreasing the pH. The degree of protonation of these surfactants is determined in terms 

of surfactant structural changes such as tail length, the addition of a second amine in the 

head and methyl substitution on the amine. Compared to nonionic surfactants, the 

aqueous phase solubility at high temperature is enhanced by utilizing the protonated 

(cationic) form of the surfactant that provides ion dipole interactions with water. The 

greater hydration with methyl relative to hydroxyethyl substitution on the amine(s) at 

high temperature and the choice of a dual rather than a monoamine are shown to raise the 

brine solubility at high temperature. Furthermore, interfacial tension was measured at 

high temperature and pressure to provide a thermodynamic basis for understanding of 

foam formation and stability at temperatures above 100 °C which has received little 

attention. The aqueous phase behavior and interfacial properties are explained by the 

interactions of the head and tail groups with the relevant phases. The foam generation, 

viscosity and stability are investigated in a capillary tube and different porous media as a 

function of several variables such as temperature, salinity, foam quality, surfactant 

concentration and permeability. Effects of both a first contact miscible hydrocarbon 

(dodecane) and crude oil on C/W foams in porous media was examined to give insight to 

the effect of residual oil encountered in reservoirs. 
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This work also examines how a highly viscous and viscoelastic aqueous phase 

composed of wormlike micelles influences the properties of C/W foams. The effect of 

surfactant concentration, salinity and pH on the steady state viscosity and viscous and 

elastic moduli of the aqueous phase was mapped to specify conditions for viscoelastic 

lamellae. Longer tails and methyl instead of hydroxyethyl substitution on the amine 

increase the packing parameter and are shown to enable formation of a viscoelastic 

aqueous phase comprised of entangled wormlike micelles. For C/W foams, the 

viscoelastic lamellae are shown to decrease the rate of drainage from the capillary 

pressure to stabilize foam at extremely high quality where capillary pressures become 

very large. The maintenance of thick viscoelastic films are shown to raise the stability of 

the C/W foams from coalescence and Ostwald ripening at all qualities as investigated by 

time dependent microscopy. The increase in C/W foam viscosity in the presence of 

viscous lamellae and the effect of shear rate are explained using previously developed 

models of foam viscosity in capillary tubes and porous media. Finally, foams were 

generated at lower superficial velocities with the more viscous aqueous phases, given the 

higher pressure gradient for a given velocity according to Darcy’s law. 

1.6 DISSERTATION STRUCTURE 

In chapter 2, a nonionic surfactant C12-14(EO)2 with a high degree of ethoxylation 

resulted in a high cloud point temperature of 83 
o
C even in 90 g/L NaCl brine. Despite 

the relatively high hydrophilic/CO2-philic balance (HCB), the surfactant adsorption at the 

C-W interface lowered the interfacial tension to ~7 mN/m at a CO2 density of ~0.85 

g/mL, as determined with a captive bubble tensiometry. The adsorption was sufficient to 

stabilize a C/W foam with an apparent viscosity ~7 cP at 80 
o
C, essentially up to the 
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cloud point temperature, in the presence of 90 g/L NaCl brine in a 30 Darcy sand pack. In 

a 1.2 Darcy glass bead pack, the apparent viscosity of the foam in the presence of 0.8% 

total dissolved solids (TDS) brine reached the highest viscosity of ~350 cP at 60% foam 

quality (vol % CO2) at a low superficial velocity of 6 ft/day. Shear-thinning behavior was 

observed in both the glass bead pack and the sand pack irrespective to the permeability 

difference. In addition, C12-14(EO)22 stabilized C/W foam with an apparent viscosity of 

80-100 cP in a 49 mD dolomite core formed through a co-injection and a surfactant-

alternating-gas process. The dodecane-0.8% TDS brine partition coefficient for C12-

14(EO)22  was below 0.1 at 40 
o
C and 1 atm. The formation of strong foam in the porous 

media and the low oil-brine partition coefficient indicates C12-14(EO)22 has potential for 

CO2 enhanced oil recovery (EOR).  This work was done in collaboration with Yunshen 

Chen (First author, myself as joint first author on a published paper). I performed the 

cloud point and C/W foam experiments, some data analysis and some of the writing.  

Chapter 3 examined the thermodynamic, interfacial and rheological properties of 

the surfactant C12-14N(EO)2 in systems containing brine and/or supercritical CO2 at 

elevated temperatures and pressures.  Because the surfactant is switchable from the 

nonionic state to the protonated cationic state as the pH is lowered over a wide range in 

temperature, it is readily soluble
 
in brine in the cationic state below pH 5.5, even up to 

120 
°
C, and also in supercritical CO2 in the nonionic state. As a consequence of the 

affinity for both phases, the surfactant adsorption at the CO2-water interface was high, 

with an area of 207 Å
2
/molecule.  Remarkably, the surfactant lowered the interfacial 

tension (IFT) down to ~5 mN/m at 120 °C and 3400 psia (23 MPa), despite the low CO2 

density of 0.48 g/ml, indicating sufficient solvation of the surfactant tails.  The phase 



 

 

 

18 

behavior and interfacial properties of the surfactant in the cationic form were favorable 

for the formation and stabilization of bulk C/W foam at high temperature and high 

salinity. Additionally, in a 1.2 Darcy glass bead pack at 120 °C, a very high foam 

apparent viscosity of 146 cP was observed at low interstitial velocities given the low 

degree of shear thinning. For a calcium carbonate pack, C/W foam was formed upon 

addition of Ca
2+

 and Mg
2+

 in the feed brine to keep the pH below 4, by the common ion 

effect, in order to sufficiently protonate the surfactant. This work was done in 

collaboration with Yunshen Chen (First author, myself as joint first author on a published 

paper). I performed experiments for the partition coefficient between CO2 and aqueous 

phase, partition coefficient between dodecane and brine, some foam experiments in 

limestone pack and foam experiments in 1.2 Darcy bead pack. I also did some data 

analysis and writing. 

In chapter 4, the effect of both a first contact miscible hydrocarbon (dodecane) 

and crude oil on CO2/water (C/W) foams generated by a switchable surfactant, C12-

14N(EO)2 was examined at dense CO2 conditions at temperatures up to 120 °C and 3400 

psia. Upon increasing the fractional flow of the first contact miscible hydrocarbon, 

dodecane, a gradual decrease in foam viscosity occurred. Here, unlike air foams, only 

two phases are present and traditional destabilization mechanisms based on three phase 

systems such as entering and spreading are invalid. Therefore, an alternative mechanism 

is suggested where increasing the fraction of dodecane increases the surfactant tail 

interactions with the non aqueous phase (mixture of CO2 and dodecane) to shift the HCB 

towards the unstable balanced region. This result is supported by a decrease of the CO2 – 

water interfacial tension from ~5 mN/m to 0.5 mN/m for dodecane – water systems at 
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120 °C and 3400 psia. The effect of crude oil was more profound and observed by rapid 

destabilization of foam at oil fractional flow as low as 0.2. In this case, the immiscible 

portion of the crude oil can enter and spread at the lamellae to destabilize the foam as 

evident by positive entering and spreading coefficients.  Also, other foam destabilizing 

parameters such as temperature and capillary pressure were studied in the presence of oil 

and the results were consistent with those in the absence of oil. This work is done in 

collaboration with Hao Chen who performed some foam experiments, interfacial tension 

measurements and some data analysis. 

In chapter 5, the addition of a second amine in the head as in C16-18 N(EO) 

C3N(EO)2  enhanced the aqueous solubility when compared to C12-14N(EO)2  by 

increasing the pH required by one unit. Higher concentration of protonated amine at each 

pH provided more ion dipole interactions with water. Also, captive bubble tensiometry 

measurements confirmed the activity of the surfactant at the C-W interface by large 

reduction in the interfacial tension coupled with high adsorption. The surfactant 

generated viscous foam that can stabilize the displacement front in CO2 EOR processes 

and decrease the mobility of CO2 for enhanced CO2 sequestration.  

In chapter 6, it is demonstrated for the first time stable C/W foams at temperatures 

up to 120 °C and qualities up to 0.98 with a single diamine surfactant C16-

18N(CH3)C3N(CH3)2
 
that formed viscoelastic lamellae composed of worm like micelles. 

The formation of such stable foams was enabled by increasing the packing parameter by 

increasing the tail length and methyl substitution on the amine to form entangled 

viscoelastic wormlike micelles. The foam was more viscous and stable for longer periods 

(20 hours) compared to foams with spherical micelles in the aqueous lamellae, in the case 
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of  C12-14N(EO)2 and C16-18N(EO)C3N(EO)2. The high viscosity of the aqueous phase 

slowed down the drainage rate to maintain thicker lamellae that significantly reduced 

Ostwald ripening, and coalescence.  Furthermore, the wormlike micelles contributed a 

component to the disjoining pressure that made it large enough to overcome high 

capillary pressures for foams with high very high qualities. The high foam viscosity and 

stability were consistent with the small bubble size (~40 mm) even at 90 °C. In a 1 Darcy 

bead pack, as a consequence of the highly viscous aqueous phase, foam was generated 

using an order of magnitude lower superficial velocity (shear rate) than for the case of 

non-viscoelastic lamellae with the surfactant C12-14N(EO)2.  In addition to enabling the 

formation of viscoelastic lamellae, the methyl groups on the amine were more hydrated 

than EO groups at high temperatures, which enhanced the overall surfactant aqueous 

solubility and eliminated cloud points up to 120
o
 C. Also the smaller size of the methyl 

groups led to increased adsorption of the surfactant at the C-W interface. Highly stable 

and viscous foams at low surfactant concentrations over a wide temperature and quality 

ranges are beneficial for a variety of applications including CO2 sequestration, EOR and 

nearly waterless fracture fluids. This work was done in collaboration with Chang Da who 

performed some experiments and data analysis. 

Supplementary information can be found in Appendices A, B and C with 

additional data and discussion associated with Chapters 2,3 and 4, respectively. 
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Chapter 2: CO2-in-Water Foam at Elevated Temperature and Salinity 

Stabilized With a Nonionic Surfactant with a High Degree of 

Ethoxylation1 

2.1 INTRODUCTION 

In CO2 EOR, the sweep efficiency is limited by gravity override and viscous 

fingering resulting from the low density and viscosity of CO2.
11

 In heterogeneous 

reservoirs, channeling through high permeability regions may leave low permeability oil-

rich regions unswept.
11, 53

 By using a small amount of surfactant to form a CO2-in-water 

(C/W) foam (also called a concentrated macroemulsion), the mobility of CO2 may be 

reduced up to thousands of times to stabilize the displacement front for improved sweep 

efficiency.
11, 53

 Also, some surfactants form foams that are weak in oil-rich regions and 

strong in zones with lower oil amounts.
9, 54

 Thus, these foams may reduce CO2 mobility 

selectively in regions where CO2 would otherwise bypasses oil.  

In a surfactant-CO2-water system, the surfactant partition coefficient between CO2 

and water phases may be characterized by the Hydrophilic – CO2 philic balance (HCB).
18, 

19, 20, 21, 22, 23, 24, 25
 To form a C/W macroemulsion, 1/HCB should be less than 1 so that the 

surfactant prefers the continuous aqueous phase and the interface is concave with respect 

to CO2, according to the Bancroft rule.
18, 19, 55

 Furthermore, the HCB should not be too far 

away from unity (the balanced state) in order for the surfactant to reduce the interfacial 

tension (IFT) by > 10 mN/m down to values as low as 7 mN/m  as depicted in Figure 

                                                 
1 . Chen, Y.; Elhag, A. S.; Cui, L.; Worthen, A. J.; Reddy, P. P.; Noguera, J. A.; Ou, A. M.; Ma, K.; Puerto, 

M.; Hirasaki, G. J. CO2-in-water foam at elevated temperature and salinity stabilized with a nonionic 

surfactant with a high degree of ethoxylation. Industrial & engineering chemistry research 2015, 54 (16), 

4252-4263. (Y.C. and A.S.E contributed equally). A.S.E performed the cloud point and C/W foam 

experiments, some data analysis and some of the writing.  
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2.1. A decrease in the IFT reduces the energy penalty to generate new interfacial area, 

and thus aids foam generation.  In porous media, a lower IFT also reduces the minimum 

pressure gradient required to mobilize lamellae for foam generation though mechanisms 

including snap-off and lamellae division.
11, 30, 31, 56

 It also decreases the capillary pressure 

between dispersed CO2 bubbles and the aqueous lamellar films, which reduces the 

drainage and thinning of the films, and thus slows down film rupture and bubble 

coalescence.
43

 If the HCB is too close to 1, however, the IFT can become low enough for 

forming a microemulsion.
57, 58, 59

 Here, C/W macroemulsions tend to be unstable as it is 

easy to bend the interface to generate holes in the lamellae which causes coalescence of 

foam bubbles. 

 

 

Figure 2.1: Effect of formulation variables on the phase behavior and interfacial tension 

of CO2-water-nonionic surfactant system. 
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An advantage of nonionic surfactants relative to charged surfactants is that they 

may be more soluble in CO2 given the absence of electrostatic interactions.  The 

solubility is the highest , for nonionic surfactants  with branched tails and/or small 

numbers of ethylene-oxide (EO) groups in the surfactant head.
60, 61

 The co-injection of 

surfactant-CO2 solutions with an aqueous phase into porous media may produce C/W 

foams in both lab and field tests.
 10, 34, 62, 63, 64

 The injection of the surfactant in CO2 may 

allow the surfactant to flow with the CO2-preferred flow path in a reservoir for foam 

formation. Also, by reducing the CO2 mobility with viscous foam, CO2 may be diverted 

into zones that had previously not seen CO2 to raise the sweep efficiency as demonstrated 

in a field trial using a nonionic surfactant developed by Dow and the University of Texas 

at Austin.
63

   

Despite the advantages of nonionic surfactants for foam formation, their aqueous 

solubilities may be limited at high temperature, particularly at high salinity. As 

temperature increases, hydrogen bonding between the nonionic EO head groups and 

water becomes weaker, and the surfactant phase separates at the cloud point temperature. 

The cloud point temperature of nonionic surfactants decreases with an increase in salinity 

as the ions weaken the hydrogen bonding between water and the EO groups.
36, 65, 66, 67

 

Additionally, upon approaching the cloud point temperature, the viscosity of foams 

stabilized with a nonionic surfactant typically decreases markedly.
35

 At temperatures 

above the cloud point, foams do not tend to form.
35

  So far, reports on foams generated in 

porous media with a nonionic surfactant are typically below 70 °C at salinities in the 

range of 0 to 5% TDS. 
9, 34, 35, 68

 It remains uncertain to what degree the cloud points can 
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be raised for nonionic surfactants at high salinity, and whether these surfactants will 

stabilize strong foams with high apparent viscosities at high temperatures and salinities.  

The objective of this study is to identify a nonionic alkyl ethoxylate surfactant 

with a relatively high degree of ethoxylation (C12-14(EO)22) and thus high cloud point 

temperature for stabilization of a viscous CO2 foam at temperatures up to 90
o
C and a 

salinity up to 30 g/L NaCl. To choose this surfactant, the cloud point and oil-water (O-W) 

partition coefficients of eight nonionic surfactants were studied as a function of surfactant 

structure and/or aqueous phase salinity. The C-W partition coefficients of the nonionic 

surfactants were investigated in terms of surfactant structure, temperature, and pressure to 

give insight on the curvature of the emulsion (C/W foam in this case) and ultimately, 

surfactant transport in the CO2 EOR process
32, 62, 69

. The effect of C12-14(EO)22 on the C-W 

IFT was studied over a wide range in temperature and pressure. The phase behavior and 

interfacial properties are explained in terms of the interaction of the surfactant head 

groups and tails with the relevant fluid phases.  The high cloud point and substantial IFT 

reduction for C12-14(EO)22 enabled the formation of viscous C/W foams in porous media. 

The effects of temperature, salinity, total superficial velocity, foam quality (volumetric 

fraction of CO2 in total injected fluid) and surfactant concentration on the apparent 

viscosity in a 30 Darcy sand pack or a 1.2 Darcy glass bead pack are presented and 

explained in terms of the phase behavior, interfacial properties and existing foam 

models.
16, 70

 Furthermore, shear-thinning C/W foams with an apparent viscosity over 200 

cP were observed at a low superficial velocity in a 1.2 Darcy glass bead pack. Finally, the 

surfactant is demonstrated to stabilize viscous C/W foam in a 49 mD dolomite core with 
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both co-injection and surfactant-alternating-gas (SAG) processes indicating that it is a 

potential candidate for future field tests.  

2.2 EXPERIMENTAL 

2.2.1 Materials 

Surfactants were gifts from Huntsman, Shell, Stepan and Dow, and used without 

further purification (Table 2.1). Research-grade carbon dioxide was used as received. 

Sodium chloride (NaCl, certified ACS, Fisher), calcium chloride dehydrate (CaCl2·2H2O, 

99+% Acros), magnesium chloride hexahydrate (MgCl2·6H2O, Fisher), and isopropanol 

(certified ACS plus, Fisher) were used as received. 30-120 g/L NaCl brine and 0.8% TDS 

brine (5.98 g/L NaCl, 1.18 g/L CaCl2∙2H2O, 2.03 g/L MgCl2∙6H2O) were prepared with 

deionized (DI) water (Nanopure II, Barnstead, Dubuque, IA) to obtain surfactant/brine 

solutions with surfactant concentrations from 0.01 to1 % w/w.  

 

Table 2.1: Structures of surfactants 

Surfactant name Structure HLB Supplier 

2EH-PO5-EO8 2-ethxylhexyl-(PO)5(EO)8 13.2 Dow 

2EH-PO5-EO15 2-ethxylhexyl-(PO)5(EO)15 15.6 Dow 

2EH-EO11.8 2-ethxylhexyl-(EO)11.8 16.2 Dow 

Bio-soft N91-8 C9-11(EO)8 13.9 Stepan 

Surfonic L24-12 C12-14(EO)12 14.4 Huntsman 

Surfonic L24-22 C12-14(EO)22 16.6 Huntsman 

Neodol N25-9 C12-15(EO)9 13.2 Shell 

Neodol N25-12 C12-15(EO)12 14.4 Shell 
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2.2.2 Cloud point temperature 

For all the samples in this work, the cloud point temperature of the aqueous 

surfactant solution at 1.0% w/w in water/brine was first measured in a synthetic oil bath 

equipped with a temperature controller (Julabo MP immersion circulator) heated from 24 

°C to 90 °C.
59

  The cloud point was observed visually when surfactant solutions turn 

from clear to cloudy.  For some samples with a cloud point above 90 °C, a second 

technique with a sealed glass pipette method was used as described in our previous 

publication to withstand the elevated pressure.
71

. Each test was repeated three times for 

giving an average cloud point temperature. The error was ±1 °C. 

2.2.3 CO2-brine partition coefficient determination. 

To determine the equilibrium partition coefficient, equal masses (5 g for each) of 

CO2 and 0.8% TDS brine plus 0.5 or 1 g surfactant, were loaded in the front part of a 

stirred variable volume view cell following our earlier procedure.
59, 71, 72

 After 

equilibration for two hours, samples of the upper CO2 phase were recovered via a 6-port 

valve (Valco Instrument Co., Inc.) and a 100 μL stainless steel loop (Valco Instrument 

Co., Inc.). The first 100 μL in the loop was discarded and a composite sample was 

obtained by discharging five loads of the loop (500 μL in total) into a vial with 3 mL DI 

water. The loop was flushed with a total of 2 ml of DI water followed with 10 mL of air 

(1 atm) to recover all of the surfactant and water. The sampling procedure was repeated 

twice to collect two separate samples. The surfactant concentrations of the collected 

sample solutions were determined with a pendant-drop surface tension measurement as 

reported previously
59

 (The curve of surface tension versus surfactant concentration of 
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C12-14(EO)22 in 0.8% TDS brine is shown as an example of a calibration curve in Figure 

A1). The average surfactant concentrations were used to calculate the CO2-brine partition 

coefficients.   

2.2.4 Interfacial tension measurement between CO2 and aqueous surfactant 

solutions 

The interfacial tension between CO2 and aqueous surfactant solution was 

determined from axisymmetric drop shape analysis of a captive bubble,
73

 as described in 

detail previously.
59, 71, 72

 

2.2.5 Foam formation and apparent viscosity in sand/glass bead packs 

The apparatus for measurement of the foam viscosity in sand/glass bead packs up 

to 100
 
°C and 2551 psia is depicted in Figure 2.2. The experimental procedure for 

calculating the apparent viscosity of C/W foam from the pressure drop, for both the 

porous media foam generator and downstream capillary tube were the same as described 

in our previous publication.
71

Figure 2.2: continued next page.
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Figure 2.2: Schematic of equipment used for CO2-water foam viscosity measurements. 

In this work, the first porous media was a sand pack (14.7 cm long, 0.76 cm inner 

diameter (ID) tube) with a water permeability of 30 Darcy (calculated from Darcy’s law 

for 1-D horizontal flow) and 32% porosity (2.1 mL pore volume) determined from the 

mass of loaded material. The non-spherical sand was 420-840 μm in diameter (20-40 

mesh). It was washed with copious amounts of water and ethanol. The sand was held in 

place by a 100 mesh wire screen at each end of the pack. The second porous media was a 

1.2 Darcy (determined by the same method described above) glass bead pack (a 20.9 cm 

long and 1.73 cm inner diameter tube holding pre-washed 30-50 μm in diameter spherical 

particles from Polysciences, Inc.).  The glass beads were held in place by two cylindrical 

stainless steel screen holders (1.5 cm long, 1.70 cm outer diameter and 0.42 inner 

diameter), each of which held a 100 mesh and 500 mesh wire screens in series to give an 

effective pack length of 17.9 cm. A Buna N O-ring (McMaster-Carr, Dash number 014) 

sealed each screen holder against the inner wall of the pressure vessel. (Photos for the 

screen holder are shown in Figure A2.) The porosity of the glass bead pack was 36%, 

and the pore volume is 15.2 mL. The stainless steel capillary tube for measuring bulk 

foam viscosity had a 762 μm ID was 1.95 m in length. In addition to the three original 

differential pressure transducers in the setup from our previous work;
71

  one additional

transducer (Validyne, model DP22) with a 1000 psi diaphragm was inserted. Also, a 

Swagelok 177-R3A-K1-D spring (1500-2250 psia) or a 177-R3A-K1-E spring (2250-

3000 psia) was used to maintain the system pressure in a heated (75 
o
C, with a water

bath) back pressure regulator (BPR) (Swagelok model SS-4R3A adjustable relief valve) 

at the end of the apparatus. 
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2.2.6 Core flood 

 The schematic of the core flooding apparatus is shown in Figure 2.3. High 

pressure CO2 and surfactant solution were injected by ISCO dual-pump system (E260, 

from Teledyne ISCO Inc.) and HPLC pump (Lab Alliance Series III), respectively. A 

Silurian dolomite core (3.81 cm in diameter, 7.59 cm in length) was vacuumed to 

approximately 0 pisa, and then saturated with water to obtain the pore volume (15.5 mL) 

and porosity (17.9%). The permeability was measured with the same method in the 

literature,
71

 and was equal to 49 mD. The system pressure at the outlet of the core and

pressure drop across the core was measured by two pressure transducers (Validyne, 

model DP 303) with ranges of 5000 psi and 500 psi respectively. The surfactant water 

solution and CO2 were either co-injected at 80% foam quality or alternately with a 

repeated pattern of 0.1 PV surfactant solution/0.4 PV CO2 both at a total superficial 

velocity of 4 ft/day at 25 
o
C and 3400 psia.

Figure 2.3: C/W foam core flood apparatus. 
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The pressure drop across the core was recorded, and foam apparent viscosity was 

calculated through the same method reported previously based on Darcy’s law.
71

 The 

effluent out of the core flowed into a two-stage relief valves (RV) (Swagelok, SS-4R3A-

KZ). The upstream RV (with a 177-R3A-K1-F spring, 3000-4000 psia) was set at 3400 

psia as the system pressure, while the downstream one (with a 177-R3A-K1-C spring, 

750-1500 psia) was set at 1200 psia. Water is injected through the RVs to keep them 

open for reducing fluctuation in back pressure. Heating tapes (BriskHeat, 

HSTAT051006) were used to maintain the BPR system at 82 ℃. After each test, the core 

was depressurized to atmosphere pressure and flushed by water to restore the original 

permeability before the next experiment 

2.2.7 Oil-brine partition coefficient determination.   

The partition coefficient of a surfactant between 0.8% TDS brine and dodecane 

was determined at 40 °C and 1 atm.  3.5 mL of dodecane was added carefully to an equal 

volume of 1 % w/w surfactant solutions in 0.8% TDS brine to avoid the formation of 

emulsions. The mixtures were equilibrated in an oven at 40 
o
C for 48 h. The partition 

coefficient of surfactant between the brine and dodecane was investigated by measuring 

the surfactant concentration in a sample obtained from the aqueous phase with a pendant-

drop surface tension measurement procedure reported previously.
59

  

2.3 RESULTS AND DISCUSSION 

2.3.1 Cloud point temperature  

An aqueous micellar surfactant solution separates into a surfactant rich and a 

surfactant poor phase as the temperature is raised to the cloud point.
36

 The phase 

separation results from dehydration of the surfactant head group, which weakens 
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electrostatic repulsion between micelles relative to van der Waals attraction.
36

 For  EO 

head groups, the dehydration at high temperatures is due to the loss of the hydrogen 

bonding between water and the ether oxygen atoms.
74

  

Table 2.2 shows the effect of surfactant structure and salinity on the cloud point 

of a series of nonionic surfactants at different salinities. Increasing the EO number or 

decreasing the carbon tail length caused an increase in the cloud point in agreement with 

well-established trends.
65, 75

 For example, at 90 g/L NaCl, increasing the number of EO 

groups from 9 to 22 with a C12-15 tail raised the cloud point from 58 °C to 83 °C. Here, 

the larger number of EO groups adds hydrophilicity, given the hydrogen bonding with 

water.
36

 For C9-11(EO)8 versus C12-15(EO)9 in DI water, decreasing the tail length raised 

the cloud point by  9 °C.  

 

Table 2.2: Effect of salinity on cloud points (°C) of nonionic surfactants  

Surfactant HLB Salinity 

0 0.8%  

TDS 

30 g/L 

 NaCl 

90 g/L 

NaCl  

100 g/L 

 NaCl 

120 g/L 

 NaCl 

2-ethxylhexyl-(PO)5(EO)8 13.2 54
 
*       

2-ethxylhexyl-(PO)5(EO)15 15.6 95    65    

2-ethxylhexyl-(EO)12 16.2 >80 *      

C9-11(EO)8 13.9 81       

C12-14(EO)12 14.4     68   

C12-14(EO)22 16.6 >120  >120  111   83   76  

C12-15(EO)9 13.2 72  63  58   45  

C12-15(EO)12 14.4   89  75   67  

* published
35
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For longer alkyl tails, the added hydrophobicity increases micelle aggregation 

number and micellar size which enhances the van der Waals interactions between 

micelles and consequently lowers the cloud point.
76, 77

 The effect of addition of NaCl for 

all tested surfactants was similar whereby added salt weakened the head group hydration 

and depressed the cloud point, so called “salting out”.
32

 The reduction in hydration is 

attributed to the water structure making nature of Na
+
 which decreases the number of 

water molecules available for hydrogen bonding with the EO head.
65, 78

   Among all 

tested surfactants, C12-14(EO)22 showed the highest salt tolerance with a cloud point of 76 

°C at a salinity of 120 g/L NaCl. Notice the addition of propylene-oxide (PO) units as a 

linker between the hydrocarbon tail and the EO head causes a decrease in the cloud 

point.
79

 Perez et al gave two reasons for this behavior: first, an increase in the 

lipophilicity of the surfactant due to the addition of lipophilic PO groups  and secondly, 

the dehydration of the PO groups as temperature increases.
79

 

2.3.2 CO2-brine partition coefficient 

The CO2-brine partition coefficients of three nonionic surfactants with very 

similar hydrocarbon tails (C12-14(EO)22, C12-15(EO)12 and C12-15(EO)9) between  CO2 and 

0.8% TDS brine solution at 24 and 40 °C, 1700 psia are presented in Table 2.3. In each 

case, the partition coefficient decreased (higher HCB) with an increase of EO number as 

the increase in hydrogen bonding drove the surfactants towards the aqueous phase.  Also, 

the partition coefficient decreased when temperature increased at a constant pressure. 

Here, the decrease in density and thus solvent strength of CO2 lowered tail solvation. 

Moreover, the increase in temperature also weakened the hydrogen bonding of the head 
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groups. In total, reduction of tail solvation in the CO2 phase was greater than the 

weakening of the head group hydration since the HCB increased.   

 

Table 2.3: Partition coefficients of C12-14(EO)22, C12-15(EO)12 and C12-15(EO)9 between 

CO2 and 0.8% TDS brine at 1700 psia, 24 and 40 
o
C.  

Surfactant Temperature 

(°C) 

CO2 density  

(g/mL) 

CO2-brine partition coefficient 

(% (w/w) in CO2/% (w/w) in brine) 

C12-14(EO)22 24 0.849 0.020 

40 0.709 <0.006 

C12-15(EO)12 40 0.709 0.035 

C12-15(EO)9 24 0.849 0.226 

40 0.709 0.077 

 

In addition, the partition coefficients of both C12-14(EO)22 (0.020) and C12-15(EO)9 

(0.226) between CO2 and the low salinity 0.8% TDS brine were much lower than that of 

2-ethxylhexyl-(PO)5(EO)8 (~3) at 24 
o
C, 2000 psia (CO2 density ~0.87) as reported 

previously
59

. Here, the higher partition coefficient for 2-ethxylhexyl-(PO)5(EO)8 at the 

same temperature and similar CO2 density may be attributed to the lower degree of 

ethoxylation,
80

 the more CO2-philic tail due to branching
60

 and the additional CO2-philic 

PO groups.
80

 

2.3.3 Interfacial tension at CO2-brine interface 

The IFT between CO2 and 0.8% TDS brine in the presence of 1% w/w C12-

14(EO)22  in the aqueous phase as a function of CO2 pressure (density) at 24-60 
o
C is 

presented in Table 2.4. At 24 
o
C, the IFT decreased from 8.2 mN/m at 940 psia to 7.3 
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mN/m at 1700 psia. Also, at a constant pressure of 1700 psia, the IFT increased with 

temperature from 7.3 mN/m at 24 
o
C to 9.3 mN/m at 60 

o
C.  The decrease in IFT with an 

increase of pressure may be explained by: 1) the decrease of the IFT for the CO2-aqueous 

binary system without surfactant (𝛄𝟎).
59, 81

 and 2) an increase in CO2 density, whereby the 

tail solvation increases and the HCB decreases towards a more balanced state that is, the 

surfactant migrates from the aqueous phase to the interface (Figure 2.1). When 

temperature increases at a constant pressure, 𝛄𝟎 increases for the CO2-aqeous binary 

system without surfactant.
59, 81

 Furthermore,  the increase of temperature at a constant 

pressure leads to a small decrease of head solvation in aqueous phase ( HCB decreases) 

and a large decrease in tail solvation in CO2 as the density decreases (HCB increases). 

Thus, the balance moves towards water away and  increases. 
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Table 2.4: Interfacial tension between CO2 and 1 % w/w C12-14(EO)22 0.8% TDS brine 

at 24-60 
o
C, 940 or 1700 psia.  

Temperature (°C) Pressure (psia) CO2 density (g/mL) IFT (mN/m) 

24 940 0.736 8.2 

1700 0.849 7.3 

40 1700 0.709 8.5 

50 940 0.152 15.2 

60 1700 0.413 9.3 

 

2.3.4 Foam formation and apparent viscosity in sand/glass bead pack 

2.3.4.1 Effect of temperature and salinity on apparent viscosity at high superficial 

velocity. 

 The apparent viscosity of C/W foams stabilized with 1% w/w C12-14(EO)22  brine 

solution in a 30 Darcy sand pack at 90% foam quality, total superficial velocity 622 

ft/day and constant CO2 density of 0.413 g/mL is shown in Table 2.5. The condition of 

constant CO2 density was chosen to maintain relatively constant tail solvation in CO2.  In 

the presence of 90 g/L NaCl, stable C/W foams (apparent viscosity > 7 cP) were formed 

at temperatures up to 80 
o
C. At 30 g/L NaCl, C/W foams were stable to an even higher 

temperature of 90 
o
C.  
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Table 2.5: Apparent viscosity of C/W foams stabilized with 1% w/w C12-14(EO)22  brine 

solution in a 30 Darcy sand pack at 90% foam quality, total superficial 

velocity 622 ft/day at a CO2 density of 0.413 g/mL. (Temperature and 

pressure was adjusted to give the constant CO2 density) 

Salinity Temperature (
o
C) Pressure (Psia) Apparent viscosity (cP) 

0.8% TDS 60 1700 9.6 

30 g/L NaCl 60 1700 10.7 

 90 2341 6.1 

 100 2551 0.4 (no foam) 

90 g/L NaCl 60 1700 11.6 

 80 2128 7.3 

 90 2341 0.5 (no foam) 

 

At lower temperatures (for example, 60 
o
C or below) at a constant pressure of 

1700 psia, the apparent viscosity of the foam was insensitive to salinity as shown in 

Figure 2.4. For example, at 60 °C the apparent viscosities were 9.6 at 0.8% TDS and 

11.6 at 90 g/L NaCl. In addition, the apparent viscosity decreased when temperature was 

increased. For example, at 90 g/L NaCl and 1700 psia, it decreased from 23 cP at 25 °C 

to 12 cP at 60 °C, as also demonstrated in Figure 2.4.  
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Figure 2.4: Temperature and salinity effects on the apparent viscosity of C/W foams 

stabilized with 1% w/w C12-14(EO)22  brine solution in a 30 Darcy sand pack 

at 25-60 
o
C, in the presence of 0.8% TDS brine, 30 g/L NaCl brine or 90 g/L 

NaCl brine at 90% foam quality, total superficial velocity 622 ft/day 

and1700 psia. 

 

The surfactant C12-14(EO)22 stabilized a C/W foam in the porous media at 80 
o
C at 

a high salinity brine of 90 g/L NaCl. To our knowledge, it is very unusual to form C/W 

foam in porous media with a nonionic surfactant at such high salinity and temperature.
9, 35

 

For nonionic surfactants, the viscosity of foams typically decreases significantly upon 

approaching the cloud point.
35

 For C12-14(EO)22  the high cloud point of 83 
o
C in 90 g/L 

NaCl (Table 2.2) ensured that the surfactant remained well solvated in the aqueous thin 

film lamellae to stabilize the foam despite the harsh temperature and salinity conditions. 

However, at 90 °C, the foam was not formed as the temperature exceeded the cloud point. 
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Here the precipitation of a surfactant rich phase destabilizes the aqueous lamellae.
82

  At a 

lower salinity of 30 g/L NaCl, as the cloud point increased to 111 
o
C (Table 2.2), foam 

was formed at an even higher temperature of 90 
o
C.  

At a constant salinity and pressure, the decrease of apparent viscosity of the C/W 

foams in the porous media with temperature will now be partially explained in terms of 

the reduction of the viscosity of the aqueous phase viscosity, µe. This behavior may be 

described with a model for foam flow in porous media developed by Hirasaki and 

Lawson with smooth capillaries.
16

 Here, the foam flows as bubbles through a bundle of 

interconnected parallel capillaries with diameters smaller than the gas bubble diameter.  

The apparent viscosity of foam in this capillary model is the sum of three terms on the 

right side of Equation 2.1 in sequence: (1) resistance from slugs of liquid between 

bubbles, (2) the resistance to deformation of the interface of a bubble passing through the 

capillary, and (3) the surface tension gradient that results when surface active materials is 

swept from the front of a bubble and accumulates at the back edge 

𝜇𝑓𝑜𝑎𝑚

𝜇𝑒
= 𝐿𝑠𝑛𝐿 + 0.85

(𝑛𝐿𝑅𝑐)

(
𝑟𝑐

𝑅𝑐
⁄ )

(
3𝜇𝑒𝑈

𝛾
)

−
1
3

[(
𝑟𝑐

𝑅𝑐
⁄ )2 + 1]

+ (𝑛𝐿𝑅𝑐) (
3𝜇𝑒𝑈

𝛾
)

−
1
3

√𝑁𝑠

(1 − 𝑒−𝑁𝐿)

(1 + 𝑒−𝑁𝐿)
 

(

(2.1) 

where Ls is length of liquid slugs, nL is lamellae density (the number of equivalent 

lamellae per unit length), rc is radius of curvature of gas-liquid interface, Rc is capillary 

radius, U is velocity of bubble, and Ns is a dimensionless number for interfacial tension 

gradient effect, and NL is a dimensionless bubble length. A decrease in the viscosity of 

the aqueous phase viscosity, µe with an increase in temperature will produce an increase 
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in µfoam/µe with a weak exponent of -1/3 in the second two terms, but overall a decrease in 

µfoam. 

Furthermore, a higher temperature will now be shown to lead to a higher film 

drainage velocity
35, 83

, and a greater degree of hole formation and thus rupture of thin film 

lamellae
45, 46

. Both the faster drainage and greater hole formation cause a shorter lifetime 

for the lamellae, resulting in a decrease in lamellae density  and thus a decrease in the 

apparent viscosity of the foams in the porous media.
11, 16

 The pressure difference in the 

lamellae between the plateau border and the thin film,  ∆𝑃𝑓𝑖𝑙𝑚 = 2(𝑃𝑐 − Π𝑑) 
44

(where 

𝑃𝑐 = 2𝛾 𝑅⁄  is capillary pressure at the plateau border of  a curvature radius of R, and Π𝑑 

is disjoining pressure) gives a drainage velocity (V)  

𝑉 = −
𝑑ℎ𝑓

𝑑𝑡
=

ℎ𝑓
2

3𝜇𝑒𝑅𝑓
2 ∆𝑃𝑓𝑖𝑙𝑚 (2.2) 

where Rf and hf are the radius and thickness for the thin film.
74

 As µe decreases when 

temperature increases, V increases as shown in Equation 2.2. Further, more rapid 

formation of holes may occur in the thin film lamellae from greater thermal fluctuations 

at a higher temperature.
45, 46

 When the radius of the hole is higher than a critical value, it 

causes rupture of the lamellae. As the films become thinner, the work for creating a hole 

𝑊ℎ ≅
ℎ𝑓

2𝛾ℎ
2

𝛾𝑝
 (where Wh is the activation energy for hole formation,  γ𝑝 and γh are the 

interfacial tensions at the planar interface and a curved border of the hole) decreases.
46

 

This change increases the probability of hole formation, exp (-Wh/kT)
45, 46

 resulting in 

faster coalescence of the dispersed phase bubbles. The faster drainage, and greater hole 

formation and coalescence reduce the number of lamellae and lower the apparent 

viscosity of the foam. 
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At temperatures well below the cloud point at constant pressure, the apparent 

viscosity was affected only slightly by salinity over a wide range (0.8% TDS to 90 g/L 

NaCl). This result is desirable for industrial application in CO2 EOR, as the surfactant 

may be injected in an aqueous media at a different salinity than that inside reservoirs. In 

this case, the surfactant may be able to produce foam and reduce CO2 mobility 

throughout the reservoir even with salinity variation based on the injected fluid. 

2.3.4.2 Minimum pressure gradient for foam generation 

Figure 2.5 shows the effect of total superficial velocity on the pressure gradient in 

the 30 Darcy sand pack and 1.2 Darcy glass bead pack upon simultaneous injection of 1% 

w/w C12-14(EO)22  0.8% TDS brine solution and CO2 at 40 °C, and 1700 psia. The primary 

purpose of the 30 Darcy bead pack is to perform rapid screening experiments of 

surfactants at much higher velocities than encountered in most EOR applications.  The 

1.2 Darcy pack is then used to more closely mimic actual reservoirs.  
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Figure 2.5:  Effect of total superficial velocity on the pressure gradient in a 30 Darcy 

sand pack (triangle) or 1.2 Darcy glass bead pack (squares and diamonds) 

for co-injection of 1% w/w C12-14(EO)22 or C12-15(EO)9 0.8% TDS brine with 

CO2 at 40 °C and 1700 psia. The minimum pressure gradient (MPG) for 

foam generation in the 30 Darcy sand pack is marked with a dash line. 

 

 For C12-14(EO)22  in the 30 Darcy sand pack, below ~80 ft/day, the pressure 

gradient was low (<1 psi/ft) and foam was not formed. As the velocity was increased to 

83 ft/day, an abrupt increase in the pressure gradient was observed at ~ 0.56 psi/ft, 

indicating generation of a relatively strong foam.
30

 This point is referred to as the 

minimum pressure gradient (M PG) for foam generation due to mobilization lamellae 
30, 

31
.  The lamellae were mobilized to form foam through mechanisms including lamellae 

division and repeated snap-off.
11, 56

  n the cases of C12-14(EO)22 or C12-15(EO)9 in the 1.2 
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Darcy bead pack,  the pressure gradients have already exceeded the MPG for foam 

generation at the lowest tested superficial velocities of 6 and 10 ft/day. .Tanzil et al. 

suggested that the minimum pressure gradient for foam generation scales as permeability, 

k
-1/2

 as shown in Equation 2.3 

∇𝑃𝑚𝑖𝑛 =
𝟐𝜸

𝑳
√

𝝋

𝒌
       (2.3) 

where 𝐿 is the length of the  pack, and 𝜑 is the porosity of the porous media.
31

 

Substitution of Equation 2.3 into Darcy’s law Q/A = - (kP/L) shows that the 

minimum superficial velocity required for foam generation scales as k
1/2

.  Therefore, the 

foams could be generated in the 1.2 Darcy glass beak pack at much lower velocities than 

for the 30 Darcy pack. 

2.3.4.3 Effect of total superficial velocity and shear thinning on apparent viscosity 

In Figure 2.6, the results are combined for both 30 Darcy sand pack and 1.2 

Darcy glass bead pack to illustrate the effect of shear thinning on the apparent viscosity.  

For the 30 Darcy sand pack at a relative low velocity (<80 ft/day), the pressure gradient is 

low as shown in Figure 2.5 giving an apparent viscosity below 2 cP. As shown in Figure 

2.6, in the 30 Darcy sand pack, the apparent viscosity increased to a maximum of ~16 cP 

at ~160 ft/day as the increase in superficial velocity produces a pressure gradient that 

exceeds the minimum pressure gradient for foam generation.  As the density of lamellae 

increases, a strong foam forms in the porous media with an apparent viscosity an order of 

magnitude higher than at the lowest superficial velocity as depicted in Figure 2.6. At 

higher superficial velocities, the apparent viscosity decreased to ~10 cP at ~600 ft/day 

indicating shear-thinning behaviour.   



 

 

 

43 

 

Figure 2.6: Effect of total superficial velocity on apparent viscosity of C/W foams 

stabilized with 1%  w/w C12-14(EO)22 or C12-15(EO)9 0.8% TDS brine 

solution in 30 Darcy sand pack or 1.2 Darcy glass bead pack at 40 °C, and 

1700 psia. 

 

The effect of total superficial velocity on apparent viscosity of C/W foam 

stabilized with 1% w/w C12-14(EO)22 or C12-15(EO)9 0.8% TD brine solution in a 1.2 Darcy 

glass bead pack at 80% foam quality, at the same temperature is shown in Figure 2.6. 

The apparent viscosities of the two surfactants with similar C12-14 and C12-15 alkyl tails but 

different EO chain lengths were very similar over the range of the total superficial 
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velocity tested. At a low total superficial velocity between 6-10 ft/day, both surfactants 

stabilized C/W foams with high apparent viscosity of 210 to 220 cP. When the velocity 

further increased to ~200 ft/day, the foam viscosity decreased by about one order of 

magnitude, which also indicates a shear thinning behavior in the 1.2 Darcy glass bead 

pack as well. For industrial application in CO2 EOR, a shear-thinning foam is beneficial 

for low apparent viscosity in the near well-bore area for high injectivity and yet a higher 

viscosity for low gas mobility and oil displacement in the areas that are far away from the 

injection well at a much lower flow velocity. 

For both of the porous media in Figure 2.6, the shear-thinning behavior for foam 

flow in the porous media may be explained from the model developed by Hirasaki and 

Lawson
16

 with smooth capillaries as shown in Equation 2.1. When a single bubble 

moves inside one single capillary tube, the thickness of a thin liquid film between the 

bubble and the wall of the capillary increases when gas phase velocity increases giving a 

greater bubble deformation. This increase in thickness changes the curvature of the 

bubble and also increases the pressure drop across the bubble.
84

 The pressure drop across 

the bubble becomes proportional to the 2/3 power of the gas phase velocity
84

, and thus, 

the apparent viscosity decreases as the -1/3 power of the gas phase velocity (as shown by 

the second term on the right side of Equation 2.1)
16

. Moreover, as the bubbles flow in 

the capillary, surfactant is dragged to the rear side of the bubbles, generating interfacial 

tension gradients disfavoring flow of the bubble, due to the Gibbs-Marangoni effect. 

Here, the contribution from the interfacial tension gradient on apparent viscosity is also 

proportional to the -1/3 power of gas phase velocity (as shown by the third term on the 
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right side of Equation 2.1)
16

. Thus both the second and third terms in Equation 2.1 

describe the shear thinning of the foam in porous media as seen in Figure 2.6. 

2.3.4.4 Effect of surfactant concentration on apparent viscosity 

 The effect of surfactant concentration on apparent viscosity of C/W foam 

stabilized C12-14(EO)22  0.8% TDS brine solution in the 1.2 Darcy glass bead pack is 

shown in Figure 2.7. When the surfactant concentration was <0.1% w/w in the brine, no 

foam was formed. Above 0.1% w/w surfactant, apparent viscosity increased abruptly 

reaching a roughly constant value of ~200 cP at 0.5% w/w surfactant. This threshold 

surfactant concentration of 0.5% w/w in the aqueous phase is usually many times higher 

than the CMC of the surfactant.
85

 Surfactant micelles present in lamellae act as reservoirs 

to provide surfactant to form new lamellae during the lamellae division. 
11, 43

. With 

further increasing surfactant concentration up to 1% w/w, the large number of micelles 

did not appear to contribute to the apparent viscosity. Similar critical surfactant 

concentrations and plateaus in foam viscosities were observed in core floods by others.
27, 

86
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Figure 2.7: Effect of C12-14(EO)22 concentration in brine on foam apparent viscosity in 

1.2 Darcy glass bead pack at superficial velocity 10 ft/day, foam quality 

60%, 40 
o
C, 1700 psia with 0.8% TDS brine 

 

2.3.4.5 Effect of foam quality (volumetric fraction of CO2) on apparent viscosity.  

The effect of foam quality on the apparent viscosity of C/W foams stabilized with 

1% or 0.1% w/w C12-14(EO)22 0.8% TDS brine solution in the 30 Darcy sand pack at a 

total superficial velocity of 156 ft/day, at 40 
o
C and 1700 psia is shown in Figure 2.8. At 

a surfactant concentration of 1% w/w, as the foam quality increased from 35%, the 

apparent viscosity first increased and reached a maximum of 16 cP at 90%. With a further 

increase in volumetric fraction of CO2 from 90% to 95%, the apparent viscosity declined 

dramatically and no foam was formed at 95% as indicated by the low apparent viscosity 

of 0.3 cP. When the surfactant concentration in the brine was only 0.1% w/w, a similar 
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trend was observed. However, at this lower surfactant concentration, a plateau value in 

the apparent viscosity of ~6 cP was observed at 64-80% foam quality in contrast with a 

sharp peak at 90% foam quality in the case of 1% w/w surfactant. Below 64% or above 

80% , the apparent viscosity was below 3.5 cP. 

 

Figure 2.8: Effect of foam quality on the apparent viscosity of C/W foams stabilized 

with 1% and 0.1% w/w C12-14(EO)22 0.8% TDS brine solution in 30 Darcy 

sand pack at total superficial velocity of 156 ft/day, 40 °C, and 1700 psia in 

a 30 Darcy sand pack 
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Figure 2.9 shows the effect of foam quality on the apparent viscosity of C/W 

foams stabilized with 1% w/w C12-14(EO)22 0.8% TDS brine in the 1.2 Darcy glass bead 

pack at total superficial velocity 6 ft/day. As was also seen in Figure 2.8, the apparent 

viscosity went through a maximum, but with a much larger value reaching 348 cP. This 

larger viscosity in the 1.2 Darcy bead pack at 6 ft/day versus the 30 Darcy sand pack at 

156 ft/day may be attributed to the lower degree of shear thinning as explained above. 

 

 

Figure 2.9: Effect of foam quality on apparent viscosity of C/W foam stabilized with 

1% w/w)C12-14(EO)22 0.8% TDS brine solution, 40 °C, and 1700 psia in a 

1.2 Darcy bead pack at total superficial velocity 6 ft/day 

 

In porous media, aqueous films separate the CO2 bubbles from each other, and 

from the wall of the inner channels of the porous media. As the volumetric fraction of 
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CO2 increases from a low value (for example below 40%), the bubble population and 

number of lamellae increases since bubble size can be assumed to be a constant.
56, 87

 The 

higher lamellae density
16

 and also the thinner aqueous films between the bubbles and the 

channel wall increase the flow resistance and thus the apparent viscosity.
16,84

 At the same 

time as the volumetric fraction of CO2 increases for mineral surfaces wet  by water, the 

water saturation in the porous media decreases and capillary pressure increases until a 

“limiting capillary pressure” is reached in the porous media (Figure A3).
70

 Upon 

increasing the volumetric fraction of CO2 beyond the limiting capillary pressure, the 

surfactant provides insufficient disjoining pressure against the capillary pressure.
41, 88

 

Here the lamellae rupture and the coarser foam texture (i.e. lower lamellae density) leads 

to a reduction of the apparent viscosity as shown at 90-95% volumetric fraction of CO2 at 

the surfactant concentration of 1% w/w in the brine, Figure 2.8.
70

 Further discussion of 

limiting capillary pressure is given in the supporting information (Figure A4). As shown 

in Figure 2.8, the higher surfactant concentration stabilized lamellae at a higher quality, 

indicating a higher limiting capillary pressure. Other researchers, for example, Lee and 

Heller, also found that a higher surfactant concentration resulted in greater mobility 

control using CO2 foam.
86

 This finding in C/W foam is also consistent with the results of 

Alvarez et al
89

 on the relationship between the surfactant concentration and the foam 

quality.  

In addition to the behavior in the 30 Darcy sand pack, the effect of foam quality 

on the apparent viscosity of the foams stabilized with 1% w/w C12-14(EO)22 0.8% TDS 

brine solution in a capillary (ID: 762 µm) downstream of the porous media was also 

investigated as shown in Figure A5. The apparent viscosity in the capillary was very 
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close to that in the 30 Darcy sand pack, which was observed similarly in our previous 

foam study with ethoxylated amine surfactants
71

.  

In the 1.2 Darcy glass bead pack at a low total superficial velocity of 6 ft/day, the 

highest viscosity (~350 cP) was achieved at a foam quality of 60% lower than the value 

of 90% in the 30 Darcy sand pack at 156 ft/day. This shift of the foam quality at the 

viscosity maximum has been explained by the higher capillary resistance in a lower 

permeability system.
87, 89

 For the foam in the capillary in the downstream of the 1.2 

Darcy glass bead pack, the apparent viscosity in the capillary was much lower than the 

value in the porous media (Figure A6) suggesting that some of the lamellae ruptured and 

the foam texture coarsened in the open capillary.  

2.3.5 Apparent viscosity of C/W foam in core floods 

C/W foams stabilized with C12-14(EO)22 were investigated in core floods through 

co-injection and SAG process at total superficial velocity 4 ft/day, 25 °C, 3400 psia. The 

apparent viscosity history for co-injection of 1% w/w C12-14(EO)22 water solution or DI 

water and CO2 in a 49 mDarcy dolomite core at 80% foam quality is shown in Figure 

2.10. In the presence of C12-14(EO)22, the apparent viscosity increased gradually and 

reached ~60 cP at 2 PV. With further injection, the apparent viscosity remained at a 

plateau value indicating steady state. In the absence of the surfactant, the apparent 

viscosity was below 3 cP. 
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Figure 2.10: The apparent viscosity history for co-injection of 1% w/w C12-14(EO)22 water 

solution or DI water and CO2 in a 49 mDarcy dolomite core at total 

superficial velocity 4 ft/day, 80% foam quality, 25 °C and 3400 psia 

 

 In addition, the apparent viscosity history for SAG process of injecting 1% w/w 

C12-14(EO)22 water solution or DI water and CO2 in the 49 mDarcy dolomite core at, 80% 

foam quality (0.1 PV aqueous solution /0.4 PV CO2) is shown in Figure 2.11. The 

apparent viscosity in the SAG process also generally increased with an increase of the 

number of injected PVs. The highest apparent viscosity of ~100 cP was reached at ~2.5 

PV at the end of a CO2 injection cycle as shown in Figure 2.11. Without the surfactant, 
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similar as the co-injection process, the apparent viscosity was low (<5 cP) in the porous 

media.  

 

 

 

Figure 2.11: The apparent viscosity history for SAG process of injecting 1% w/w C12-

14(EO)22 water solution or DI water and CO2 in a 49 mDarcy dolomite core 

at total superficial velocity 4 ft/day. The vertical dotted lines represent the 

injection pattern of 0.1 PV aqueous solution /0.4 PV CO2, 25 °C and 3400 

psia 

 

For both injection strategies, apparent viscosity in the porous media was ~30 

times higher in the presence of 1% w/w the surfactant in the aqueous phase than the cases 

without any surfactant.  This demonstrates that C12-14(EO)22 is a good agent for stabilizing 



 

 

 

53 

viscous C/W foams in a core (49 mD) at a low velocity close to the conditions away from 

the injection well in reservoirs for gas mobility control. For the SAG process, the 

capillary pressure increases during CO2 injection and decreases in aqueous injection in 

each injection cycle. The fluctuation in the capillary pressure is beneficial for foam 

generation through snap-off mechanism.
11, 90

 Also, lamellae form through leave behind 

during the injection of CO2 in the SAG process.
11

  The above two effects may explain the 

higher apparent viscosity in the SAG process than in the co-injection process. Core flood 

experiments were not conducted for C12-15(EO)9 because of the low cloud point of the 

surfactant which makes it impractical in high temperature conditions of 90
 
°C as shown 

in Table 2.2. Adkins et al. showed that nonionic surfactants do not generate stable foams 

above their cloud point temperatures.
35

 

2.3.6 Partition coefficient between dodecane and 0.8%TDS brine 

Table 2.6 shows the dodecane/brine partition coefficient of several nonionic 

surfactants between dodecane and 0.8% TDS brine at 40 °C, below the cloud point 

temperature for all surfactants. The partition coefficient was found to decrease with an 

increase in EO number or a decrease in hydrocarbon tail length as expected. For example, 

with the same C12-14 tail, as the number of EO groups increased from 12 to 22, the 

partition coefficient decreased from 0.43 to 0.09. These trends are consistent with 

previous data reported and can be attributed to the enhanced hydrogen bonding between 

the head groups and the water molecules.
74, 91, 92

 Furthermore, increasing the hydrophobic 

tail length requires an unfavorable free energy for solubilizing the methylene group in 

water resulting in an increase in the surfactant partitioning to oil.
93

 As a result of these 
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factors, the partition coefficient was lowest for C12-14(EO)22. This low value is important 

to produce low losses of surfactant to residual oil in CO2 EOR.
49

 

Table 2.6: Partition coefficients of nonionic surfactants between dodecane and 0.8% 

TDS brine at 40 
o
C, 1 atm. 

Surfactant HLB Oil-brine partitioning coefficients  

2-ethxylhexyl-(PO)5(EO)8 13.2 2.10 

2-ethxylhexyl-(PO)5(EO)15 15.6 0.70 

2-ethxylhexyl-(EO)11.8 16.2 0.43 

C9-11(EO)8 13.9 2.22 

C12-14(EO)12 14.4 0.43 

C12-14(EO)22 16.6 0.09 

C12-15(EO)9 13.2 0.72 

C12-15(EO)12 14.4 0.62 
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2.4 CONCLUSION 

The high EO number for C12-14(EO)22 provided a high cloud point of 83 
o
C even 

in 90 g/L NaCl brine) and enabled formation of C/W foams up to 80 
o
C. The high EO 

number resulted in a low oil/brine partition coefficient, which is beneficial for lowering 

loss of surfactant to oil in the reservoir. The strong hydration of the head group and 

relatively weak solvation of the alkyl tail in CO2, resulted in a low C-W partition 

coefficient and thus a C/W curvature consistent with the Bancroft rule.  The C-W 

partition coefficient decreased with CO2 density and thus the  tail solvation, or an 

increase in the number of EO groups. Despite the low C-W partition coefficient at a CO2 

density of ~0.85 g/mL, there was still sufficient affinity for C12-14(EO)22 to the  C-W 

interface to lower the IFT to ~7 mN/m. 

The favorable HCB and interfacial properties led to stable C/W foam with an 

apparent viscosity of ~11 cP at 60 
o
C in a high permeability (30 darcy) sand pack in the 

presence of 90 g/L NaCl brine. At lower velocities, the apparent viscosity increased 

abruptly above the minimum pressure gradient required to overcome capillary forces and 

mobilize the lamellae, and then decreased at high superficial velocities due to shear 

thinning.  In a lower permeability (1.2 darcy) glass bead pack, the maximum viscosity 

reached ~350 cP at a low superficial velocity of 6 ft/day at 60% foam quality. Shear-

thinning behavior was observed in both the glass bead pack and the sand pack, as 

described in Hirasaki and Lawson’s model for smooth capillaries.
16

 This shear-thinning 

behavior in porous media may be beneficial for field applications, where a low viscosity 

foam is desired near the well-bore for high injectivity and a more viscous foam is desired 

away from the well-bore for mobility control. In addition, C12-14(EO)22 stabilized C/W 
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foam with an apparent viscosity of 80-100 cP in a 49 mD dolomite core with both co-

injection and a SAG process.  
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Chapter 3: Phase Behavior and Interfacial Properties of a Switchable 

Ethoxylated Amine Surfactant at High Temperature and Effects on 

CO2-in-Water Foams2  

3.1 INTRODUCTION 

The solvent strength of supercritical carbon dioxide (CO2) (Tc =31.1 °C and Pc = 

1070 psia) can be appreciable at pressures above the critical pressure (depending upon 

temperature) where the density is on the order of 0.5 g/ml. However, the van der Waals 

forces between CO2 molecules are significantly weaker than for aliphatic hydrocarbon 

liquids given CO2’s low polarizability.
25, 94

  Thus, CO2 solvates hydrocarbon surfactant 

tails only weakly. Given that the density and solvent strength of supercritical CO2 are 

intermediate between those of a gas and a hydrocarbon liquid, dispersions of carbon 

dioxide and water exhibit characteristics of both  macroemulsions (liquid-like CO2 

properties) and  foams (gas-like CO2 properties).
35

 These foams (macroemulsions) 

composed of water and scCO2 are of interest in numerous fields including reactions and 

separations in green chemistry,
95

 materials science, polymer synthesis and separations,
96

 

microelectronics, pharmaceutical particles
97

 and  subsurface applications including CO2 

sequestration and enhanced oil recovery (EOR).
11, 18, 25, 35, 98

 

It is challenging to form water-in-CO2 (W/C) emulsions with hydrocarbon 

surfactants given the strong interactions between tails of surfactants adsorbed on the 

dispersed water droplets, as a consequence of weak solvation by CO2.
25

 Instead, more 

                                                 
2 Chen, Y.; Elhag, A. S.; Reddy, P. P.; Chen, H.; Cui, L.; Worthen, A. J.; Ma, K.; Quintanilla, H.; Noguera, 

J. A.; Hirasaki, G. J. Phase behavior and interfacial properties of a switchable ethoxylated amine surfactant 

at high temperature and effects on CO 2-in-water foams. Journal of colloid and interface science 2016, 

470, 80-91. (Y.C. and A.S.E contributed equally). A.S.E performed experiments for the partition 

coefficient between CO2 and aqueous phase, partition coefficient between dodecane and brine, some foam 

experiments in limestone pack, foam experiments in 1.2 Darcy bead pack, some data analysis and some 

writing 
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expensive fluorinated,
99

 highly branched
100

 or hybrid fluorocarbon/hydrocarbon 

surfactants
101

 are often used to generate W/C emulsions.  In contrast, CO2-in-water (C/W) 

foams (macroemulsions), are formed readily with numerous hydrocarbon surfactants.
4, 35

 

In this case, the tails are oriented into the CO2 droplets and thus weak solvation of the 

tails has a much smaller effect on the interdroplet attractive interactions than in the case 

of W/C macroemulsions.  Therefore, the dispersed CO2 droplets may be stabilized by a 

favorable disjoining pressure resulting from electrostatic and steric repulsion between the 

head groups of the surfactant in the aqueous lamellae.
43, 102

  

Relatively few studies have examined C/W foams at temperatures above ~80 

°C
103, 104

 where the limitations of low surfactant solubility in water or brine and chemical 

instability become severe.
35, 36

 For example, nonionic surfactants with ethylene-oxide 

(EO) head groups are rarely soluble in brine at high temperatures (>100 °C) as the 

hydrogen bonds between EO and water become weak.
105, 106

 Whereas ionic head groups 

can be solvated at elevated temperatures, many anionic surfactants such as sulfates can 

undergo hydrolysis at high temperature
107

 or precipitate in the presence of divalent ions 

such as sulfonates.
108, 109

 Furthermore, cationic surfactants such as quaternary ammonium 

salts often undergo dealkylation by Hoffmann elimination or nucleophilic substitution to 

form tertiary amines.
39

  The lack of soluble and chemically stable surfactants in water and 

concentrated brine at temperatures above 100
 
°C has been a major obstacle to the design 

of high temperature CO2 emulsions and foams. Such foams are of great interest for 

raising the viscosity of CO2 to improve the uniformity of flow (sweep efficiency) in  

EOR for oil reservoirs where temperatures exceed 80
 
°C and ionic strengths are >> 1 M, 

for example, limestone-based reservoirs in the Middle East.
110
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The solubility of hydrocarbon surfactants in scCO2 is often limited given its low 

polarizability/volume and lack of a dipole moment.
25, 111

 Ionic hydrocarbon surfactants 

are nearly always insoluble in CO2 as the weak solvation is not sufficient to overcome the 

ionic head group interactions.
111

 For nonionic hydrocarbon surfactants, the solubility in 

CO2 may become substantial upon branching the surfactant tails to weaken the tail-tail 

van der Waals interactions,
60, 61

 particularly in the case of short EO head groups.
25, 71

 

Furthermore, Chen et al. demonstrated two ethoxylated amine surfactants with linear C12-

14 tails and 2 or 5 EO groups (C12-14N(EO)2 and C12-14N(EO)5) were soluble at 0.2 % w/w 

in dry CO2 in the unprotonated state at 120 °C and 3400 psia (23 MPa).
71

  

A key property for understanding the interfacial properties of surfactants, in 

particular,  the curvature of emulsions 
18, 20, 21, 22, 23, 25

 is the CO2-water (C-W) partition 

coefficient (surfactant mass fraction  in CO2/ surfactant mass fraction  in the aqueous 

phase) . The partition coefficient is strongly related to the reciprocal of the 

hydrophilic/CO2-philic balance (HCB) (analogous to the hydrophobic/lipophilic balance, 

HLB, in water and oil systems) whereby 
1

𝐻𝐶𝐵
=

𝐴𝑇𝐶 − 𝐴𝑇𝑇 − 𝐴𝐶𝐶

𝐴𝐻𝑊 − 𝐴𝐻𝐻 − 𝐴𝑊𝑊
 (3.1) 

where Aij is the interaction potential between CO2 (C), the hydrocarbon tail (T), water 

(W) and the surfactant head group (H).
25

  The HCB can be manipulated by altering 

surfactant structure, temperature, pressure or salinity as depicted in Figure 3.1. When 

1/HCB < 1, the solvation of the surfactant head group in water is stronger than that of the 

tail in CO2, and the surfactant partitions more towards water than CO2 with the interface 

curved around CO2 to form a C/W macroemulsion (or foam).
18

 When 1/HCB > 1, the 

surfactant partitions more towards CO2 and the interface curves about water to form a 
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W/C macroemulsion.
21, 22, 23

 For an HCB very close to unity (balanced state), the 

interfacial tension (IFT) can become low enough  for the formation of a W/C
59, 112

 or 

C/W
59

 microemulsions. Very near the balanced point, thermal fluctuations create 

instabilities in the lamellae in C/W macroemulsions that result in coalescence, as 

described by Adkins et al.
35

 If the HCB is too far above unity, the surfactant adsorption at 

the interface will be too low to lower the interfacial tension. Thus, the HCB must be 

chosen in an appropriate window to form stable C/W macroemulsions and foams. When 

the IFT becomes sufficiently small, ~5 mN/m or less, relatively low shear energy may be 

utilized to generate a foam by overcoming the capillary pressure to form new interface.
105

  

 

 

Figure 3.1: Effect of formulation variables on the phase behavior and interfacial tension 

of CO2-water-ionic surfactant system. 
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To date, the effect of surfactants on the C-W IFT has been studied with nonionic, 

cationic and anionic/nonionic mixtures at low to moderate temperatures up to 60 °C.
59, 60, 

71
 However, above 100 °C, IFTs have been reported for C-W systems without surfactant

81
 

but rarely for systems containing equilibrated surfactant at the interface.
103

 At high 

temperatures, foams may be expected to be less stable for several reasons. For example, 

the surfactant solubility in the aqueous phase may become limited.  Furthermore, the 

aqueous lamellae will have a tendency to drain more rapidly as the viscosity of the brine 

decreases at higher temperatures, unless the surfactant maintains a sufficiently high 

interfacial viscosity.
83

 As the films become too thin, thermal fluctuations in the lamellae 

lead to instabilities that can cause coalescence of the dispersed phase.
35, 45, 46

   

Switchable surfactants exhibit reversibility in various properties including 

solubility, surface tension and viscosity, which respond to external stimuli including pH, 

dissolved CO2 level, light, temperature and magnetic field.
113

 Liu et al. used CO2 

responsive amidine surfactants to stabilize oil/water emulsions.
114

 Here, carbonated water 

switched the inactive nonionic form to an active protonated cationic form that formed 

emulsions at low temperature and pressure. Zhang et al. reported that the morphology of 

various classes of surfactants may be switched  from spherical micelles to wormlike 

micelles by dissolving CO2 gas to lower the pH, resulting in a large increase viscosity of 

the aqueous phase.
115, 116

 

Recently, a thermally stable
117

 ethoxylated amine surfactant (C12-14N(EO)2) was 

studied at the CO2 – water interface and shown to stabilize C/W foams with viscosities up 

to 6 cP at 120 °C in the presence of 182 g/L NaCl brine.
71, 72

 However, this study did not 

examine the interfacial properties nor the degree of protonation of the surfactant as a 
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function of pH. At low temperature, the degree of protonation of amidine surfactants 

versus  pH has been shown to have a large effect on the thermodynamic and interfacial 

properties.
114, 118

 Likewise, Feng et al. used a CO2 - sensitive amine to generate C/W 

foam at high temperature and pressure without specifying the chemical structure of the 

surfactant.
104

 Given that C/W foams at high temperature are very rare and poorly 

understood, it would be desirable to develop an understanding of the mechanisms of foam 

formation and stabilization mechanisms as a function of the thermodynamic, interfacial 

and rheological properties. 

The objective of this study was to demonstrate C/W foams may be formed at high 

temperatures up to 120 °C, in which the aqueous phase is comprised of concentrated 

NaCl with or without divalent ions. Here, the foam is stabilized with the surfactant C12-

14N(EO)2  which was shown to be thermally stable and switchable from the nonionic to 

the protonated cationic state as the pH is lowered as follows 

C12−14N(EO)2 + H+ ↔ C12−14N+H(EO)2 (3.2) 

The degree of protonation was determined versus pH as a function of temperature 

and salinity, and this behavior was used to explain why the surfactant is soluble in both 

CO2 (unprotonated state) and brine (protonated state). The C-W partition coefficient was 

measured up to 90 °C and 3400 psia along with the effect of surfactant on the IFT at the 

C-W interface. The phase equilibria and interfacial properties are explained in terms of 

the interaction of the C12-14N(EO)2 head and tail groups with the relevant phases. 

Furthermore, they are used to provide a thermodynamic basis for understanding of foam 

formation and stability at temperatures above 100 
°
C, which has received very little 

attention. The foam properties are investigated in a capillary tube and different porous 
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media, which were used to generate the bulk foams. In both the porous media and the 

downstream capillary, the foam formation, apparent viscosity, and stability mechanisms 

are described in terms of the surfactant protonation state, phase behavior, and the 

interfacial properties over a wide temperature range. Remarkably, foams may be 

generated by injection of the surfactant from either the CO2 or brine phase, given the 

solubility of the switchable surfactant in CO2 in the nonionic state. The rheological 

behavior of the foams was studied as a function of shear rate in a 1.2 Darcy glass bead 

pack and described with a simple model for foam in a capillary. Finally, C/W foams were 

also formed in the presence of crushed calcium carbonate (CaCO3) given the interest in 

subsurface applications in limestone reservoirs. Here, excess divalent ions in the brine are 

shown to depress the dissolution of calcium carbonate, according to the common ion 

effect, and maintain a low pH required for sufficient surfactant protonation for foam 

formation.
119

 The ability to measure interfacial properties for stable high temperature 

surfactants and to understand how they stabilize emulsions and foams is of broad interest 

in colloid science and for applications including CO2 sequestration and enhanced oil 

recovery.  

3.1.1Theory of bulk foam viscosity and stability 

A brief theoretical description of the formation, stability, and rheological 

properties of a bulk foam or emulsion will be presented to provide a perspective for the 

experimental studies.
83, 120, 121

 Highly concentrated emulsions with an internal phase 

fraction >0.74 behave as an elastic solid that flows above a yield stress τo and exhibits 

shear thinning  as described by the relationship
121

 

𝜇𝑓𝑜𝑎𝑚 =
𝜏0

�̇�
+ 32(∅𝑖 − 0.73)𝜇𝑒(

𝜇𝑒�̇�𝑅

𝛾
)−1/2 (3.3) 
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where γ̇ is the shear rate, γ is the interfacial tension, R is the radius of a spherical droplet, 

μe is the viscosity of external aqueous phase and ∅i is internal phase volume fraction  

(referred to as the foam quality). Further details regarding the formation of bulk foam in 

terms of a capillary number and the effect of shear thinning on apparent viscosity is given 

in the supporting information. Bulk foams may be destabilized by drainage of the 

lamellae film between the dispersed droplets.
35, 44, 83

  The difference in pressure between 

the thin film section of the lamellae film and plateau border,  ∆𝑃𝑓𝑖𝑙𝑚 = 2(𝑃𝑐 − Π𝑑) 
44

 

(where Pc is capillary pressure, and Π𝑑 is disjoining pressure) creates a drainage velocity 

(V)  

𝑉 = −
𝑑ℎ𝑓

𝑑𝑡
=

ℎ𝑓
2

3𝜇𝑒𝑅𝑓
2 ∆𝑃𝑓𝑖𝑙𝑚 (3.4) 

where Rf and hf are the radius and thickness for the thin film, respectively. As the 

lamellae become very thin, thermal fluctuations may rupture the films and produce 

coalescence.
35, 45, 46

.
45, 46

 The probability of hole formation is exp (-Wh/kT), 
45, 46

 where 

the activation energy (Wh) is given by 

𝑊ℎ ≅
ℎ𝑓

2𝛾ℎ
2

𝛾𝑝
 (3.5) 

where γ𝑝 is the interfacial tension of the planar interface and γh is the interfacial tension 

of a curved border of the hole.
46

  

3.2 EXPERIMENTAL  

3.2.1 Materials 

Bis(2-hydroxyethyl) cocoalkylamine (C12-14N(EO)2) (Ethomeen C/12, 97% 

actives in water) and coco bis(2-hydroxyethyl)methyl ammonium chloride (C12-

14N(EO)2CH3Cl) ammonium salt (Ethoquad C/12 , 74-77% actives in 2-propanol) were 
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gifts from Akzo Nobel and used without further purification. Carbon dioxide (Matheson, 

Coleman grade, 99.99%) was used as received. Sodium chloride (NaCl, certified ACS, 

Fisher), calcium chloride dehydrate (CaCl2·2H2O, 99+% Acros), magnesium chloride 

hexahydrate (MgCl2·6H2O, Fisher), hydrochloric acid (HCl, technical, Fisher) and 

isopropanol (certified ACS plus, Fisher) were used as received. Sodium chloride brine 

was composed of deionized (DI) water (Nanopure II, Barnstead, Dubuque, IA), and NaCl 

in which the concentration of NaCl from 30 g/L to 182 g/L. In addition, 22% TDS brine 

(182 g/L NaCl, 77 g/L CaCl2∙2H2O, 26 g/L MgCl2∙6H2O) was used as model reservoir 

brine. In some experiments, the initial pH of surfactant water/brine solution/mixture was 

adjusted from > 8 to any value between 7 and 4 by adding HCl. Calcium carbonate was 

obtained from Franklin Industrial Minerals. The calcium carbonate was crushed and 

sieved (20-40 mesh) to obtain diameter size of 420-840 μm. Also, spherical glass beads 

with diameter of 30-50 μm were obtained from Polysciences, Inc   

3.2.2 Cloud–point temperature and potentiometric titration 

Cloud-point temperatures were measured up to 120 °C (± 1 °C) with a sealed 

glass pipette as described in our previous publication.
71

 The degree of protonation of the 

surfactant was determined via pH titration with a Mettler Toledo FG2 FiveGo pH meter 

and a pH/ATC electrode as explained in the supporting information.
122

 

3.2.3 Interfacial tension measurement between CO2 and aqueous surfactant 

solutions 

The interfacial tension between CO2 and aqueous surfactant solutions was 

determined from axisymmetric drop shape analysis of a captive bubble,
73

 as described in 

detail previously.
59

 In the earlier work, 
59

 the maximum temperature was 60 °C. In the 
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current work, the high cloud point of C12-14N(EO)2  enabled IFT measurement over a 

wide range of temperature from 25 °C to 120 °C. The temperature was raised slowly 

particularly above 100 
°
C using two cartridge heaters inserted in the side of the cell. For 

safety, the entire apparatus was surrounded by 3/8” polycarbonate. The standard 

deviation of the interfacial tension measurements was typically less than 4 %. The molar 

surface density of the surfactant monolayer was obtained from the Gibbs adsorption 

equation below the CMC: 

Γ = −
1

𝑅𝑇
(

𝜕𝛾

𝜕𝑙𝑛𝐶𝑠𝑢𝑟𝑓
)

𝑇,𝑃

 (3.6) 

where Csurf is the surfactant concentration. The slope was treated as a straight line given 

the challenges of high temperature measurement. The area occupied by surfactant in the 

monolayer is given by 𝐴𝑀 = 1/(𝑁𝐴Γ) where NA is Avogadro’s number. The efficiency of 

adsorption was defined as the negative logarithm of the concentration of surfactant in the 

bulk phase required to produce a 20 mN/m reduction in the interfacial 

tension:−𝑙𝑜𝑔𝐶(−∆𝛾=20) ≡ 𝑝𝐶20.
123

 

3.2.4 Partition coefficient of surfactant between brine and CO2 

To determine the equilibrium surfactant partition coefficient (mass fraction in 

nonaqueous phase/mass fraction in brine), equal masses (~4 g for each) of CO2 and brine 

plus 0.25% w/w surfactant solution, relative to the total weight, were loaded in the front 

part of a variable volume view cell following our earlier procedure.
59, 71

 The temperature 

of the system was controlled to within ±0.1 °C by submerging the cell into a water bath 

equipped with a temperature controller (MP-BASIS, Julabo). After equilibration for two 

hours, samples of the upper CO2 phase were extracted via a 6-port valve (Valco 

Instrument Co., Inc.) and a 50 μL stainless steel loop (Valco Instrument Co., Inc.). The 
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first 50 μL were discarded and each sample was obtained by discharging the contents of 

three loops (150 μL in total) into a vial with 0.5 mL pH 3 HCl solution. The loop was 

flushed with a total of 1ml of pH 3 HCl solution followed with 5 mL of air (1 atm) to 

recover all of the surfactant and HCl solution. The sampling procedure was repeated three 

times to collect three separate samples.  The concentration of surfactant in each sample 

was then determined by Epton’s method
124

 of two-phase titration with methylene blue 

solution (colorless endpoint) as described in recent publications.
71, 74, 125

 The average and 

standard deviation of the three samples of partition coefficients were reported.   

3.2.5 Partition coefficient of surfactant in dodecane over brine and emulsion 

properties at 25 °C 

The partition coefficient and studies of emulsion phase behavior were conducted 

as a function of pH to help guide the interpretation of the HCB, The partition coefficient 

of C12-14N(EO)2  in dodecane over brine was measured by adding equal volumes (5 ml) of 

dodecane to 1% (w/w)  C12-14N(EO)2  in 22%TDS brine solution at different pH values 

and equilibrating the mixture for 48 hours. The concentration of surfactant in the aqueous 

phase was determined using methylene blue two phase titration as explained above and in 

previous publications.
125

 The samples were then mixed using an IKA Ultra-Turrax T-25 

with an 8 mm head at 6500 rpm for 2 minutes. Emulsions were formed and the curvature 

(W/O versus O/W) was determined from the conductivity, measured with a Cole – 

Parmer EC conductivity meter with Pt/Pt black electrode.  

3.2.6 C/W foam formation and apparent viscosity 

The apparatus for measurement of the foam apparent viscosity up to 120
 
°C and 

3400 psia is depicted in Figure 3.2. The viscosity of the bulk foam was calculated from 
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the pressure drop across the capillary tube using the Hagen Poiseuille equation.  The 

apparent viscosity (𝝁) of CO2 foam in porous media was calculated from the measured 

pressure drop (∆𝑷) using Darcy’s law  

𝜇 =
𝑘𝐴∆𝑃

𝑞𝐿
      (3.7) 

where k is the permeability of the porous media, q is the volumetric flow rate, L is the 

length of the sand pack and A is the cross sectional area.  

 

  

Figure 3.2:   Apparatus for CO2-water foam viscosity measurements in porous media and 

in a capillary tube. BPR : back pressure regulator. PT: pressure transducer. 

A glass bead pack or crushed calcium carbonate packed bed is used as the 

foam generator.  

 

In this work, one of the porous media was a crushed calcium carbonate packed 

bed (22.9 cm long, 0.62 cm inner diameter tube) with a permeability to water of 76 Darcy 

(calculated from Darcy’s law for 1-D horizontal flow) and 38% porosity (2.6 mL pore 

volume) determined by the mass of loaded material. For the crushed calcium carbonate 

(Franklin Industrial Minerals) 420-840 μm in diameter (20-40 mesh), the corresponding 
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pore diameter was 33 – 65 μm as reported by Adkins et al.
35

 After washing with copious 

amounts of water and ethanol, the calcium carbonate particles were placed in a tube with 

a 100 mesh wire screen at each end. A second porous medium was a 1 Darcy (determined 

by the same method descripted above) glass bead pack (a 17.9 cm long, 1.73 cm inner 

diameter tube holding pre-washed 30-50 μm in diameter spherical particles (5 – 8 μm 

pore diameter) from Polysciences, Inc.).  The bed was held in place by 100 mesh and 500 

mesh wire screens in series at each end of the tube. The porosity was 36%, and the pore 

volume is 15.2 mL. The main purpose of the 76 Darcy limestone pack was to rapidly 

screen surfactants for foaming by using high superficial velocity.  The permeability for 

the 1.2 Darcy pack is closer to that of actual subsurface reservoirs. A 660 µm ID by 1.5 m 

in length hastelloy capillary tube was used to measure the bulk foam apparent viscosity. 

Additional details are given in the supporting information. In some cases, the foam 

effluent from the capillary tube was trapped in a high pressure cell with two sapphire 

windows inserted in a microscope (Nikon Eclipse ME600) equipped with a Photometrics 

CoolSNAP CF CCD camera. The micrographs where analyzed using ImageJ for the 

bubble size and distribution, as described previously.
35

  

3.2.7 PHREEQC simulation 

The composition of brines and pH at equilibria were calculated with an excess 

high pressure CO2 phase in the presence/absence of calcium carbonate in terms of the 

phase behavior and chemical equilibria with PHREEQC (Version 2.18). The calculation 

included the dissociation of CaCO3, MgCO3 and CaMg(CO3)2, acid-base reactions of 

divalent ions, and carbonic acid-bicarbonate-carbonate equilibria) along with phase 
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equilibria of CO2 between the gas and liquid phases.  Additional details are given in the 

supporting information. 

3.3 RESULTS AND DISCUSSION

The results and discussion are presented in four main sections. The first three 

describe phase behavior in aqueous media, phase behavior in CO2, and interfacial 

properties. The results in these three sections are used as a basis to understand the last 

section on the properties of bulk foam and foam in porous media.  

3.3.1 Bulk phase behavior of the surfactant: cloud point temperatures and degree of 

protonation 

The phase behavior of the surfactant and the degree of protonation were studied in 

brine versus pH, salinity and temperature (in these experiments CO2 was not present). 

The cloud point temperatures for a 1% w/w C12-14N(EO)2 aqueous solution with pH 

values between 4 to 7 and salinities between 0 to 22% TDS are listed in Table 3.1. They 

increased with a decrease of pH for all salinities tested. At lower pH the surfactant will be 

shown to be cationic and solvated more effectively by the brine. At a pH less than or 

equal to 5.5, the cloud points of the surfactant are higher than 120 °C, while at pH 7, the 

surfactant was not completely soluble, irrespective of salinity.   

Table 3.1:  Cloud point temperatures of 1% w/w C12-14N(EO)2 aqueous solution versus 

salinity and temperature (adjusted with HCl). The uncertainty in the cloud 

point temperature is ±1 °C. 

pH Salinity 

0 120 g/L NaCl 182 g/L NaCl 22% TDS 
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4.0 >120 >120 >120 >120 

5.5 - >120 - >120 

6.0 90 110 - >120 

6.5 - 100 - 80 

7.0 Insoluble Insoluble Insoluble Insoluble 

3.3.1.1 Effect of temperature. 

The degree of protonation versus pH was calculated from pH titration curves as a 

function of temperature and salinity (Figure 3.3). For each curve, the surfactant is fully 

soluble at low pH in the protonated state. As the pH is increased, the surfactant solution 

becomes turbid indicating phase separation of the surfactant at a value depicted by the red 

circle. The degree of protonation versus pH for 1% w/w C12-14N(EO)2 in 22% TDS brine 

at 24, 50 and 90 °C is shown in Figure 3.3A. At a pH below 5.4, the surfactant was fully 

protonated at each temperature. At higher pH values, the degree of protonation decreased 

with an increase in temperature at a given pH, as indicated by a downward shift of the 

curves. For example, at pH 6.2, 98% of the surfactant was protonated at 24 °C, compared 

to only 65% at 90 °C. Exothermic protonation has been reported for alkyl and 

hydroxyalkyl substituted amines at lower temperatures.
122, 126, 127, 128

 The heat released

may be attributed to the binding of the solvated surfactant amine head group with the 

hydronium ion, and formation of hydrogen bonds of structured water at the surface of the 

tails.
127, 129

Table 3.1: continued.
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A B 

  

Figure 3.3:  Degree of protonation of C12-14N(EO)2 (1% w/w) vs pH at 1 atm.: (A) 22% 

TDS brine at 24 (◊) , 50 (△) and 90 (◯ )°C. (B)  DI water (no salt) (◊), 

120g/L NaCl brine (△) or 22% TDS brine (◯) at 90 °C. (Phase boundaries 

where the solution became clear upon lowering pH are marked with red 

circles. 

 

3.3.1.2 Effect of salinity at 90 °C 

The degree of protonation versus pH for 1% w/w C12-14N(EO)2 at 90 °C in 

water, 120 g/L NaCl brine and 22% TDs brine is shown in Figure 3.3B. At a given pH, it 

increases with salinity as shown by the upward shift of the curves. For example, at pH 

5.3, the degree of protonation of the surfactant was 71% in water and 100% in 22% TDS 

brine. At surfactant concentration of 1% w/w, the majority of C12-14N(EO)2 surfactant will 

be shown below in the interfacial tension section to be in the micellar state. The 

protonation of the amine head groups will be inhibited by the electrostatic repulsion 

between the resulting cations at the palisade micelle surface and the free hydronium ions 



 

 

 

73 

in the bulk solution. This charging becomes more favorable with an increase in the Cl
-
 

concentration as the double layer screens this electrostatic repulsion between the 

surfactant cations and hydronium ions.  Thus, protonation of the surfactant is favored 

with an increase in salinity as observed. A similar mechanism has been provided to 

describe the effect of salinity on micelles composed of anionic surfactants.
130

  

3.3.1.3 Effect of pH 

The effect of pH on the cloud point temperature of C12-14N(EO)2 depends upon 

the solvation of surfactant headgroup and tail . At a pH equal to or below 5.5, the 

surfactant is highly protonated (above 97% for 24 to 90 °C as shown in Figure 3.3A). 

The protonated amine is more strongly solvated with an increase of temperature, because 

of greater dissociation of protonated amine and counterions with higher thermal 

energy.
131

 Furthermore, the solvation of the hydroxyethyl groups decreases with an 

increase of temperature, due to weakening of hydrogen bonding.
35, 105

 Finally, the 

solvation of the hydrocarbon tail in water increases with temperature, as the structure of 

water about the hydrophobic tails is more disordered at higher temperatures.
129,52,55

 At 

low pH, the high solubility suggests that, the increase in solvation for both protonated 

nitrogen atom and hydrocarbon tail with temperature exceeds the reduction in solvation 

of EO group. At a pH above 7, only about 27% of the surfactant is protonated at 90
 
°C in 

22% TDS brine. Here, the small amount of protonated C12-14N(EO)2 does not provide 

sufficient electrostatic repulsion between micelles to solubilize C12-14N(EO)2 at any 

temperature (Table 3.1).   
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3.3.1.4 Effect of pH on oil/brine partition coefficient and type of emulsion 

In order to further understand the nature of the switchable surfactant, the oil/brine 

partition coefficient and the emulsion curvature (either W/O or O/W) was determined as 

a function of pH.  The oil/water (O-W) partition coefficient of 1% (w/w) of C12-14N(EO)2  

between 22%TDS brine and dodecane at 25 °C as a function of pH is shown in Figure 

3.4. The O-W partition coefficient is below 0.1 for a pH below 4 and increases gradually 

to 3 at pH of 8.2. As the degree of protonation decreases with increasing pH (Figure 3.3), 

the  hydrophobic nonionic (unprotonated) state is more favored causing migration of 

surfactant to the oil phase. As expected, the emulsion inverts from O/W to W/O when pH 

is increased from 7.5 (conductivity= 50.3 mS/cm) to 8.2 (conductivity = 8 x 10
-4

 mS/cm) 

with the increase in partition coefficient as shown in the photos in Figure 3.4. 

 

Figure 3.4:  Partition coefficients of C12-14N(EO)2 (weight fraction in dodecane/weight 

fraction in brine) between dodecane and 22%TDS brine at 25 
o
C, and 1 atm. 

(Dodecane and brine were equal in volume. 1 % (w/w) surfactant in 

22%TDS  brine. The inset indicates the type of emulsion from conductivity 

measurements, O/W at pH 7.5 and W/O at pH 8.2. 
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The change from O/W to W/O is consistent with Bancroft rule where the 

surfactant prefers the continuous phase, for example oil for a partition coefficient >1 

above pH 7.5.  Similarly, Golec et al. found for C8N(EO)2 an increase in the pH from 6.5 

to 10.5 increased the oil/water  partition coefficient from 0.026 to 6.84.
126

 Finally, 

Mercado et al. showed the evolution of emulsion type from O/W to W/O by increasing 

the pH for alkylamine surfactants. .
132

   

3.3.2 Solubility in CO2 and CO2-brine partition coefficients of C12-14N(EO)2 

Because of the equilibrium between the nonionic and protonated cationic forms 

(Equation 3.2) for the switchable surfactant, it will now be shown to be soluble in CO2 

as well as brine. The solubility in CO2 and CO2-brine partition coefficient are important 

properties for understanding the subsequent sections on interfacial properties and foam 

behavior. 

3.3.2.1 Solubility in CO2 

The surfactant, C12-14N(EO)2  was reported recently to be soluble in CO2 at 0.2% 

w/w up to 120 °C.
71

 As the temperature increases, the cloud point pressure for dissolution 

of the surfactant increases, in order to maintain a sufficient CO2 density. In dry CO2, C12-

14N(EO)2 is unprotonated and thus nonionic, which favors CO2 solvation. Also, the 

presence of only two hydroxyethyl groups results in weaker intramolecular hydrogen-

bonding,
61

 which favors solvation, relative to the case of alkyl EO/PO surfactants with 

larger numbers of EO groups.
61

 Furthermore, the decrease of cloud point density with 

increasing temperature indicates that thermal energy overcomes surfactant tail-tail 

interaction and weakens intramolecular hydrogen-bonding, and thus improves the 
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solvation.
61, 71

 For ionic hydrocarbon surfactants, the weak solvation by CO2 as a 

consequence of its low polarizability/volume, is usually insufficient to overcome the 

lattice energy of the ionic head group.
111

 

3.3.2.2 CO2/brine partition coefficient 

The partition coefficients of 0.25 % w/w C12-14N(EO)2  between CO2 and 182 g/L 

NaCl or 22% TDS brine at 24-90 °C and 1000 or 3400 psia are listed in Table 3.2.  At 

3400 psia, a low C/W partition coefficient (~0.03) was found at all temperatures and 

salinities with CO2 densities between 0.61 to 0.94 g/ml. In the presence of high pressure 

CO2, the pH of CO2 saturated aqueous phase is ~3.
133

 Here, C12-14N(EO)2 is highly 

protonated as demonstrated in Figure 3.3. The cationic headgroup is solvated by ion-

dipole interactions (high AHW).
134

 The solvation of the straight chain hydrocarbon tail in 

CO2 is relatively weak due to the weak van der Waals attraction between CO2 and the 

surfactant tail (low ATC). The much smaller numerator in Equation 3.1 relative to the 

denominator (high HCB) leads to a low C/W partition coefficient.  This HCB value will 

be shown to favor curving of the C-W interface about CO2 for formation of a C/W 

macroemulsion.
18

 In addition, there is an interesting compensation of the solvation of the 

various parts of the surfactant molecule at 3400 psia as the temperature increases.  The 

solvation in brine of the protonated nitrogen increases, while that of the hydroxyethyl 

groups decreases. The increase in thermal energy increases tail solvation in CO2 by 

overcoming tail-tail interactions, but the lower density of CO2 also leads to a reduction in 

the solvent strength of CO2.
25

 These compensating changes appear to cancel each other 

out such that the partition coefficient is approximately constant.  
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Table 3.2:  Partition coefficients of C12-14N(EO)2 (weight fraction in CO2/weight 

fraction in brine) between CO2 and brine with gentle stirring at 25-90 
o
C, 

1000 or 3400 psia. (CO2 and brine were equal in mass. 0.25 % (w/w) 

surfactant in total mass of CO2 and brine 

Salinity Temperature 

(
o
C) 

Pressure 

(psia) 

Density of CO2 

(g/mL) 

Average partition 

coefficient 

182 g/L 

NaCl 

24 3400 0.94 0.030 ± 0.010 

60 3400 0.77 0.030 ± 0.0010 

90 3400 0.61 0.032 ± 0.0010 

22% TDS 24 3400 0.94 0.026 ± 0.0040 

90 3400 0.61 0.028 ±0.0020 

90 1000 0.12 <0.0040  

 

The C/W partition coefficient decreased with a decrease of pressure at constant 

temperature as expected. At 90 °C, it decreased from 0.028 at 3400 psia to below 0.004 

(detection limit) at 1000 psia. This pressure reduction should not significantly affect 

solvation of either the protonated nitrogen atom or hydroxyethyl groups in the aqueous 

phase. However, at these conditions, the decrease in CO2 density (and thus solvent 

strength) from 0.61 to 0.12 g/mL causes a significant decrease of C-W partition 

coefficient for C12-14N(EO)2. Furthermore, it has been demonstrated that C12-14N(EO)2 is 

not completely soluble at 0.2% w/w in dry CO2 at 1000 psia and 90 °C.
71
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3.3.3 Interfacial properties at CO2-22% TDS brine interface up to 120 °C 

Because the surfactant has been shown to be soluble in both brine and CO2, it may 

be solvated by each phase when adsorbed at the CO2-water interface.  The experiments in 

this section were performed at pH 3, given the formation of carbonic acid from the high 

pressure CO2, where the surfactant is in the protonated form. . 

3.3.3.1 Interfacial tension at C-W interface 

The IFT between CO2 and 22% TDS brine was measured at 3400 psia and 24-120 

°C in the presence of C12-14N(EO)2 with concentrations from 10
-7.4

 to 10
-1.4 

M (10
-5

 to 1 % 

w/w) as shown in Figure 3.5. To our knowledge, due to the lack of soluble and stable 

surfactants in water in previous studies,
59, 60

 interfacial properties of a surfactant in a C-W 

system have not been reported previously at temperatures above 100 °C. Without 

surfactant, the IFT ranges from 33 to 44 mN/m from 2500-3900 psia between 25 and 125 

°C.
81

 Upon adding C12-14N(EO)2 with a surfactant concentration above the CMC, the IFT 

was reduced to 3-5 mN/m at 3400 psia. In the presence of high pressure CO2, the low pH 

(~3)
133

 condition in the brine phase ensured the surfactant was in its cationic form, and 

thus was sufficiently well solvated even at 120 °C to enable IFT measurements. As the 

temperature increased from 25 to 120 °C the IFT increased from 2.9 to 5.1 mN/m at 

surfactant concentrations above the CMC.
15

 The reduction of IFT with added surfactant 

at high temperature  suggests CO2 still solvates the linear alkane tails despite the 

relatively low CO2 density of only 0.48 g/mL.
15
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Figure 3.5: Interfacial tension (IFT) for C12-14N(EO)2 at the CO2-22%TDS brine 

interface versus the logarithm of surfactant concentration.  The intersection 

of the curves denotes the critical micelle concentration (CMC). The pH of 

the aqueous phase is ~3 (see reference 48). 

 

3.3.3.2 Critical micelle concentration 

A discontinuity in the slope of IFT versus log surfactant concentration is evident 

in Figure 3.5 indicating the CMC. The CMC increases about an order of magnitude with 

an increase in temperature, indicating a preference for the surfactant to stay in the 

monomeric state in brine as a result of the enhanced monomer solubility in brine.
15

 As 

temperature increases at constant CO2 density, the solvation of the protonated nitrogen 

atom and hydrocarbon tail is improved in brine, which disfavors micellization
135

 (higher 

CMC) as observed. However, the dissociation of the micelles is hindered somewhat by 
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the reduction in the solvation of two hydroxyethyl groups.
135

 For similar reasons, the 

CMC of ionic C10 and C14 alkyl sulfates  increases with increasing  temperature from 25-

70 °C.
136

 To our knowledge, our study is the first to show this trend continues at 

temperatures above 100 
°
C. 

3.3.3.3 Adsorption at the C-W interface and efficiency in lowering the interfacial 

tension (pC20) 

The adsorption of C12-14N(EO)2 was determined from the slope of the plot of the 

IFT versus the log of surfactant concentration (Equation 3.6). At low or moderate 

temperatures, the reciprocal of the adsorption at the CO2-22% TDS brine interface was 

~160 Å
2 

per molecule, higher than the value of 200-350 Å
2
 for alkyl EO/PO nonionic 

surfactants at the C-W interface.
60

 Generally, ionic surfactants tend to have a lower 

specific adsorption (higher area per molecule) than nonionic surfactants due to 

electrostatic repulsion between surfactant head groups.
123

 However, the highly screened 

repulsion at high ionic strength led to the high surfactant adsorption at the interface.
15

 

Furthermore, the head group for C12-14N(EO)2 contains a single nitrogen atom and two 

hydroxyethyl groups, which is much smaller than the head groups of previously studied 

nonionic alkyl EO/PO surfactants (for example, with 9 or more EO units
59, 60

) and thus 

occupies a smaller area. 

When temperature was increased at a constant pressure of 3400 psia, the specific 

adsorption of C12-14N(EO)2 at the CO2-brine interface decreased slightly from 1.05 ×

10−6 mol/m
2
 at 24 °C to  0.80 × 10−6 mol/m

2
 at 120 °C, as shown in Table 3.3. The γ0 

for the binary C-W system increases with an increase in temperature at constant pressure, 

since the CO2 density decreases from 0.98 to 0.49 g/ml. A higher IFT (γ0) alone would 

provide a greater driving force for surfactant adsorption to the interface.
60

 However, this 
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contribution was overshadowed by the reduction of CO2 density and consequently, the 

weaker tail solvation in CO2 compared to the strong head solvation, which drove the 

surfactant towards water. Therefore, the specific adsorption at the interface decreased, but 

was still quite high indicating significant tail solvation despite the low CO2 density. In 

addition, the increased thermal motion also increases the area per surfactant molecule.
123

   

 

Table 3.3:  Interfacial properties of C12-14N(EO)2 at the CO2-22% TDS brine interface at 

3400 psia. Error in interfacial tension measurements is less than 4%. 

T 

(°C) 

ρ(CO2)  

(g/mL) 

CMC 

(% w/w) 

CMC 

(mmol/L) 

IFTcmc 

(mN/m) 

𝝅cmc 

(mN/m) 

Γ*10
6 

(mol/m
2
) 

Αm 

(Å
2
/molecule) 

pC20 

24 0.94 0.00016 0.0070 2.9 34-37 1.1 158 7.6-8.1 

90 0.61 0.00053 0.022 3.7 - 0.90 184 - 

120 0.48 0.00094 0.038 5.1 35-39 0.80 207 6.9-7.6 

 

The efficiency of the surfactant was characterized by pC20 for C12-14N(EO)2, the 

negative logarithm of the concentration of surfactant in the bulk phase required to 

produce a 20 mN/m reduction in interfacial tension. It decreased a small amount from 24 

to 120 °C as shown in Table 3.3. When the temperature increases, the contribution from 

the larger driving force resulting from the larger 𝛾0 increases
81

 would drive the surfactant 

towards the C-W interface, resulting in an increase in pC20.
137

 However, this effect was 

overcome by the higher tendency of the surfactant to move towards water as explained 

above. At 24 °C, the pC20 for C12-14N(EO)2 for CO2-22% TDS brine system was ~8 

which is higher than the calculated value of ~5 reported previously for the nonionic 
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surfactant LA-EO12 (C12(EO)12),
60

 which has a similar tail length (C12). The lower pC20 

for LA-EO12 may indicate an HCB value further from unity, given the relatively large EO 

number of 12 in LA-EO12.  The pC20 is expected to increase with increase of alkyl length 

due to negative free energy of adsorption of a methylene group at the interface.
123

 

However, if the tails become too long, they are not solvated sufficiently well by CO2 and 

pC20 is expected to decrease.
25

 A high pC20 in the presence of concentrated brine 

indicates C12-14N(EO)2 had the proper tail length relative to the cationic head group to 

efficiently lower the IFT of C-W system. In summary, the high surfactant efficiency and 

strong adsorption at the water-CO2 interface are very desirable properties for stabilizing 

C/W emulsions and foams, despite the extreme temperatures and salinity.  

3.3.4 Apparent viscosity of bulk foam and foam in porous media composed of glass 

beads or crushed calcium carbonate 

 The remainder of this study addresses the properties of foams, now that the key 

requirements have been met for phase equilibria and interfacial properties at low pH 

values from 3 to 4. Here C12-14N(EO)2 is cationic,  which enables a high cloud point  

>120 °C in brine, whereby micelles are present with a low IFT. The high surfactant 

solubility in brine is needed to avoid precipitation in the lamellae films of foams. Also, 

the low C/W partition coefficients favor the formation of C/W foams according to the 

Bancroft rule. Finally, the low C-W interfacial tension ( ~5 mN/m) (Figure 3.5) reduces 

the capillary pressure and thus the tendency for bubble coalescence upon film drainage.  

3.3.4.1 Bulk foam apparent viscosity in a capillary tube 

To generate a bulk C/W foam, 1% w/w C12-14N(EO)2 in 22% TDS brine solution 

at pH 6 (adjusted by adding HCl initially) was injected simultaneously with pure CO2 
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into a 76 Darcy calcium carbonate packed bed. The bulk foam apparent viscosity was 

measured in a 660 µm ID capillary tube downstream of the calcium carbonate foam 

generator. The effects of temperature and foam quality (CO2 volumetric fraction) on bulk 

foam apparent viscosity (𝜇𝑓𝑜𝑎𝑚) are shown in Figure 3.6. With an increase of 

temperature, 𝜇𝑓𝑜𝑎𝑚 decreased from 23.6 cP at 24 °C to 5.7 cP at 120 °C at 90% foam 

quality, 3400 psia, and a total velocity of 82900 ft/day (0.292 m/s) in the capillary 

(Figure 3.6A).  

 

A B 

  

Figure 3.6: Apparent viscosity of bulk foam in the capillary tube stabilized with 1% 

w/w C12-14N(EO)2 22% TDS brine at  pH 6 (adjusted by adding HCl) 

solution with a total velocity 82900 ft/day at 3400 psia. (Foam was 

generated in a 76 Darcy calcium carbonate pack): (A) Effect of temperature 

at foam quality of 90%; (B) Effect of foam quality at 120 
o
C. 

 

The temperature affects the apparent foam viscosity in various ways. A decrease 

of the continuous phase viscosity 𝜇𝑒 with temperature directly contributes to a decrease in 

the apparent foam viscosity as shown in Equation 3.3. This viscosity reduction in the 
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continuous phase will also lead to more rapid film drainage as shown in Equation 3.4. In 

addition,  increases with temperature as a result of the lower density of CO2 and thus 

weaker solvation of the surfactant tail (Figure 3.5), which raises Pc and thus raises ∆𝑃𝑓𝑖𝑙𝑚 

, which will accelerate film drainage for a given bubble size. As the lamellae become too 

thin, the disjoining pressure becomes insufficient to prevent coalescence.  The resulting 

increase in average bubble size (increased R) causes  𝜇𝑓𝑜𝑎𝑚 to decrease (Equation 3.3). 

 At 120 °C, as the foam quality increased from 70 to 90%, 𝜇𝑓𝑜𝑎𝑚  increased from 

2.4 cP to 5.7 cP. 𝜇𝑓𝑜𝑎𝑚  decreased to 1.6 cP at 92% foam quality, and eventually no foam 

was produced at 95% CO2 volumetric fraction (Figure 3.6B). With an increase in the 

foam quality from 70% to 90%, 𝜇𝑓𝑜𝑎𝑚 increases as depicted in Equation 3.3. Assuming 

a constant bubble size, this increase in viscosity may be attributed to an increase in the 

number of lamellae per unit length.
16

 Eventually, above 90 % foam quality, the lamellae 

may become too thin to prevent coalescence and a large decrease in 𝝁𝒇𝒐𝒂𝒎  is observed 

(Figure 3.6B). The highest foam apparent viscosity in the capillary achieved at 90% 

foam quality was more than 50 times of the baseline apparent viscosity of the CO2-22% 

TDS brine mixture without any surfactant present (Figure B2). 

3.3.4.2 C/W foam formation and apparent viscosity in a uniform glass bead pack.  

Given an understanding of bulk foam, we now examine the more complex 

behavior of foam flow in porous media, whereby the lamellae interact with the pore 

surfaces.
11

 For bulk foam at a high shear rate in a single capillary, the bubble radius has 

been found to be smaller than the capillary radius.
35

 However, in porous media the radius 

of the bubble is often similar or larger when compared to the pore size indicating only  a 

single aqueous lamella exists in each pore.
11, 16
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To study foam behavior in porous media, 1% w/w C12-14N(EO)2 in a 182 g/l NaCl 

(model brine without the presence of divalent ions) solution at pH 4 was co-injected with 

CO2 at a total superficial velocity from 6 to 181 ft/day. The permeability of the uniform 

glass bead pack (30 to 50 µm diameter beads) was 1.2 Darcy as measured with water. As 

shown in Figure 3.7, at 40% foam quality, the apparent viscosity at a low superficial 

velocity of 6 ft/day was low, below 3.5 cP. As the velocity increased to 10 ft/day (shear 

rate of 75 s
-1

), the apparent viscosity increased markedly to ~150 cP indicating generation 

of a strong C/W foam. At this low shear rate, foam generation is produced by repeated 

snap off and lamellae division.
11

  Here,  the pressure gradient exceeded the minimum 

pressure gradient (MPG) need to overcome the capillary forces to mobilize the curved 

lamellae through the pore throats as described in detail in the supporting information.
31

 

Upon increasing the total superficial velocity, the MPG for foam generation was found to 

be 2.7 psi/ft (Figure B3) for 40% foam quality. The value of the MPG  is consistent with 

an earlier study of foams at lower temperatures
31

 indicating similar generation 

mechanisms as discussed further in the supporting information. For 80% foam quality, a 

higher velocity was required to achieve the same pressure gradient (Figure B3) and 

similar apparent viscosity (Figure 3.7). 

 



 

 

 

86 

 

Figure 3.7:  Apparent viscosity of C/W foam stabilized with C12-14N(EO)2 at 3400 psia 

and 120 °C by co-injecting 1% (w/w) C12-14N(EO)2 in 182 g/l NaCl brine 

pH 4 solution with pure CO2 in either a 1.2 Darcy glass bead pack or 30 

Darcy sand pack at 40% or 80% foam quality.  

For both 40% and 80% foam qualities, viscous C/W foams with apparent 

viscosities above 130 cP were achieved at superficial velocities of 10-20 ft/day (Figure 

7). A large decrease in apparent viscosity is observed after the maximum indicating 

substantial shear thinning.  The maximum apparent viscosities in the 1.2 Darcy glass 

bead pack are an order of magnitude higher than those reported recently for the same 

surfactant
71

 in a 30 Darcy sand pack. In the former study, the lower viscosities resulted 

from shear thinning given the much higher total superficial velocity of 300-600 ft/day 

(Figure 3.7).  The shear thinning behavior may be attributed to bubble deformation and 

interfacial tension gradient as the bubbles flow through each channel in the porous media, 

as explained from a model developed by Hirasaki and Lawson for smooth capillaries.
16

  

The viscosity in the shear thinning region is proportional to the -0.69 and -1 power of the 
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gas velocity for the 80% and 40% foam quality, respectively. Remarkably, these data are 

in agreement with the model of Falls et al. (Equation B23) where the foam viscosity is 

proportional to either -2/3 or -1 power the gas velocity at high or low shear rate 

respectively.
138

  

3.3.4.3 C/W foam formation and apparent viscosity in 76 Darcy calcium carbonate 

packed bed 

In this final section foam behavior in crushed calcium carbonate is shown to be 

similar to that in the glass bead pack. These experiments are of great practical interest for 

foams for enhanced oil recovery in limestone subsurface reservoirs.  It is shown below 

that the Ca
2+

 and Mg
2+

 ions in the inlet brine reduce the dissolution of the CaCO3, which 

maintains a lower pH and thus more protonated surfactant needed for foam formation.   

Effect of NaCl and divalent ions. In the crushed limestone pack, foams were not 

formed when the aqueous phase was DI water (Figure B4). Here the surfactant was not 

sufficiently protonated at 120 °C, as the soluble bicarbonate and carbonate produced a pH 

of 4.6, according to a geochemical model for the various reaction and phase equilibria, 

PHREEQC (Figure B5). Similarly, the apparent viscosity reached only 8 cP for 60 – 180 

g/l NaCl (Figure B4). According to the simulations using PHREEQC,   the addition of 

divalent ions such as Ca
2+

 and Mg
2+

 at the concentrations in this study decreased the 

equilibrium pH of the system from ~4.6 to 3.7 (Figures B5 and B6). These ions 

suppressed the dissolution of CaCO3 due to the common ion effect.  The decrease in pH 

favored the cationic state of the surfactant needed for foam stabilization. Thus, the 

addition of divalent ions enhanced the viscosity of the C/W foam from 8 to 14 cP at a 

quality of 90% (Table B1).  
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Effect of foam quality. The effect of foam quality on apparent viscosity of C/W 

foam stabilized with C12-14N(EO)2 or the analogous quaternary ammonium salt C12-

14N(EO)2CH3Cl in a 76 Darcy calcium carbonate packed bed with a total superficial 

velocity of 938 ft/day is shown in Figure 3.8.  For C12-14N(EO)2, foam was generated 

either by co-injection of 1% w/w surfactant at pH6 in a 22% TDS brine solution and CO2, 

or by co-injection of a 0.2 % w/w surfactant - CO2 solution with a 22% TDS brine 

solution containing Ca
2+

 and Mg
2+

 without added HCl. When C12-14N(EO)2 was injected 

from the brine phase, as the quality increased from 70% v/v, the apparent foam viscosity 

increased gradually until it reached a maximum of 14 cP at 90% and then decreased. At 

95% CO2 volumetric fraction, no foam was formed. As the foam quality increases, the 

size of the pores invaded by the gas phase continually decreases (and so does the water 

saturation) in the calcium carbonate packed bed, increasing the capillary pressure.  

Eventually,  the van der Waals attraction between CO2 bubbles exceeds the electrostatic 

repulsion from the surfactant head groups and the lamellae become unstable.
41, 70
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Figure 3.8:  Apparent viscosity of C/W foam stabilized at 3400 psia, 120 °C, and total 

superficial velocity of 938 ft/day in 76 Darcy calcium carbonate packed bed 

by coinjecting 1%(w/w) surfactant in 22%TDS brine solution with pure CO2 

or 0.2% (w/w) surfactant in CO2 solution with 22%TDS brine. 

 

When C12-14N(EO)2 was injected from the CO2 phase, the behavior was very 

similar up to a quality of 90%. At this quality, the experiments were designed such that 

the concentration of C12-14N(EO)2 in the foam (aqueous phase + CO2 phase) was the 

same, ~ 0.16% w/w. The equivalence of foam apparent viscosity indicates that the 

surfactant underwent effective transport to the interface from either the brine or CO2 

phase, indicating good contact between phases. At 95% foam quality, when the surfactant 

was injected from the CO2 phase, the foam apparent viscosity was the highest. In 

contrast, the surfactant failed to generate foam at 95% foam quality when injected from 
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the aqueous phase. This difference in behavior can be attributed to the difference in 

surfactant concentration in the total injected fluid. Here, the concentration of C12-

14N(EO)2 in the total injected fluid was 0.18% when it was injected from the CO2 phase 

compared to only 0.10% when injected from the brine phase. This lower concentration 

was found to provide an insufficient disjoining pressure against the higher capillary 

pressure at a higher foam quality of 95% resulting in destabilization of the C/W foam.
41

  

For 70 and 90% foam quality, the apparent viscosity was similar for the 

quaternary ammonium C12-14N(EO)2CH3Cl surfactant  as for C12-14N(EO)2  with the same 

tail length, where all other conditions were held constant as depicted in Figure 3.8. Thus, 

C12-14N(EO)2 appeared to behave as a cationic surfactant, consistent with the expected 

protonation at these conditions. A limitation of the quaternary amine is that is undergoes 

Hoffman dealkylation at the high temperatures over time. At short times however, it 

serves as a useful model for the protonated C12-14N(EO)2.. 

To understand the mechanism of foam formation at a high velocity of 939 ft/day 

and shear rate of ~600 s
-1

, measurements of CO2 bubble sizes were conducted at room 

temperature and 90% foam quality. As depicted in Figure 3.9A, the average bubble size 

Figure 

3.9B

smaller than the pore diameter (32 – 65 microns), multiple bubbles were formed in each 

pore,  as a consequence of the high shear rate, as also observed by Adkins et al.
35

  In 

contrast, at low shear rates CO2 bubbles are known to be equal to or larger than the pore 

diameter.
11, 16
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A B 

  

Figure 3.9: A) Micrograph of C/W foam stabilized at 3400 psia, 25 °C  and 90% foam 

quality by co-injecting 1% (w/w) C12-14N(EO)2 22%TDS brine pH 6 solution 

with CO2 , with a total superficial velocity 938 ft/day  in 76 Darcy calcium 

carbonate pack. B) Histogram of bubble size distribution. 
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Effect of temperature. The effect of temperature on foams at pH 6 in the 76 

Darcy calcium carbonate packed bed at foam quality 90% and total superficial velocity 

938 ft/day from 24 to 120 °C is shown in Figure 3.10. The apparent viscosity decreased 

from 36 cP at 24 °C to 14 cP at 120 °C. This decrease can be explained in a similar 

manor as described for bulk foam (Figure 3.6A).The decrease in viscosity of the aqueous 

phase with temperature contributes to the decrease in foam apparent viscosity (Equation 

B22).
71

 This lower viscosity leads to faster film drainage whereby the thinner films more 

easily rupture resulting in coalescence.
35, 83,

 
45, 46

 With a smaller number of lamellae per 

unit length,  the apparent viscosity decreases.
16

 

 

 

Figure 3.10:  Apparent viscosity of C/W foam stabilized at 3400 psia and 90% foam 

quality by co-injecting 1% (w/w) C12-14N(EO)2 22%TDS brine pH 6 solution 

with CO2 at 24-120 °C, with a total superficial velocity 938 ft/day  in 76 

Darcy calcium carbonate pack. 
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3.4 CONCLUSIONS 

A comprehensive study of phase behavior, interfacial properties and CO2-in-water 

foam rheology at elevated temperatures up to 120 
o
C, has been conducted for a 

switchable (pH – responsive) amine surfactant, C12-14N(EO)2.   Remarkably, at 120  
o
C, 

even with a CO2 density of only 0.48 g/ml,  the tail solvation was sufficient such that the 

surfactant adsorption at the CO2-water interface was high, despite the high thermal 

energy. This work provides a fundamental understanding for a new domain of interfacial 

science at high temperature and pressure that is of great interest for stabilizing CO2 

foams, even with concentrated brines including divalent ions, which are encountered in 

subsurface applications including CO2 storage and EOR. The results support the 

following conclusions: 

1. The solubility of the surfactant in the aqueous phase (cloud point) was measured 

as a function of temperature up to 120 °C and salinity up to 22%TDS and related 

quantitatively to the measured degree of protonation. The cloud point was >120 

°C at a degree of protonation greater than 0.8. This solubility at such a high 

temperature and salinity is rarely encountered for anionic and nonionic surfactants 

previously reported in literature.
36, 109

   

2. Previous studies of the interfacial behavior of switchable amine surfactants have 

been limited to air –water and oil – water interfaces  at room temperature.
139

 In 

this chapter, the interfacial behavior of such surfactants was extended to the CO2 

– water interface at high temperature up to 120 °C. Properties such as interfacial 

tension, critical micelle concentration (CMC) and adsorption of the surfactant at 

the C-W interface as a function of temperature were explained in terms of the 

interactions of the surfactant tail and head with the CO2 and aqueous phase, 
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respectively. Here, C12-14N(EO)2  was effective in lowering the interfacial tension 

(~40 to ~5 mN/m) with high adsorption at the C-W interface even at 120 °C.  The 

surfactant adsorption of ~200 Å
2
/molecule and surfactant efficiency did not 

decrease significantly as the temperature was increased from room temperature to 

120 °C given the increase in 𝛾0 that was balanced by a modest weakening in 

surfactant tail solvation. The adsorption of C12-14N(EO)2 was higher than 

previously reported for nonionic surfactants at temperatures that did not exceed 

70 °C.
59, 60

 The higher adsorption of C12-14N(EO)2 may be attributed in part to the 

smaller headgroup of C12-14N(EO)2 relative to those of the nonionic surfactants 

with similar tails. 

3. The understanding of phase behavior and interfacial properties of C12-14N(EO)2  at 

high temperature provided a basis for the study of formation, stability and 

rheology of CO2-water emulsions and foams with switchable amine surfactants. 

Emulsions and dispersions for such surfactants have been often limited to oil – 

water emulsions.
113, 114

 With C12-14N(EO)2, foam was generated successfully in a 

capillary tube and in two types of porous media. For bulk foams in a capillary 

tube, the decrease in apparent viscosity with an increase in temperature may be 

attributed to faster drainage of the lamellae due to a decrease in the continuous 

phase viscosity and a greater capillary pressure, given the higher interfacial 

tension. Despite these changes, the apparent viscosity of 5.7 cP at 120 °C was 

more than 50 times of the apparent viscosity of CO2-brine mixture without 

surfactant at the same conditions. Foams at such high temperature and salinity are 
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rarely encountered in literature due to limitations in aqueous solubility, thermal 

stability and defoaming effects at these severe conditions.
82, 140

 

4. C12-14N(EO)2  also stabilized foams in porous glass bead packs and crushed 

calcium carbonate media. With only 1 % w/w C12-14N(EO)2 in brine, C/W foams 

were formed at low superficial velocities with an apparent viscosity up to 146 cP 

which is an order of magnitude higher than reported previously for the same 

surfactant.
71

 The viscosity increase is explained in terms of shear thinning 

behavior of foams in porous media consistent with previously developed 

rheological models.
16, 138

 For calcium carbonate media, stable foams could be 

formed by suppressing the dissolution of CaCO3 by adding Ca
2+

 and Mg
2+

 in the 

aqueous phase (via the common ion effect) in order to maintain a low enough pH 

to protonate the surfactant. This fundamental understanding of interfacial 

phenomena at high temperatures as well as the properties of foams is of interest 

for a variety of applications including CO2 enhanced oil recovery at novel 

conditions of high temperature and salinity and CO2 sequestration.  
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Chapter 4: Oil Effect on CO2 Foam Stabilized by a Switchable Amine 

Surfactant at High Temperature and High Salinity3 

4.1 INTRODUCTION 

High displacement efficiency may be achieved with CO2 flooding
6
 whereby crude 

oil is displaced through multiple contact miscibility (MCM).
141

 Here, pure CO2 is 

originally immiscible with the crude but gains miscibility as lighter components of the oil 

(C5-C30) are extracted.
141

 In contrast, pure n-alkanes miscible displacement is achieved 

by first contact miscibility where the alkane is miscible with CO2 in all proportions.
141

  

However, miscible CO2 EOR has been shown to result in low recovery of 10-20% of 

original oil in place, (OOIP) as a consequence of the properties of CO2 and the reservoir 

heterogeneity.
9
 First, the low density of high pressure CO2 relative to oil promotes 

gravity override causing a reduction in oil recovery in the lower parts of the reservoirs.
6, 9, 

10
 Also, the spatial heterogeneous properties in reservoirs such as permeability can cause 

channeling of CO2 through high permeability sections of the reservoirs and lower the 

sweep efficiency.
4
  The addition of small amounts of surfactants to form CO2  –  in – 

water  (C/W) emulsions (commonly referred to as foams) has been shown to mitigate 

these problems by reducing CO2 mobility.
12, 13

 Foams are comprised of CO2 bubbles 

(discontinuous phase) in a continuous aqueous phase in the form of  lamellae separating 

the gas bubbles.
11, 14

 The reduced mobility of C/W  foams is due to enhancement in the 

viscosity by 2 to 4 orders of magnitude compared to that of pure CO2.
11, 53

 The enhanced 

viscosity may be attributed to: 1) resistance to flow of the lamellae separating the bubbles 

                                                 
3 Elhag, A. S.; Chen, Y.; Reddy, P. P.; Noguera, J. A.; Ou, A. M.; Hirasaki, G. J.; Nguyen, Q. P.; Biswal, 

S. L.; Johnston, K. P. Switchable Diamine Surfactants for CO 2 Mobility Control in Enhanced Oil 

Recovery and Sequestration. Energy Procedia 2014, 63, 7709-7716. 
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2) the penalty in interfacial energy during deformation of the bubbles caused by shear 3) 

interfacial tension gradients between the front and the rear ends of the bubbles as the 

surfactant is swept from the front to the back of the bubble
16

 and 4) resistance to flow due 

to pore restrictions in porous media.
138

 

A key property for the design of surfactant for CO2 foam is the hydrophilic/CO2-

philic balance (HCB) of the surfactant – analogous to HLB for oil water systems 
18, 19, 20, 

21, 22, 23, 24, 25
 

1

𝐻𝐶𝐵
=

𝐴𝑇𝐶−𝐴𝑇𝑇−𝐴𝐶𝐶

𝐴𝐻𝑊−𝐴𝐻𝐻−𝐴𝑊𝑊
      (4.1) 

where Aij is the interaction potential for components including CO2 (C), the hydrocarbon 

tail (T), water (W) and the surfactant head group (H).
25

 The HCB of the surfactant can be 

manipulated by changing surfactant structure and other formulation variables such as 

temperature, pressure and salinity.
25

 When the HCB is above unity the surfactant prefers 

the aqueous phase and the preferred curvature is CO2 in water macroemulsions (C/W 

foam) according to Bancroft rule. At HCB values very close to the balanced point, the 

interfacial tension becomes extremely small and emulsions become unstable.
26

 Therefore, 

the optimum surfactant structure is achieved when the HCB is shifted by a modest 

amount away from the balanced state in favor of a more hydrophilic surfactant.  

Recently, Chen et al. studied the effect of different destabilization mechanisms on 

the apparent viscosity of foams generated with two novel surfactants, namely  protonated 

(C12-14N(EO)2)
71, 142

 and a cationic alkylammonium surfactant (C12-14N(CH)3Cl) in a 

crushed limestone bed.
143

 Firstly, capillary pressure was varied by increasing the CO2 

volume fraction (foam quality) from 70% to 95%.
142

 The foam was found to resist 

coalescence up to a foam quality of 90% after which the foam became unstable. At this 
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point, increasing the quality caused the capillary pressure to reach a threshold (limiting 

capillary pressure) where it exceeded the disjoining pressure required between the two 

lamellae interfaces to prevent coalescence.
70

 Secondly, increasing temperature from 25 

°C to 120 °C was found to decrease the foam apparent viscosity from ~ 35 to 15 cP.
142

 

The decrease in foam apparent viscosity was attributed to the decrease of the viscosity of 

the aqueous phase that resulted in faster film drainage and bubble coalescence. Despite 

these destabilization effects both of these surfactants were found to generate and stabilize 

foam with viscosities up to ~14 cP even at a high temperature of 120 ºC and 90% foam 

quality.
142

  The foam stability at high temperature was enabled by the high aqueous 

solubility of these surfactants given the enhanced solvation of the cationic amine head 

group.
142

 In addition, the high adsorption of C12-14N(EO)2 at the CO2-brine interface 

produced a large reduction of the interfacial tension even at 120 ºC and stabilized the 

lamellae against drainage and rupture.
142

  

The effect of oil on destabilization of foam in porous media has been studied 

extensively and described by various mechanisms.
144

  Lau et al. attributed the breaking of 

steam foam generated by alpha olefin sulfonate (AOS) surfactants in the presence of oil 

to the depletion of the surfactant from the gas – water interface to the oil phase.
145

 

However, this hypothesis cannot be generalized because foam was destabilized in the 

presence of oils that were pre-equilibrated with surfactants. Others argued that oil can 

destabilize foam by changing the wettability of the porous media from water –wet to oil – 

wet which hinders the formation of aqueous lamellae necessary for foam generations 

through mechanisms such as snap off.
42, 146, 147

 Lau et al. suggested that the 

destabilization of nitrogen foam was due to entering and spreading of oil at the gas water 
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- interface that causes lamellae to thin and eventually break due to capillary pressure.
148

 

These foam formed with gases with relatively low densities provide a basis for 

understanding CO2 foams where the density of the gas phase is much larger. 

The effect of oil on C/W foams has received little attention for dense CO2 and has 

been treated similarly to the case of foams with much lower density gases.
149

  Kuhlman 

studied the effect of oil on C/W foam at low pressure (low density) and high pressure 

(highly dense) CO2. For low density CO2, foam stability generally correlated with the oil 

spreading coefficient where the half life of foam decreased as the spreading coefficient 

increased.
147

 In all high pressure experiments – except for first contact miscible 

experiments - oil was observed to spread in the C/W foams because of the low interfacial 

tension between oil and CO2 at high pressure. Unlike the case for the low pressure 

experiments, the stability of the C/W foams were attributed to the stability of the oil-in-

water emulsions within the lamellae rather than the negative spreading coefficients.
147

 

Also, different researchers found that C/W foams generated at conditions of first contact 

miscibility with oil are usually more stable.
147, 150

 It was hypothesized that miscible 

flooding restored the porous media from oil –wet to water – wet. Furthermore, the 

spreading of the oil in the immiscible flooding destroyed the foam and increased the CO2 

mobility.
147, 150

 Recently, Chabert et al. studied the effect of dodecane on C/W foams at 

first contact miscible conditions and observed that C/W foams generated by surfactants 

that also were effective for O/W emulsification were unstable. This result was attributed 

to preferential adsorption of the surfactant at the O-W interface rather than the C-W 

interface.
149
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The main objective of this chapter is to determine the effect of crude oil on the 

stability of C/W foams generated by C12-14N(EO)2 in high salinity brine at 120 
o
C in a 

crushed limestone pack and to explain the mechanism. The effects of oils on foams have 

rarely if ever been reported at elevated temperatures above 100 
o
C. To gain further 

insight into the mechanism, we also examined the behavior of C/W foams in the presence 

of a model oil that is miscible with CO2 in all proportions, dodecane, To our knowledge, 

very few studies have contrasted the behavior of miscible and immiscible hydrocarbons 

on the generation and stability of C/W foams.
147, 150

 These studies hypothesized that CO2 

mobility is reduced (higher C/W foam apparent viscosity) at miscible conditions because 

the decrease in oil saturation with oil production possibly restores the wettability of the 

porous media from oil-wet to water wet.
147

 To test this hypothesis, in this study, 

dodecane was coinjected with CO2 and surfactant solution to maintain constant oil 

saturation. In addition, for each oil, the effect of the fraction of the oil in the nonaqueous 

phase on the foam apparent viscosity was investigated. For the case of crude oil, 

traditional destabilization mechanisms based on the three phase surface balance are 

applicable, as characterized by the entering and spreading coefficients, which are 

described in detail in the subsequent theory section. For dodecane which is fully miscible 

with CO2 an alternative mechanism is proposed based on an observed difference in the 

stabilities of C/W foams and O/W emulsions. Also, the effect of presence of oil 

(remaining oil) on the minimum surfactant concentration required for foam generation is 

studied and related to the change in oil saturation. Furthermore, the effect of temperature 

on defoaming, as characterized by the foam apparent viscosity, is examined in the 

presence of varying concentrations of dodecane from 50 – 120 ºC. The effect of volume 
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fraction of CO2 from 60 to 98% on foam apparent viscosity has also been measured and is 

explained in terms of the change in water saturation and capillary pressure in the presence 

of dodecane.  

4.1.1 Theory of foam stability in the presence of oil 

The kinetic stability of foams requires that the lamellae prevent coalescence of the 

dispersed phase bubbles.
49

 Several factors affect lamellae stability including capillary 

drainage,
35, 44, 83, 151

 disjoining pressure,
102, 152

 temperature 
35, 45, 46

 and the presence of 

oil.
11, 43

  

The extent of the defoaming effect of oil depends on the stability of the pseudo 

emulsion film separating the oil phase from the foam liquid – gas interface (O/W/G 

film).
47

 For oil to break a foam, first it has to enter the gas - water interface which can be 

quantified by the entering coefficient (Eo/w) derived from a surface energy balance where 

W-G and O-W interfaces disappear and an O-W interface is created as illustrated in 

Figure 4.1.  Eo/w  is defined by Harkins et al 
48

 as.  

𝐸𝑜/𝑤 = 𝛾𝑤𝑔 + 𝛾𝑜𝑤 − 𝛾𝑜𝑔      (4.2) 

where w, g and o are water, gas, and oil, respectively. Negative entry coefficients suggest 

that oil will remain in the aqueous phase, whereas it enters the gas-water interface for 

positive values.
6, 49

 For porous media
49

 a generalized entering coefficient, 𝐸𝑜/𝑤
𝑔

  was 

defined by Bergeron et al. (Equation 4.3)
50

  

𝐸𝑜/𝑤
𝑔

= 𝛾𝑤𝑔 + 𝛾𝑜𝑤 − 𝛾𝑓      (4.3) 

where 𝛾𝑓 is the interfacial tension of the pseudoemulsion films. This approach 

incorporates the disjoining pressure and the thickness of the film.
49, 50

 Upon entering the 

interface, defoaming can occur via either spreading of the oil droplet at the interface or 
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bridging of the foam film.
49

 Spreading is characterized by a spreading coefficient (𝑆𝑜/𝑤) 

defined by Equation 4.4 and derived from the balance of an oil lens at the W-G interface 

as shown in Figure 4.1.
51

  

𝑆𝑜/𝑤 = 𝛾𝑤𝑔 − 𝛾𝑜𝑤 − 𝛾𝑜𝑔      (4.4) 

If 𝑆𝑜/𝑤<0, then the oil droplet is contained in the W-G interface as an equilibrated 

lens  and spreading is unfavorable.
6, 49

 if 𝑆𝑜/𝑤>0, the lens shaped droplet will 

spontaneously spread at the air water interface.
51

   

 

Figure 4.1:  Illustration of entering and spreading of an oil droplet at the gas (air or CO2) 

– water interface. Adapted from Kralchevsky, 2001.
51
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An alternative mechanism is to describe the degree of oil emulsification in the 

foam lamellae as suggested by Schramm and Novosad.
52

 Here, a lamellae number (L) 

describes the ratio of the capillary suction (∆𝑝𝑐) in the plateau border to the opposing 

pressure drop across the interfacial area (∆𝑝𝑅) and is illustrated in Figure 4.2 and defined 

by Equation 4.5  

𝐿 =
∆𝑝𝑐

∆𝑝𝑅
=

𝑟𝑜𝛾𝑤𝑔

𝑟𝑝𝛾𝑜𝑤
      (4.5) 

where 𝑟𝑜 and 𝑟𝑝 are the radii of the oil droplet and the plateau border, respectively. If 

L<1, the equation predicts that oil cannot be emulsified and foam is stable. Foam was 

observed to be moderately stable for 1<L<5.5 and unstable at values greater than 5.5.
52

 

 

Figure 4.2:  Illustration of lamellae numbers (oil droplets pinched into the plateau 

border by capillary pressure). Adapted from Shramm and Novosad, 1990.
52
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4.2 EXPERIMENTAL 

4.2.1 Materials 

The surfactant Ethomeen C/12 (Bis (2-hydroxyethyl) cocoalkylamine, 97% 

active) was a gift from Akzo Nobel and was used as received. The structure of the 

surfactant is shown in Table 4.1. 

 

Table 4.1:  Composition of the selected surfactant 

Surfactant Structure  HLB Activity 

C12-14N(EO)2 

N

OH

OH 

 

12.2 >97% 

 

 Sodium chloride (NaCl, certified ACS), magnesium chloride hexahydrate 

(MgCl2·6H2O) and hydrochloric acid (HCl, technical) were obtained from Fisher and 

used as received. Calcium chloride dehydrate (CaCl2·2H2O, 99+%) and dodecane (99%) 

were purchased from Acros and used without further purification. The properties of 

dodecane at 3400 psia are shown in Table 4.2.  

 

Table 4.2: Physical properties of dodecane at 3400 psia 

Purity 

Density 

(g/ml) 

Surface tension 

mN/m 

24 
o
C 90

 o
C 120

 o
C 24

 o
C 90

 o
C 120

 o
C 

99% 0.746 0.719 0.700 25.35 19 17 
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Sodium chloride brines were prepared by adding NaCl to deionized (DI) water 

(Nanopure II, Barnstead, Dubuque, IA). The concentration of NaCl was 182 g/L. A 

synthetic brine with 22% TDS (255 g/l) was prepared by the addition of 182 g/L NaCl, 

77 g/L CaCl2∙2H2O, 26 g/L MgCl2∙6H2O to DI water. The 22%TDS was used as model 

reservoir brine. The initial pH of surfactant water/brine solution/mixture was adjusted to 

6 by adding HCl and measuring the pH using a Mettler Toledo FG2 FiveGo pH meter. 

The crude oil was a gift from Abu Dhabi National Oil Company and has a minimum 

miscibility pressure of 3400 psia. Detailed composition of the crude oil was not provided. 

4.2.2 Air/water foam generation 

Air/water foam was generated by strong hand mixing (10 sec) of 1wt% C12-

14N(EO)2 surfactant solution in 22% TDS brine at pH 6 at 24 
o
C and atmospheric 

pressure. For a constant surfactant solution volume, the effect of the addition of dodecane 

at different ratios (Vdodecane/Vaq) on A/W foam stability was investigated in terms of foam 

height and half-life by measuring foam heights every five minutes. 

4.2.3 Interfacial tension measurements 

At room temperature and atmospheric pressure, interfacial tension (IFT) 

measurements between air or dodecane and 1wt% C12-14N(EO)2 surfactant solution in 

22% TDS brine at pH6 was conducted using a pendant drop of the aqueous phase as 

reported previously.
59

 At 120 °C and 3400 psia,  the interfacial tensions between 

nonaqueous phases (CO2 , dodecane or crude oil)  and 1 wt% C12-14N(EO)2 surfactant 

solution in 22% TDS were determined from axisymmetric drop shape analysis of a 

captive bubble of the nonaqueous phase,
73

 as described in detail previously.
59
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4.2.4 C/W foam or O/W emulsion formation and apparent viscosity in porous media 

A schematic for measurement of the foam apparent viscosity up to 120
 
°C and 

3400 psia is shown in Figure 4.3. The experimental procedure for foam generation and 

apparent viscosity measurements were similar to our previous publication
71

 except for the 

addition of a second HPLC pump (Scientific Systems, Inc. series III) to introduce oil into 

the porous medium. In this work, the porous medium was a crushed calcium carbonate 

packed bed (22.9 cm long, 0.62 cm inner diameter tube) with a permeability to deionized 

water of 76 Darcy (calculated from Darcy’s law for 1-D horizontal flow) and 38% 

porosity (2.6 mL pore volume) determined by the mass of loaded material. The crushed 

calcium carbonate (Franklin Industrial Minerals) was 420-840 μm in diameter (20-40 

mesh) after washing with copious amounts of water and ethanol. The non-spherical 

calcium carbonate particles were held in place by a 100 mesh wire screen at each end of 

the pack. The capillary tube for measuring bulk foam apparent viscosity was 660 µm ID, 

1.5 m in length, and made of hastelloy tubing.   

 

 

Figure 4.3: Apparatus for CO2-water foam viscosity measurement. BPR :back pressure 

regulator. The crushed limestone pack is used as the foam generator. 
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Experiments with remaining oil present were conducted by initially injecting the 

limestone pack with copious amount of DI water at atmospheric pressure and room 

temperature. The pack was then injected with dodecane at ambient conditions until no 

effluent water was detected. Finally, the pack was flushed with the aforementioned 22% 

TDS synthetic brine until no effluent dodecane was detected. The amount of remaining 

dodecane was difficult to determine due to the small pore volume of the porous medium 

(2.6 ml) but is expected to be low as a result of the high permeability (76 Darcy). 

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of dodecane on the stability of A/W foams 

The half-life and normalized volume of A/W foams generated by strong hand 

mixing of 1wt% C12-14N(EO)2 surfactant solution in 22% TDS brine at pH6 and dodecane 

are shown in Figure 4.4 and Table 4.3. The destabilization effect of dodecane on A/W 

foam was observed in a more rapid decrease of the normalized volume, as described by 

the decrease in the half-life. As the dodecane: surfactant solution ratio reached 0.15, the 

half-life decreased from >90 min to 10 min. Similar defoaming behavior was observed by 

Lee et al. for  A/W foams generated by SDS (sodium dodecyl sulfate) measured in the 

presence of dodecane.
153
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Figure 4.4: Normalized volume of A/W foam generated by strong hand mixing (10 sec) 

under different dodecane: surfactant solution ratios at 24
o
C and atmospheric 

pressure. Surfactant solution is 1 wt% C12-14N(EO)2 in 22% TDS and pH6 

(adjusted by HCl) 

 

Table 4.3:  Half life of the A/W foam upon strong hand mixing (10 sec) under different 

dodecane: surfactant solution ratios at 24
o
C and atmospheric pressure. 

Surfactant solution is 1 wt% C12-14N(EO)2 in 22% TDS and pH6 (adjusted 

by HCl) 

Dodecane:surfactant 

solution ratio 

0 0.05 0.1 0.15 0.2 

Half life (min) > 90 ~30 ~20 ~10 ~10 
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 The results were explained by the accumulation of oil droplets at the plateau 

border (PB) resulting in an increase in the PB radius and rupture of the pseudoemulsion 

film in the borders.
153

 The dodecane – film interactions can be described in terms of the 

entering and spreading coefficients. According to the IFT results, the entering and 

spreading coefficients are all positive, as shown in Table 4.4. As a result, dodecane is 

expected to enter and spread in the lamellae of the foam resulting in destabilization. 

Schramm et al. argued that a precursor step for entering and spreading is pinching off of 

oil into very small droplets due to the capillary suction at the plateau border and can be 

quantified with lamellae numbers.
52

 Table 4.4 showed the calculated Lamellae numbers 

to be greater than unity indicating that oil will be emulsified to droplets that are small 

enough to be sucked into the lamellae to further destabilize the foam.  

 

Table 4.4:  Lamellae number, entering coefficient and spreading coefficient of A/W 

foam generated by 1 wt% C12-14N(EO)2 in 22% TDS and pH6 (adjusted by 

HCl) in the presence of dodecane at 1 atm and 24 
o
C. 

O-W IFT 

(mN/m) 

A-W IFT 

(mN/m) 

A-O IFT 

(mN/m) 

Lamella 

number (L) 

Entering 

Coefficient (E) 

(mN/m) 

Spreading 

Coefficient (S) 

(mN/m) 

0.69 26.35 25.35 5.73 1.69 0.31 
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4.3.2 Effect of surfactant concentration on C/W foam in the presence of dodecane 

The effect of surfactant concentration on the apparent viscosity of C/W foams 

stabilized by C12-14N(EO)2  at pH 6, 120 °C, 90% foam quality and 22%TDS brine was 

investigated in the absence and presence of remaining dodecane as shown in Figure 4.5. 

In all cases, the apparent viscosity of the foam increased initially with the increase in 

surfactant concentration and then levelled off at concentration of 0.3 wt%. This 

concentration is 300 times the CMC of the surfactant in a CO2- water system at 120 °C 

reported previously.
154

 A similar plateau well above the CMC was observed by Lee et al. 

27, 86
 Here, micelles act as a source for surfactant during creation of new lamellae 

propagating through porous media.
11, 27, 86

  

 

Figure 4.5:  Effect of concentration of C12-14N(EO) with 22%TDS , pH 6 (adjusted by 

HCl)) on apparent viscosity of C/W foams with remaining oil at total 

superficial velocity of 939ft/day and 90% foam quality in a 63 Darcy 

crushed limestone pack 
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In the capillary tube, the foam apparent viscosity vs concentration profile was 

very similar in both cases as the remaining oil in the capillary tube is expected to be 

negligible due to the extremely high permeability. Notably, in the limestone pack, at 

surfactant concentrations lower than 0.2 wt%, weak foam with an apparent viscosity up 

to 7.3 cP was formed in the absence of dodecane, while foam was not generated in the 

presence of remaining dodecane.  At higher surfactant concentration >0.3 wt%, the 

results in the absence and presence of oil were similar.  The difference between the 

results at low and high concentration can be explained by two interrelated factors, 

namely, lamellae stability and oil saturation. Below 0.2 wt%, the lamellae are less stable 

(low foam apparent viscosity in the absence of oil) and are more susceptible to defoaming 

by oil droplets. As a result of the low foam apparent viscosity, oil was not produced and 

the oil saturation remained high to further destabilize the foam. At concentrations >0.3 

wt%, strong foam is generated that can successfully produce higher pressure drops, 

enhance oil displacement and lower oil saturation to nearly zero. Furthermore, at high 

surfactant concentrations, the foam film stability against oil increases by increasing the 

number of micellar layers in a single foam film to add a structural component to the 

disjoining pressure, which may slow drainage. 
155, 156

 Nikolov et al. claimed that the 

increase of SDS surfactant concentration increased the foam film stability against oil by 

this mechanism.
155, 156

 Further studies in this chapter will involve coinjection of oil with 

CO2 and surfactant solution to exclude the effect of varying oil saturation during 

experiments. 
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4.3.3 Effect of oil fraction in the nonaqueous phase 

The effect of oil (crude or dodecane) fraction in the nonaqueous phase on foam 

apparent viscosity of C/W foams stabilized with 1 wt% C12-14N(EO)2, at constant aqueous 

surfactant solution fractional flow of 0.1 by volume is shown in Figure 4.6, where the 

conditions are the same as in Figure 4.5. As the oil fraction increased from 0 to 0.8, the 

apparent viscosity of the emulsions decreased gradually from 14 cP to 5 cP, respectively. 

Ultimately, when the nonaqueous phase was composed of pure dodecane (absence of 

CO2), the apparent viscosity of the oil-water mixture was only ~0.5 cP similar to that of 

pure dodecane and pure water at the same conditions. The results were consistent with 

visual observation in a view cell where white C/W foams were generated in the absence 

of dodecane and unstable O/W emulsions were present in the absence of CO2 (two 

separate phases) as shown in the insets in Figure 4.6. For pure CO2 in the nonaqueous 

phase,  the interaction potential between the surfactant tail and CO2 is weak (ATC) given 

the low polarizability/volume of CO2.
157

 As a result, the HCB is far enough from the 

balanced point that stable C/W foams are generated. In contrast, the foam may be 

expected to be unstable at the balanced point given the small bending energy of the 

interface and high tendency for coalescence.
132, 158, 159
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Figure 4.6:  Effect of Voil/(Voil+VCO2) on apparent viscosity of C/W foams stabilized 

with 1 wt% C12-14N(EO)2, 22%TDS brine pH 6 (adjusted by HCl) solution 

with constant surfactant solution fractional flow of 0.1. Total superficial 

velocity is 939ft/day in a 63 Darcy crushed limestone pack, 120 
°
C and 

3400psia. The inset is pictures from the view cell in the cases of absences of 

dodecane and absence of CO2. 

 

At the experimental conditions of 3400 psia and 120 °C, dodecane is single 

contact miscible with CO2 and forms a single phase. In this case, parameters based on 

three phase surface energy balance, including the entering and spreading coefficients are 

not applicable in explaining the antifoaming effect of oil. Alternatively, the effect of 

addition of dodecane to the nonaqueous phase on foam apparent viscosity can be 

understood in terms of the intermolecular interactions between the nonaqueous phase and 

the surfactant tail.
25

 As the dodecane concentration increases, the intermolecular 



 

 

 

114 

interactions between the tail and the nonaqueous phase gradually increase and reach a 

maximum in the absence of CO2.  For C12-14N(EO)2  and pure dodecane, the tail 

interactions are extremely strong due to the similar size of the surfactant hydrophobe and 

the oil molecule. According to regular solution theory, the enthalpy of mixing of the 

surfactant tail and oil is at minimum when the ACN of the oil is r to the length of the 

surfactant hydrophobe.
160

  As a result of the increase in the nonaqueous phase - tail 

interactions (ATc) as the dodecane concentration is increased, the HCB decreased from a 

value where foam can be generated in the absence of dodecane and shifted towards the 

balanced point where emulsions/foams are unstable. This reduction in HCB towards the 

balanced point is further supported by the low IFT for the surfactant at the dodecane-

water interface (0.5 mN/m) which is an order of magnitude lower that of pure CO2 - 

water at the same conditions (Table 4.5). A similar rationale was adopted by McFann and 

Johnston to explain the change of phase behavior and type of emulsion of a nonionic 

surfactant from with the increase in ACN (alkane carbon number).
160

 It was argued that 

with the increase in ACN above hexane, the oil – tail interactions decreased from its 

optimum and changes the phase behavior.  
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Table 4.5:  Lamellae number, entering coefficient and spreading coefficient of C/W 

foam generated by 1 wt% C12-14N(EO)2 in 22% TDS and pH6 (adjusted by 

HCl) in the presence of crude oil at 3400 psia 

 

T 

(
o
C) 

O-W IFT 

(mN/m) 

C-W IFT 

(mN/m) 

Lamellae 

number 

Entering 

Coefficient 

(mN/m) 

Spreading 

Coefficient 

(mN/m) 

Dodecane 

24 0.46 3.14 

Undefined 90 0.36 3.90 

120 0.42 4.92 

Crude Oil 

24 0.65 3.14 0.72 3.79 2.49 

90 0.48 3.90 1.22 4.38 3.42 

120 0.48 4.92 1.53 5.40 4.44 

In contrast, the addition of crude oil destabilized the foam more profoundly than 

dodecane, as the apparent viscosity of the foam decreased to 3 cP when the fractional 

flow of oil was only 0.18 (Figure 4.6).  Under multiple contact, crude oil is partially 

miscible with CO2 which indicate that three phases are present and the destabilization 

may be examined in terms of entering, spreading and lamellae numbers as shown in 

Table 4.5. First, lamellae numbers calculated from interfacial tension measurements 

between CO2- water and crude oil – water are greater than unity (Table 4.5) indicating 

that the capillary pressure at the plateau border is sufficient to pinch off very small oil 

droplets that can enter the lamellae.
52

 Also, the positive entering coefficient suggests 

spontaneous replacement of a CO2 – water and oil –water interfaces by an oil water 

interface (Table 4.5). Once the droplets enter the pseudoemulsion film, the oil droplet 

with low 𝛾og spreads over the lamellae causing it to rupture. Similar results were observed 

previously by Kuhlman
147

 and Wellington et al.
150

 where CO2 foams were more stable at 

miscible conditions and less stable at immiscible conditions. The same hypothesis can be 

used to explain these results where at miscible conditions, only changes in the HCB can 

occur which is insufficient to greatly destabilize the foam. Whereas at immiscible 
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conditions, further destabilization occurs as oil enters and spreads at the CO2- water 

interface. 

Another possible destabilization mechanism for C/W foams generated by C12-

14N(EO)2 in the presence of oil is an accelerated Ostwald ripening where smaller CO2  

bubbles are transferred to bigger ones by the difference in Laplace pressure. The rate of 

Ostwald ripening is determined by the product of the solubility of the discontinuous 

phase in the aqueous phase and the diffusion coefficient. Therefore, the presence of oil in 

micelles increases the solubility of CO2 in the micelles and causes faster transport of 

CO2. Binks et al. showed that the rate of Ostwald ripening of decane is controlled by 

micelles carrying oil which is faster than the molecular transport of the oil to increase the 

Ostwald ripening rate.
161

 

The effect of temperature for various oil (dodecane) fractional flows is depicted in 

Figure 4.7. The effect of oil fractional flow at each temperature is explained by the above 

mechanisms. At constant oil fractional flow, an increase in temperature resulted in a 

noticeable decrease in the foam apparent viscosity. For example, at ~0.05 fractional flow 

of dodecane, the foam apparent viscosity decreased from 22 cP to 10 cP when the 

temperature increased from 50 °C to 120 °C. Destabilization effects of increasing 

temperatures on foams can be explained by the reduction of the viscosity of the 

continuous aqueous phase, which leads to faster lamellae drainage rates and a decrease in 

the foam apparent viscosity. 
35, 44, 83

 Furthermore, increasing temperature decreases the 

density of CO2 thereby diminishing the solvent strength of CO2 for the tails of the 

surfactants. Finally, increasing temperature increases thermal fluctuations and the 

probability of hole formation given by exp (-Wh/kT)
45, 46

, and Wh is the activation energy.   
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Figure 4.7: Oil fractional flow (Voil/Vtotal) on apparent viscosity of C/W foams stabilized 

with 1 wt%, 22%TDS, C12-14N(EO)2, pH 6 (adjusted by HCl) brine solution 

under different temperatures, superficial velocity of surfactant solution 

+CO2 is 939ft/day, VCO2/(VCO2+Vaq) is 0.9 in a 63 Darcy crushed limestone 

pack at 3400psia. Here, dodecane is used as a model oil. 

 

In EOR applications, the results for C/W foams and O/W emulsions are of great 

importance for CO2 mobility control. The surfactant was selective in generating viscous 

C/W foam at low oil fractions that would be relevant for the case of a small amount of 

residual oil in the reservoir. In this highly swept part of the reservoir, the foam affords 

desired mobility reduction. On the other hand, the foam broke in the presence of large 

fractions of oil that resembles the displacement front. Here the absence of foam is 

desirable for enhanced mixing of CO2 and oil to produce oil.  
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4.3.4 Effect of foam quality 

The effect of foam quality (fractional flow of CO2 in the non-dodecane phase 

VCO2/(VCO2+Vaq.) on foam apparent viscosity in the limestone pack for various dodecane 

fractional flows is shown in Figure 4.8. In the absence of oil, increasing the foam quality 

from 0.6 to 0.9 resulted in an increase in apparent viscosity from ~ 4 cP to ~14 cP. 

Assuming a constant bubble size, increasing the foam quality increases the lamella 

density (number of lamellae per unit length) adding more resistance to flow and 

increasing the viscosity of the foam.
16

 Further increase of foam quality to 0.95 caused 

fluctuations in the pressure drop across the limestone back and visual appearance of 

coarse foam in the view cell as depicted in the inset in Figure 4.8. 

 

 

Figure 4.8: Effect of VCO2/(Vaq + VCO2) on apparent viscosity of C/W foams stabilized 

with 1 wt% C12-14N(EO)2, 22%TDS brine pH 6 (adjusted by HCl) solution as 

a function of oil fractional flow (Voil/Vtotal). The Superficial velocity of 

CO2+surfactant solution is 939ft/day in a 63 Darcy crushed limestone pack, 

120 
°
C and 3400psia. Here, dodecane is used as a model oil 
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  At  0.95 foam quality, the capillary pressure reached the “limiting capillary 

pressure”
70

 above which  the disjoining pressure was insufficient to stabilize the lamellae 

41, 88
 causing coalescence of bubbles and a decrease in the capillary pressure.

70
 Upon 

displacement of the coarse foam, the capillary pressure increases again above the limiting 

capillary pressure causing lamellae rupture and coalesce.  Therefore, the fluctuations in 

the pressure drop across the limestone pack are caused by continuous cycles of foam 

formation and coalescence about the limiting capillary pressure.
70

 With the addition of 

dodecane, the foam apparent viscosity as a function of foam quality showed a similar 

trend but with a slight decrease in foam apparent viscosity. The drop in viscosity can be 

attributed to an increase in interactions between the nonaqueous phase and the surfactant 

tail as described above, that drives the system towards the balanced state. Another 

explanation is that the addition of dodecane increased the total flow rate which can result 

in a decrease in the apparent viscosity according to the shear thinning model developed 

by Hirasaki and Lawson.
16

 Interestingly, the optimum foam quality (0.9) was constant 

with the addition of dodecane fractions up to ~0.2. This result is the opposite of the 

finding by Rong, where the presence of oil shifted the optimum foam quality from 0.97 to 

~0.8.
162

 This difference in behavior can be explained by the difference in the nature of the 

non-continuous phases. In Rong’s work, air was used as the non-continuous phase and oil 

(decane) would enter and spread at the interface to thin the lamellae and lower the 

disjoining pressure. Thus, the limiting capillary pressure (and the optimum foam quality) 

was lowered. In the present case with CO2 as the non -continuous phase, which was 

miscible with dodecane, there was no oil phase to spread at the C-W interface. Therefore 

the optimum foam quality did not change with oil. 
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The effect of increasing the dodecane fraction in the liquid non - CO2 phase, 

Voil/(Voil+Vaq), on foam apparent viscosity or O/W emulsion viscosity (absence of CO2) 

at 120 °C and 3400 psia is shown in Figure 4.9. In these experiments, the total superficial 

velocity was held constant at 939 ft/day. Experiments in the presence of CO2 were 

conducted at constant CO2 fractional flow of 0.9 (845 ft/day). Counterintuitively, the 

increase in oil fraction in the liquid phase to 0.65 caused a gradual increase in the 

apparent viscosity of the foam despite the antifoaming effect of dodecane. Increasing the 

dodecane to aqueous phase ratio causes a slight increase in foam quality 

VCO2/(VCO2+Vaq.) from 0.9 in the absence of dodecane to ~0.96 which increases the foam 

apparent viscosity as explained above. Beyond this point, the sudden decrease in the 

foam apparent viscosity can be attributed to either the insufficient surfactant 

concentration in the total fluid to stabilize lamellae (very low Vaq) or the increase in the 

capillary pressure above the limiting capillary pressure. 
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Figure 4.9:  Apparent viscosity of C/W foams and O/W emulsions (without CO2) at 

3400 pisa and 120 °C in a 63 Darcy limestone pack and capillary tube with 

1 wt%, 22%TDS, C12-14N(EO)2, pH 6 (adjusted by HCl) brine solution with 

different Voil/(Voil+Vaq) at total superficial velocity 939ft/day. In C/W foam 

experiments, CO2 fractional flow (VCO2/ Vtotal) was held constant at 0.9.  

Here, dodecane was used as a model oil. 

 In Figure 4.9, it is noticeable that the viscosities of O/W emulsions (0.5-1.0 cP) 

generated in the absence of CO2 are an order of magnitude lower than those of the C/W 

foam at oil fractions up to 0.6. The instability of the O/W emulsions can be attributed to 

HLB values close to the balanced point as explained above. This behavior confirms that 

the apparent viscosity observed in the presence of CO2 is due to the presence of C/W 

foams and not O/W emulsions. To further explain the results of the instability of O/W 

emulsions in the limestone pack, periodic images of emulsions generated by hand mixing 

equal volumes 1 wt% C12-14N(EO)2  and dodecane were taken and observed (Figure 4.10) 
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at room temperature. The results show that the emulsions separate into two clear phases 

within 30 minutes indicating highly unstable emulsions.  

 

 

Figure 4.10: Images of emulsions generated by hand mixing equal volumes of 1 wt%, 

22%TDS, C12-14N(EO)2, pH 6 (adjusted by HCl) and dodecane (dyed red) at 

room temperature.   
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4.4 CONCLUSIONS 

As shown previously,
71

 C12-14N(EO)2 stabilized viscous CO2/water foams at 120 

°C and 3400 psia. The effects of a first contact miscible hydrocarbon (dodecane) and 

multiple contact miscible crude oil on foam apparent viscosity were contrasted upon 

increasing the hydrocarbon volumetric fractional flow at a constant aqueous surfactant 

solution volumetric fractional flow and flow rate. When dodecane volume fraction was 

increased from 0 to 0.8, the apparent viscosity of the foam gradually decreased from 14 

cP to 5 cP. Since dodecane and CO2 are first contact miscible at the experimental 

conditions entering and spreading coefficients are not applicable for explaining the 

weakening of the foam. Therefore, a new mechanism was proposed where the foam 

lamellae are destabilized as the surfactant tail interactions with the CO2 - dodecane 

solution increase, as these shifts the HCB close to the balanced state. Furthermore, oil 

droplets and oil dissolved in micelles within the lamellae will dissolve CO2 and may 

enhance the destabilization by Ostwald ripening. 

Relative to dodecane, for the case of crude oil – which is multiple contact 

miscible with CO2, the foam apparent viscosity decreased more rapidly and reached 3 cP 

when the fraction of oil in the nonaqueous phase was only 0.1. The rapid destabilization 

of foam suggests the presence of additional foam destabilization mechanisms such as 

entering and spreading of the immiscible portions of the crude oil into the CO2 – water 

interface as confirmed by positive entering and spreading coefficients. These coefficients 

were calculated from interfacial tension measurements between CO2- water and crude oil 

- water at high temperatures and pressures. 

 In the absence of CO2, viscosities of the emulsions generated by C12-14N(EO)2 

with either dodecane or crude oil are an order of magnitude lower than those of the C/W 
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foams. The low apparent viscosity of the O/W emulsions, when compared to C/W foams, 

is attributed to the low stability of the emulsion system. Here, the oil - water interfacial 

tension (0.5 mN/m) was an order of magnitude less than that of CO2 – water in the 

presence of surfactant indicating that the O/W emulsion system may be approaching the 

three phase region (balanced state) where emulsions are unstable. Thus, the surfactant 

was preferentially selective towards formation of stable C/W foams and not oil water 

emulsions. This selectivity is beneficial in CO2 EOR, whereby the C/W foams are stable 

in the presence of small amounts of oil as in the case of residual oil but break at the 

displacement front where the amount of oil is large.  

The effects of other parameters such as concentration, temperature and CO2 

volume fractional flow were studied. In the presence of residual dodecane in the 

limestone pack, no foam was formed at concentrations below 0.2 wt% due to the low 

initial foam apparent viscosity (even in the absence of oil) and less stable lamellae that 

are more susceptible to oil destabilization effects. The lower stability of the lamellae is 

may be attributed to fewer micellar layers, which decreases the disjoining pressure. Also, 

when temperature was increased, foam apparent viscosity decreased in the absence and 

presence of oil as the viscosity of the continuous phase decreased and the probability of 

thermal fluctuations in the curvature of  the lamellae increased. Furthermore, it was found 

that the presence of dodecane up to fractional flow of 0.2 had little effect on the optimum 

CO2 volume fraction (quality) indicating that minimal change occurred in the limiting 

capillary pressure. 
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Chapter 5: Switchable Diamine Surfactants for CO2 Mobility Control in 

Enhanced Oil Recovery and Sequestration 

5.1 INTRODUCTION 

Carbon dioxide is considered the primary contributor to the increase in the levels 

of greenhouse gases in the atmosphere causing a concern about climate change.
163

 CO2 

emissions reduction can be accomplished by a shift from fossil fuels to renewable energy 

resources or a decrease in the CO2 intensity of fossil fuels. Alternatively, the most 

promising option is long term storage of CO2 in underground formations.
164

 The global 

potential capacity for storage of CO2 as is sufficient to store emitted CO2 for several 

decades underground for hundreds of years.
165

 Carbon dioxide enhanced oil recovery 

(CO2 EOR) is a technology that increases oil production using CO2 with opportunity of 

CO2 storage underground.
5, 166

 Oil reservoirs in particular are attractive CO2 sinks owed 

to their geological seals that can cap liquids and gases for a long time.
5
 Injection of CO2 

for the purpose of enhanced oil recovery (CO2 EOR) coupled with CO2 sequestration can 

be an economically feasible where the cost of CO2 is offset by the profits gained from oil 

production.
166

 

One of the main challenges during CO2 EOR that affects oil production and CO2 

storage is the early breakthrough of CO2 due to its physical properties.
9
 CO2 has low 

viscosity relative to the targeted oil causing viscous fingering and low oil recovery.
9
 

Also, the low density of CO2 results in gravity override where CO2 rises to the top parts 

of the porous media without contacting the targeted oil.
9
 Mitigation of these issues can be 

achieved by the addition of small amounts of amphiphiles such as surfactants to generate 

CO2 in water (C/W) macroemulsions (foams).
13

 C/W foams consist of CO2 bubbles 

dispersed in a continuous aqueous phase yielding viscosities that are orders of magnitude 
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greater than that of pure CO2.
11

 Surfactant phase behavior between water and CO2 is 

essential in determining the type of emulsion generated. For the preferred C/W 

macroemulsions, surfactants with a hydrophilic/CO2-philic balance (HCB) of greater than 

unity are selected.
25

 Here, the surfactant head group interactions with water are greater 

than those of the surfactant tail with CO2.
25

 In addition, surfactants must reduce the 

interfacial tension (IFT) to lower the energy requirement for creation of new interfaces 

and generation of stable foams.
15

 

Very few studies attempted to design surfactants for high temperature CO2 EOR 

applications in carbonate reservoirs because of the limited aqueous solubility and stability 

of surfactants at elevated temperatures. For example, nonionic surfactants usually exhibit 

cloud points above 100 °C because of the diminished hydrogen bonding that causes 

micelles to aggregate.
36

 Although anionic surfactants such as sulfates and sulfonates can 

generate foam at high temperatures they adsorb strongly on positively charged carbonate 

reservoirs at CO2 flooding conditions.
40

 Chen et al. utilized switchable ethoxylated amine 

surfactant C12-14N(EO)2 to stabilize C/W foam at temperatures up to 120 °C in different 

porous media.
71, 154

 The cationic form of the surfactant was soluble in 22%TDS brine at 

that temperature because of the strong ionic dipole interaction between the protonated 

amine head and water.
71

  

The objective of this chapter is to demonstrate that a switchable diamine 

surfactant C16-18 N(EO) C3N(EO)2 is water soluble in 22%TDS brine at neutral pH up to 

120 °C. A study of the degree of protonation will be conducted to examine the 

switchability of the surfactant as a function of pH and salinity. Furthermore, C-W 

interfacial tension measurements at high temperature up to 120 °C will be used to 
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calculate interfacial properties such as the critical micelle concentration (CMC) and 

surfactant adsorption at the C-W interface. These interfacial properties will be compared 

to a previously reported surfactant C12-14N(EO)2 to demonstrate the effect of the 

additional amine in the surfactant head and the longer tail. Finally, it will be 

demonstrated that C16-18 N(EO) C3N(EO)2 can generate viscous C/W foams at 120 °C in 

crushed carbonate minerals. The effect of foam quality (fractional flow of CO2) on foam 

viscosity will be explained in terms of lamella density, capillary and disjoining pressures. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

Tris(2-hydroxyethyl)-N-tallowalkyl-1,3-diaminopropane (Ethoduomeen T/13), 

C16-18 N(EO) C3N(EO)2, was a gift from Akzo Nobel and used without further 

purification. The structure of the surfactant is shown in Table 5.1. Carbon dioxide 

(Matheson, Coleman grade, 99.99%) was used as received. Sodium chloride (NaCl, 

certified ACS, Fisher), calcium chloride dehydrate (CaCl2·2H2O, 99+% Acros), 

magnesium chloride hexahydrate (MgCl2·6H2O, Fisher), hydrochloric acid (HCl, 

technical, Fisher) and isopropanol (certified ACS plus, Fisher) were used as received. 

22% TDS brine was prepared from deionized (DI) water (Nanopure II, Barnstead, 

Dubuque, IA) and of 182 g/L NaCl, 77 g/L CaCl2∙2H2O, 26 g/L MgCl2∙6H2O. This brine 

was used as model reservoir brine. In some experiments, the initial pH of surfactant 

solution was adjusted by adding HCl. 
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Table 5.1: Structure and HLB of Ethomeen T/13 

Surfactant Structure HLB  

Davis scale 

Ethodumeen T/13  19 

 

5.2.2 Cloud point temperature 

Cloud point measurements for 1 wt% surfactant solutions were performed in 

22%TDS brine at different pH conditions. The experiments were conducted using sealed 

glass tubes in an oil bath as outlined in a previous publication.
71

 

5.2.3 Potentiometric titration 

Solutions of 40 mM C16-18 N(EO) C3N(EO)2  in DI water or 22%TDS brine 

mixtures were titrated using 800 mM HCl solution at 90 °C. The surfactant solution was 

placed in a three neck flask with a magnetic stir bar. The flask was then placed in an oil 

bath heated with a stirring hot plate with a temperature controller (Corning PC-420D) to 

maintain the temperature at 90 °C. Mettler Toledo FG2 FiveGo pH meter with pH/ATC 

electrode was used to measure pH of the solution. A reflux condenser was used to 

minimize water losses. Volume of added HCl and pH were recorded. 

The overall degree of protonation (𝜃) was calculated by performing a charge 

balance on the solution (assuming ideal solution) and is given by Equation 5.1 

 

θ =
Ca×Vtitrant+(COH−−CH+)×Vtitrand

Ctotal×Vtitrand0

     (5.1) 

CH
3

N N

OH OH

OH
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where 𝐶𝑎is the concentration of HCl and CH+  and COH− are the concentration of H+ and 

OH
-
 determined from the pH of the solution. Ctotal is the total concentration of the 

unprotonated amine added initially (40 mM).  Vtitrand0
 is the volume of the amine solution 

before adding HCl, whereas  Vtitrand is the total volume of titrand at any stage of titration. 

5.2.4 Interfacial tension measurements at the CO2-brine interface 

Interfacial tension between CO2 and aqueous surfactant solution was obtained by 

analyzing a captive bubble using an axisymmetric drop analysis as described in a 

previous publication.
59

 In this study temperature measurements were extended to 120 °C. 

Gibbs adsorption equation (Equation 5.2) was used below the CMC to determine the 

molar surface density of the surfactant monolayer.  

Γ = −
1

𝑅𝑇
(

𝜕𝛾

𝜕𝑙𝑛𝐶𝑠𝑢𝑟𝑓
)

𝑇,𝑃

     (5.2) 

Where Csurf is the surfactant concentration. The area occupied by each surfactant 

molecule can be calculated from Equation 5.3 

𝐴𝑚 =
1

𝑁𝐴Γ
                 (5.3) 

  

where NA is Avogadro’s number. 

5.2.5 CO2 in water foam formation and apparent viscosity 

The procedure for foam formation is described in a recent publication.
154

 

Permeability of the sand pack was calculated from one phase Darcy’s law with DI water 

and was found to be 76 Darcy. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Cloud point temperatures 

Surfactants with oxyethylene units (EO) often display cloud points due to the 

dehydration of the head group when hydrogen bonds are weakened at elevated 

temperature resulting in micellar aggregation.
36

 The cloud point temperature as a function 

of pH was measured for 1 wt% C16-18N(EO)C3N(EO)2 in 22%TDS brine as shown in 

Figure 5.1. Upon the decrease in pH from 7.9 to 7 the cloud point was shown to increase 

to >120 °C. This enhanced water solubility is due to the increase in the degree of 

protonation of the surfactant and improved ionization of the two nitrogen atoms that 

causes an electrostatic repulsion between micelles hindering their aggregation.
36

 When 

compared to previously reported amine surfactant C12-14N(EO)2, the diamine head of C16-

18N(EO)C3N(EO)2 enhanced the brine solubility of the surfactant by increasing the 

required pH for solvation by one unit. Despite the slightly longer tail, C16-

18N(EO)C3N(EO)2 enhanced solubility is attributed to the added hydrophilicity attained 

by the additional cationic amine in the head. 

 

 

Figure 5.1:  Water solubility of 1wt% C16-18N(EO)C3N(EO)2 in 22%TDS brine. Open 

circles indicate a clear solution and filled circles indicate cloudy solutions 
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5.3.2 Effect of salinity on the degree of protonation 

The degree of protonation of 40 mM C16-18N(EO)C3N(EO)2 at 90 °C in either DI 

water or 22%TDS is shown in Figure 5.2. With the addition of HCl, long tail alkyl amine 

surfactants can switch from nonionic form that is insoluble in water to a soluble cationic 

form according to the reaction below. The pH at which the surfactant solution becomes 

clear is indicated by a red circle in Figure 5.2.   

𝐶16−18N(EO)𝐶3𝑁(𝐸𝑂)2 + 2𝐻+  ↔ 𝐶16−18N+H(EO)𝐶3𝑁+𝐻(𝐸𝑂)2 

It was observed that the degree of protonation increases with the increase in 

salinity at constant pH. For example at pH 5 the degree of protonation of C16-

18N(EO)C3N(EO)2 increased from ~0.25 to ~0.75 in DI water and 22%TDS, respectively. 

At such concentrations (40 mM) surfactants are mainly in micellar form with a partial 

positive charge on the surface. As a result, positively charged hydronium ions are 

repulsed from the micelle to inhibit protonation. The addition of Cl
-
 ions screens this 

electrostatic repulsion to facilitate protonation. An analogous mechanism was given to 

explain the exclusion of chloride ions from anionic micelles.
130

 

 

Figure 5.2:  Degree of protonation of C16-18N(EO)C3N(EO)2 vs pH at 40 mM in DI water 

or 22% TDS brine at 90 °C and 1 atm. 



 

 

 

132 

5.3.3 Interfacial properties at the CO2 – brine interface 

Interfacial tension measurements between 22%TDS and CO2 were conducted as a 

function of C16-18N(EO)C3N(EO)2 concentration at 120 °C and 3400 psia. At these 

conditions the pH is ~3
133

 and the surfactant is expected to be completely protonated 

(cationic) as observed in Figure 5.2. The concentration of surfactant was varied from 

2.63*10
-7

 M to 2.63*10
-2 

M. Figure 5.3 shows the IFT versus log surfactant 

concentration and a discontinuity in the slope indicates the presence of a critical micelle 

concentration (CMC) that has a value of 0.015mM. Furthermore, above the CMC, 

effective reduction of the IFT was achieved as it decreased from 35 mN/m in the absence 

of surfactant
81

 to 6.2 mN/m. The molar surface density and other interfacial properties of 

C16-18N(EO)C3N(EO)2and C12-14N(EO)2 at the CO2-brine interface are compared in Table 

5.2. As expected,  C16-18 N(EO)C3N(EO)2 showed lower adsorption at the interface 

(higher area per molecule) when compared to C12-14N(EO)2 due to the additional amine in 

the head that occupies larger area at the interface.
15

 Also, Table 5.2 shows that the CMC 

of C16-18N(EO)C3N(EO)2 is half of that of C12-14N(EO)2. Generally, for ionic surfactants 

increasing the tail length by a methyl group decreases the CMC by half.
15

 On the other 

hand, the addition of another hydrophilic group to the head increases the CMC by 

disfavoring micellization.
15

 The results obtained suggest that the structural effect of 

increasing the tail length on the CMC is more profound.   
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Figure 5.3:  The interfacial tension (IFT) for C16-18N(EO)C3N(EO)2 at the CO2-

22%TDS brine interface at 120 °C and 3400 psia is plotted as a function of 

the logarithm of surfactant concentration  

 

Table 5.2:  The interfacial properties of C12-14N(EO)2 and C16-18 N(EO)C3N(EO)2 at the 

CO2-22% TDS brine interface at 120 °C and 3400 psia, CO2 density is 0.47 

g/ml 

Surfactant IFTcmc 

(mN/m) 

CMC 

(mmol/L) 

Γ*10
6 

(mol/m
2
) 

Αm 

(Å
2
/molecule) 

C16-18N(EO)C3N(EO)2 6.2 0.015 0.70 238 

C12-14N(EO)2 5.1 0.038 1.0 207 
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5.3.4 Apparent viscosity in 76 Darcy calcium carbonate pack 

The effect of foam quality on the apparent viscosity of C/W foams generated in a 

76 Darcy calcium carbonate pack is presented in Figure 5.4. It is evident that increasing 

the foam quality from 60% to 95% results in an increase in apparent viscosity from 5 cP 

to 14 cP. Assuming a constant bubble size, increasing the foam quality increases the 

lamella density (number of lamellae per unit length) adding more resistance to flow and 

increasing the viscosity of the foam.
16

 However, at foam quality of 98% no foam was 

observed as indicated by the low viscosity of only 0.6 cP. Raising the CO2 fractional flow 

decreases the radius of curvature of the water meniscus connecting two sand grains 

resulting in an increase in the capillary pressure.
70

 Ultimately, a limiting capillary 

pressure that overcomes disjoining pressure is achieved and lamellae are ruptured causing 

an abrupt decrease in the viscosity.  

 

Figure 5.4:  Apparent viscosity of C/W foam stabilized by co-injecting 1% (w/w) C16-

18N(EO)C3N(EO)2 or 22%TDS brine pH 6.5 solution with CO2, at 120 °C, 

3400 psia and total superficial velocity 938 ft/day  in 76 Darcy limestone 

pack with foam quality from 60% to 90% 
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5.4 CONCLUSION 

The addition of a second cationic amine head to switchable tertiary amine 

surfactants resulted in an increase in the required pH for aqueous solubility. C16-

18N(EO)C3N(EO)2 was found to have a cloud point temperature of >120 °C at neutral pH 

which is one pH unit higher than that of C12-14N(EO)2 reported previously.  The higher pH 

is essential in ensuring that the surfactant is soluble throughout the CO2 EOR process 

even in relatively high pH encountered in carbonate reservoirs. Also, potentiometric 

titration confirmed that the surfactant can effectively switch from nonionic to cationic 

forms with high degree of protonation (>80%) at pH values less than 5. The addition of 

22%TDS resulted in a substantial enhancement in the degree of protonation of the 

surfactant owed to the decrease of the repulsion of hydronium ions by the partially 

cationic micelles. Moreover, the enhanced aqueous solubility enabled interfacial tension 

measurements at high temperatures at 120 °C. C16-18N(EO)C3N(EO)2 was highly 

effective in lowering the interfacial tension above the CMC to ~6 mN/m. Also, the longer 

tail of C16-18N(EO)C3N(EO)2 compared to C12-14N(EO)2 resulted in a decrease in the 

CMC by a factor of 2. Finally, the aforementioned properties enabled C16-

18N(EO)C3N(EO)2 to generate viscous foam at 120 °C in crushed carbonate minerals. 

Viscous foam reduces the mobility of CO2 for stable displacement front and better CO2 

EOR and storage. The foam was most viscous at 90% quality (14cP) and collapsed at 

98% quality because the limiting capillary pressure was achieved.  
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Chapter 6: Viscoelastic Diamine Surfactant for Stable Carbon 

Dioxide/Water Foams over a Wide Range in Salinity and Temperature 

6.1 INTRODUCTION 

A fundamental understanding of the formation, stabilization and rheology of bulk 

(CO2 in water)  C/W foams
4, 25

 (often referred to as emulsions for dense supercritical 

CO2) and C/W foams in porous media as a function of foam texture is needed to advance 

subsurface applications including CO2 sequestration,
164

 enhanced oil recovery (EOR)
4, 167

 

and fracturing with energized CO2-based fluids,
168

 and other applications including 

materials synthesis
169

 and pharmaceuticals.
97

 Designing nonionic and cationic surfactants 

for C/W foams at temperatures > 100 °C   is challenging given chemical instability and/or 

limited solubilities in the aqueous phase.  As the temperature is increased, nonionic 

surfactants with hydroxyethyl (EO) groups precipitate at the cloud point as hydrogen 

bonding with water becomes weaker.
35, 36, 37 

Relatively few cationic surfactants are 

chemically stable and soluble in aqueous phases above 100 °C as the quaternary 

ammonium group is prone to Hoffman elimination of alkyl groups.
38, 39

 Our group found 

that the (EO) substituted amine C12-14N(EO)2  and diamine C16-18 N(EO)C3N(EO)2 in the 

protonated cationic form at low pH are soluble at temperatures up 120 °C  due to the 

strong ion dipole interactions between the cationic amine head group and water. 
71, 142, 170 

Although anionic surfactants such as sulfates and sulfonates are soluble and stabilize 

C/W foams at high temperatures, they are limited in certain cases, for example as they  

adsorb strongly on positively charged surfaces such as carbonate at low pH.
40

   

At high temperatures, the generation and stabilization of aqueous lamellae in bulk 

C/W foams and C/W foams in porous media becomes more challenging given limitations 

in interfacial and phase behavior.
15, 142

 For ionic surfactants increasing temperature at 
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constant pressure usually increases the C-W interfacial tension (𝛾), as the tails become 

less solvated with the decrease in CO2 density.
25, 60, 142

 With the higher 𝛾, the minimum 

amount of work (Wmin) required to generate foam increases as given by  𝑊𝑚𝑖𝑛 = 𝛾 ∙ ∆𝐴 

where ∆𝐴 is the change in the area of the liquid gas interface in the foam.
15

 Furthermore, 

at high temperature, the foam is destabilized by faster drainage of the lamellae between 

the CO2 bubbles given the lower viscosity of the continuous aqueous phase (µe).
44, 121

 As 

the films thin, destabilization by coalescence and/or Ostwald ripening becomes more 

prevalent.
44

 Also, as, the volume fraction of CO2 (foam quality) increases, the capillary 

pressure increases until it reaches the limiting capillary pressure and overcomes the 

disjoining pressure between the flat CO2 surfaces in the lamellae.
70

 At this limiting 

, the lamellae become 

instable.
70

 Given all of these challenges, examples of C/W foam at higher temperatures 

>100 °C are extremely rare.
71, 103, 142, 168, 170, 171, 172

 For example at 120 °C and qualities up 

to 0.90, C12-14N(EO)2  and C16-18N(EO)C3N(EO)2 stabilize bulk C/W foam formed at high 

shear rates (superficial velocities) in a sand pack with permeabilities in the range of 1 to 

76 Darcy 
142, 170, 172

 The same surfactant (C12-14N(EO)2) was used by Cui et al. to 

successfully generate foam at 120 °C in a Silurian dolomite core with qualities from 0.3 

to 0.8.
172

 Given the scarcity of currently known surfactants that are soluble in brine at 

high temperature and that stabilize C/W foams, it would be beneficial to discover 

additional surfactant candidates guided by a better understanding of interfacial properties 

and foam formation and stabilization mechanisms. 

To aid stabilization of a gas/water (G/W) foam at low pressure  (below 7 MPa), a 

viscoelastic aqueous phase may be utilized to retard lamellae drainage and subsequent 
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coalescence and Ostwald ripening.
173, 174, 175, 176, 177

 This viscoelastic aqueous phase can 

be formed with entangled elongated cylinders with hemispherical caps called wormlike 

micelles (WLMs).
178

 The transition from spherical to wormlike micelles may be achieved 

by increasing the packing parameter p = v/a0lc, where v is the volume of surfactant tail, lc 

the extended length of the tail and a0 the head group area.
178, 179

 In particular, the head 

group area may be reduced by mixing a cationic and anionic surfactant to lower 

electrostatic repulsion.
178, 180, 181

 Furthermore, different stimuli such as pH
114, 182, 183

 or 

CO2
114, 115, 116, 183

 were used to switch the micellar morphology and achieve reversible 

viscoelasticity of the aqueous phase.  For example, Chu et al. found that spherical 

micelles of  a mixture of N-erucamidopropyl-N,N-dimethylamine and maleic acid at high 

pH can be switched reversibly to entangled wormlike micelles by lowering the pH.
182

  At 

ambient pressures, Monteux et al. found that viscoelastic lamellae formed by a complex 

of dodecyltrimethylammonium bromide and poly(styrenesulfonate) inhibited air/water 

(A/W) foam drainage and bubble coalescence.
173

 Varade et. al. utilized a mixture of 

anionic myristic acid (C13COOH) and cationic cetyl trimethylammonium chloride 

(C16TA
+
Cl

-
) to form lamellae with viscoelastic wormlike micelles that were stable against 

coalescence and Ostwald ripening in a nitrogen/W foam.
174

  

At high pressures, C/W foams stabilized with viscoelastic surfactants have been 

studied for applications such as hydraulic fracturing
168, 176, 177, 184, 185

 and enhanced oil 

recovery.
104

  Miscible injection of CO2 for enhanced oil recovery (EOR) is limited by an 

unfavorable mobility ratio of CO2 compared to the targeted crude oil that leads to viscous 

fingering, gas channeling and gravity override.
4, 167

 To overcome these challenges, (C/W) 

foams
25

 are used to raise the viscosity of the CO2 phase by 2 to 4 orders of magnitude.
 4, 
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11, 53 
Recently, there has been an increasing demand for designing foams for CO2 EOR for 

carbonate reservoirs in the Middle East at high temperatures.
110,186

  Sun et. al. found that 

C/W foams formed with 3.8% w/w of sulfosalicylic acid triethanolamine ester were shear 

thinning and the viscosities decreased with increasing temperature up to 80 °C and 

qualities up to 0.75.
185

  In these studies, the morphology of the aqueous phase and the 

texture of the foam were not reported. Xue et al. formed viscous C/W foam up to 

extremely high qualities (0.98) utilizing mixtures of anionic and cationic (catanionic) 

surfactant
177

 or a combination of surfactants, polymers and nanoparticles.
176

 Despite the 

high qualities, the foam was stable up to several hours with small bubble sizes of ~20 nm. 

For the catanionic wormlike micelles, the foam stability was increased as a consequence 

of slower drainage of the lamellae that retarded Ostwald ripening.
177

  However, these 

studies were limited to temperatures less than 50 °C and required concentrations of 

surfactants above 4% w/w 
177

 or the addition of polymers.
176, 177

 Recently, Feng et al. 

used an amine surfactant, (N-erucamidopropyl-N,N-dimethylamine) that formed 

wormlike micelles in the presence of CO2 to generate C/W foams at high temperatures up 

to 140 °C.
104

 The foam was formed via injection of alternating slugs of surfactant 

dissolved in the aqueous phase followed by CO2 “gas” (SAG) such that the foam quality 

varied throughout the sand pack during the displacement process.
104

  

The objective of this study was to examine how a highly viscous and viscoelastic 

aqueous phase composed of wormlike micelles influences the properties of C/W foams 

for a single surfactant at a low concentration (1% w/w) over a wide range of temperatures 

from ambient up to 120 °C.   Furthermore, the rheological properties of the foam and the 

stabilization mechanisms are described as a function of the bulk foam texture measured at 
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high pressure and temperatures as high as 90 °C. For C16-18 N(CH3)C3N(CH3)2 relative to 

previously reported switchable amine surfactants C12-14N(EO)2
71, 142

 and C16-

18N(EO)C3N(EO)2,
170

 the greater hydration with methyl relative to hydroxyethyl 

substitution on the amine(s) at high temperature and the choice of a dual rather than a 

monoamine are shown to raise the brine solubility at high temperature. In addition, these 

structural changes also increase the surfactant adsorption at the CO2-water interface 

indicating a favorable hydrophilic-CO2philic balance.  Interestingly, even with two polar 

amines in the head group, the surfactant is shown to still be soluble in the CO2 phase, 

because methyl groups are more CO2-philic compared to EO groups. 

To provide a basis for the design of C/W foams, we first studied the formation of 

WLMs in aqueous micellar phases at ambient pressure.  We mapped the effect of the 

surfactant concentration, salinity and pH on the steady state viscosity and the elastic and 

viscous moduli using a cone and plate rheometer. For C16-18 N(CH3)C3N(CH3)2, the 

longer tail compared to C12-14N(EO)2 or  smaller head versus C16-18N(EO)C3N(EO)2,  

given methyl instead of hydroxyethyl substitution on the amine increase the packing 

parameter and are shown to enable formation of a viscoelastic aqueous phase comprised 

of entangled wormlike micelles. For C/W foams, the viscoelastic lamellae are shown to 

decrease the rate of drainage from the capillary pressure to stabilize foam at extremely 

high quality of 0.98 where capillary pressures become very large. The maintenance of 

thick viscoelastic films are shown to raise the stability of the C/W foams from 

coalescence and Ostwald ripening at all qualities as investigated by time dependent 

microscopy. The increase in C/W foam viscosity in the presence of viscous lamellae and 

the effect of shear rate are explained using previously developed models of foam 
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viscosity in capillary tubes and porous media. Finally, foams were generated at lower 

superficial velocities with the more viscous aqueous phases, given the higher pressure 

gradient for a given velocity according to Darcy’s law. 

6.2 EXPERIMENTAL 

6.2.1 Materials 

 Bis(2-hydroxyethyl) cocoalkylamine (C12-14N(EO)2), Bis(2-hydroxyethyl) 

tallowalkylamine (C16-18N(EO)2), Tris(2-hydroxyethyl)-N-tallowalkyl-1,3-

diaminopropane (C16-18N(EO)C3N(EO)2) and N,N,N' trimethyl-N'-tallow-1,3- 

diaminopropane (C16-18N(CH3)C3N(CH3)2) were gifts from Akzo Nobel and used 

without further treatment. The commercial name, CAS# and activity are shown in Table 

6.1. 

 

Table 6.1:  Composition of the selected surfactant 

Surfactant 

commercial name 
composition 

HLB 

Davis 

Scale 

CAS # 

Activity 

% by 

weight 

Ethomeen C/12 C12-14N(EO)2 12.2 61791-14-8 97-100 

Ethomeen T/12 C16-18N(EO)2 10.1 61791-44-4 97-100 

Ethoduomeen T/13 C16-18N(EO)C3N(EO)2 19 61790-85-0 90-94 

Duomeen TTM C16-18N(CH3)C3N(CH3)2 14 68783-25-5 90-100 

 

Carbon dioxide (99.99%) was purchased from Matheson and used as received. 

Sodium chloride (NaCl, certified ACS, Fisher), calcium chloride dehydrate (CaCl2·2H2O, 

99+% Acros), magnesium chloride hexahydrate (MgCl2·6H2O, Fisher), hydrochloric acid 
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(HCl, technical, Fisher) and isopropanol (certified ACS plus, Fisher) were used as 

received. Sodium chloride solutions were prepared by adding NaCl concentrations from 

30 g/l to 182 g/l to deionized (DI) water ((Nanopure II, Barnstead, Dubuque, IA). Also, a 

brine (22%TDS or 225 g/l) composed of 182 g/l NaCl, 77 g/l CaCl2∙2H2O, 26 g/l 

MgCl2∙6H2O was used as a model reservoir brine. Crushed carbonate mineral (limestone) 

was obtained from Franklin Industrial Minerals and sieved with 20 – 40 mesh sieves to 

obtain average grain diameter from 420 – 840 μm. Spherical glass beads with 30 -50 μm 

diameter were obtained from polysciences, Inc and washed with copious amounts of 

water and ethanol to remove any impurities. The beads where placed in an oven until dry.  

6.2.2 Degree of protonation  

40 mM solutions of switchable amine surfactants in DI water, 30 g/l NaCl or 

22%TDS brine were prepared and titrated using 800 mM HCl solutions at room 

temperature or 90 °C. The volume of HCl added and the pH were recorded and the 

overall degree of protonation was obtained from Equation 6.1 

 

θ =
Ca×Vtitrant+(COH−−C

H+)×Vtitrand

Ctotal×Vtitrand0

     (6.1) 

 

where 𝐶𝑎is the concentration of HCl and CH+  and COH− are the concentration of H+ and 

OH
-
 determined from the pH of the solution. Ctotal is the total concentration of the 

unprotonated amine added initially (40 mM).  Vtitrand0
 is the volume of the amine solution 

before adding HCl, whereas  Vtitrand is the total volume of titrand at any stage of titration. 

Further details are explained in a previous publication.
142
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6.2.3 Cloud point temperature  

The cloud point temperature of 1% w/w of switchable amine surfactants were measured 

at different pH values up to 120 °C (± 1 °C) using a sealed pipette method as described in 

a previous publication.
71

 

6.2.4 Aqueous phase rheology 

Shear viscosities at steady state and room temperature (25°C) for aqueous 

solution of switchable amine surfactants dissolved in different brines were characterized 

using AR G2 rotational rheometer (TA Instruments) equipped with a cone-and-plate 

geometry (40 mm, 2°). The pH of the aqueous phase solution was adjusted to pH 4 using 

HCl (to mimic the acidic conditions in the presence of high pressure CO2). The variation 

for multiple measurements was within 10%. Aqueous phase viscosity measurements were 

carried out with a shear rate between 1 s
-1

 to 200 s
-1

. A frequency scan from 0.1 to 100 

rad/s was performed with the rotational rheometer to measure the elastic (G’) and viscous 

(G”) moduli. For proper loading, a preshear of 10 s
-1

 for 1 minute and then a rest for 100 s 

on the samples were applied. Further description is provided by a recent publication.
177

 

6.2.5 CO2 solubility 

The solubility of 0.2% w/w of C16-18N(CH3)C3N(CH3)2 in CO2 was carried out 

using a variable volume view cell equipped with a piston. A known mass of the surfactant 

was first loaded into the cell followed by loading of certain volume of CO2 to make 0.2 % 

w/w mixture. The mixture was then pressurized to 5000 psia and stirred using a stir bar 

for two hours to ensure equilibrium. The pressure was then reduced and observation of 

cloudiness in the cell indicates the cloud point pressure. The experiment was then 
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repeated at different temperatures. A complete description of the experiment was 

provided in a previous publication.
71

 

6.2.6 Interfacial tension measurements between CO2 and brine 

Interfacial tension measurements between CO2 and 22%TDS brine in the presence 

of C16-18N(CH3)C3N(CH3)2 over a wide range of concentrations were conducted using an 

axisymmetric drop shape analysis of a captive bubble as described in previous 

publications. The measurements were performed at 120 °C and 3400 psia. From a plot of 

the interfacial tension vs. surfactant concentration was used to determine other interfacial 

properties such as the critical micelle concentration (CMC) and the surfactant adsorption 

at the interface. Further details can be found in our previous publications. 

6.2.7 C/W foam formation and apparent viscosity 

Foam apparent viscosity was measured using the apparatus depicted in Figure 6.1 

up to 120 °C and 3400 psia. The porous media was either a 1 Darcy pack (30 -50 µm in 

diameter spherical glass bead pack) or a 76 Darcy carbonate pack (420 – 840 μm crushed 

limestone). The capillary tube was 660 µm ID by 1.5 m in length hastelloy and was used 

to measure the bulk foam viscosity. The procedure for measuring the foam viscosity in 

the porous media or the capillary is highlighted in a previous publication. A high pressure 

cell located after the capillary is placed in a microscope (Nikon Eclipse ME600) 

equipped with a Photometrics CoolSNAP CF CCD camera to take micrographs of the 

foams. Image J was used to analyze the bubble sizes as described previously.
35
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Figure 6.1:   Schematic of equipment used for CO2-water foam viscosity measurements. 

BPR means back pressure regulator. The limestone is used as the foam 

generator.  

 

6.3 RESULTS AND DISCUSSION 

In the results and discussion section, we demonstrate how the addition of a second 

amine in the head and/or methyl substitution on the amine enhance the aqueous phase 

behavior, aqueous phase viscosity, C-W interfacial behavior, and foam viscosity and 

stability in bulk and porous media. 
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6.3.1 Aqueous phase behavior 

6.3.1.1 Degree of protonation.  

The degree of protonation vs. pH of 40 mM switchable methyl and ethoxy 

substituted diamine surfactants at different salinities and temperature is shown in Figure 

6.2. With the addition of HCl, the degree of protonation of the nonionic amine head 

group increased and this increased the surfactant solubility. In DI water, the titration 

curves were similar for  C16-18N(EO)C3N(EO)2 and C16-18N(CH3)C3N(CH3)2  at each 

temperature, although the slopes were somewhat different. In contrast, similar degrees of 

protonation versus pH were seen for the  single amine C12-14N(EO)2 reported previously 

by Chen et al., 
142

 but the concentration of the protonated amine is doubled for the 

diamine surfactants. For example with surfactant concentration of 40 mM at 90 °C in DI 

water and pH 5, all surfactants had a degree of protonation of 0.7 which translates to 

protonated amine concentration of 28 mM and 56 mM for single and diamines, 

respectively. The higher ionic character of the diamine surfactants will prove to be 

advantageous in enhancing the aqueous solubility as discussed in the next section. The 

shift in the curves to the right towards greater protonation for  C16-18N(CH3)C3N(CH3)2  

with increasing salinity may be attributed to decrease in repulsion between the positively 

charged head groups in the micelles and the hydronium ions as these charges are 

screened.
130, 142

 For C16-18N(CH3)C3N(CH3)2,  increasing temperature lowered the  degree 

protonation from ~0.75 at room temperature to only ~0.1 at 90 °C at pH 6 in DI water. 

The effect of temperature can be explained by the exothermic nature of the protonation 

reaction as measured previously for tertiary amine surfactants.
122, 126, 128

 Similar effects of 

salinity and temperature were observed for C12-14N(EO)2.
142
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A) Room temperature 

 
 

B) 90 °C 

 

Figure 6.2:  Degree of protonation of 40 mM of switchable surfactants vs pH at 1 atm. 
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6.3.1.2 Aqueous solubility and cloud point temperature 

The aqueous solubility in terms of cloud point temperatures of 1% w/w 

switchable amine surfactants in 22%TDS solution are shown in Figure 6.3. At pH 8 and 

all temperatures, all surfactant solutions were insoluble as the surfactants were not 

protonated. At low pH, the solubilities increase as the protonated nitrogen in the amine 

heads interacts with water.
71, 142

 As shown in Figure 6.3 (A and B), decreasing the tail 

length from tallow C16-18N(EO)2  to coco C12-14N(EO)2  enhanced the solubility of the 

surfactant in brine, i.e. increased the pH, such that less protonation was required. This 

increase in solubility can be attributed to the decrease in the hydrophobicity of the shorter 

tail.
93, 187, 188

 Despite the slightly longer tail, the addition of a second hydrophilic amine 

head as in C16-18N(EO)C3N(EO)2  raised the HLB (Table 6.1) and surfactant solubility in 

brine when compared to C12-14N(EO)2, as the pH required for solvation at room 

temperature increased from 6.6 to 7.6 (Figures 6.3A and 6.3C). 
15, 126, 170, 187

.  At room 

temperature, changing the type of substitution from EO to CH3 had little effect on the pH 

required to achieve aqueous solubility consistent with the protonation results in Figure 6. 

2.  

Greater differences in behavior among the surfactants were observed at high 

temperature.  At pH 7.6, C16-18N(EO)C3N(EO)2  exhibited  a cloud point of 70 °C. With a 

decrease in pH to 7.0 and an increase in amine protonation, the cloud point was not 

reached even at the highest temperature measured
187

 (Figure 6.3D), suggesting that CH3 

groups are solvated more effectively than EO groups at high temperature. The solvation 

of EO units in water  diminishes at high temperature given the loss of hydrogen bonding 

with water, resulting in aggregation of surfactants at the cloud point temperature.
36, 142

 On 

the contrary, the aqueous solvation of the methyl groups in the head group increases with 
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temperature, as the structure of water is more disordered at higher temperatures.
129,189

 In 

summary, the combined effect of the second protonated amine in the head and methyl 

substitution on these amines enhanced the solubility in water and eliminated the cloud 

points up to 120 °C. 

 

A) C12-14N(EO)2 C) C16-18N(EO)C3N(EO)2 

  

 

B) C16-18N(EO)2 

 

 

D) C16-18N(CH3)C3N(CH3)2 

  

Figure 6.3:  Aqueous solubility of 1% w/w switchable surfactants in22%TDS brine. 

Open circles indicate a clear solution and filled circles indicate cloudy 

solutions 
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6.3.2 Aqueous solution morphology and rheology 

The steady state shear viscosity of an aqueous solution of 1% w/ C16-

18N(CH3)C3N(CH3)2 at pH 4 (to mimic the pH of the surfactant solution in the presence 

of high pressure CO2) as a function of surfactant concentration and salinity is shown in 

Figure 6.4 and Figure (C1) at atmospheric pressure. At a surfactant concentration of 1% 

w/w, and up to a salinity of 182 g/l NaCl, the zero shear viscosity was limited to ~ 8 cP 

followed by a sharp increase to ~700 cP in the presence of the model 22%TDS brine. The 

addition of electrolytes reduced the electrostatic repulsion between the charged heads and 

lowered their effective area (a0) to increase the packing parameter and produce a 

transition from spherical to entangled wormlike micelles. 
177, 178

 Similar effects of simple 

salts such as NaCl and KCl on the aqueous solution viscosity were observed for cationic 

surfactants such as sodium dodecyl sulfate (SDS) and erucyl 

bis(hydroxyethyl)methylammonium chloride (EHAC).
178, 190

 To form viscous entangled 

wormlike micelles at lower salinities, the surfactant concentration must be increased. For 

example, at 182 g/L NaCl, the aqueous phase viscosity increased by over an order of 

magnitude upon increasing the surfactant concentration from 1% w/w to 2%w/w as 

shown in Figure 6.4.  Although the packing parameter is independent of surfactant 

concentration, an increase in surfactant concentration above the  overlap concentration 

(c*), induces  greater  entanglement that raises the viscosity.
190
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Figure 6.4:   Steady state viscosity vs. shear rate of C16-18N(CH3)C3N(CH3)2 at pH 4, 

room temperature and atmosphere pressure with brine salinity and surfactant 

concentrations the variable. Both the shear rate and the viscosity are shown 

on a log scale.   

 

At the highest tested salinity (22% TDS), the steady state shear viscosity of the 

aqueous solution of 1% w/w  switchable amine surfactants  at pH 4 is shown in Figure 

6.5 at pH 4, the zero shear viscosity (µofC16-18N(CH3)C3N(CH3)2 was found to be 

~700 cP. With cryo TEM, the morphology was found to be entangled wormlike micelles. 

Although this type of morphology has not been reported previously for this surfactant, it 

has been achieved in similar amine surfactants upon decreasing the pH to protonate 

nitrogen atoms. 
115, 116, 181, 182, 191

 For example, Chu and Feng found that micellar structure 

of a mixture of N-erucamidopropyl-N,N-dimethylamine and maleic acid can reversibly 

switch from spherical at high pH to entangled wormlike micelles at low pH values as the 
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amine group is protonated.
182

 The viscosity of the aqueous C16-18N(CH3)C3N(CH3)2 

solution was two orders of magnitude higher than for the other switchable amine 

surfactants, namely, C16-18N(EO)C3N(EO)2 and C12-14N(EO)2 with packing parameters 

that are too small to form wormlike micelles.. Relative to C12-14N(EO)2  the increase in 

the tail length for C16-18N(EO)C3N(EO)2 raises p and favors rods (wormlike micelles),  as 

described by the molecular volume of the hydrophobe  𝑣 = 𝑣𝐶𝐻3
+ (𝑛𝑐 − 1)𝑣𝐶𝐻2

.
178

 

Also, the smaller CH3 headgroup compared to EO in C16-18N(EO)C3N(EO)2 further raises 

p.
178

 The shear thinning behavior for the C16-18N(CH3)C3N(CH3)2 solution indicates 

breaking of the entanglements of the wormlike micelles.
178, 190, 192

 As expected, the 

viscosity of spherical micellar solutions of other surfactants stayed constant with 

increasing shear rate indicating Newtonian behavior. The viscosity of the aqueous 

solution of 1% w/w C16-18N(CH3)C3N(CH3)2 in 22%TDS saturated with CO2 at high 

pressure of 3400 psia (similar conditions used in the C/W foam sections) was measured 

in the capillary tube shown in Figure 1. At shear rate of 230 s
-1

, the surfactant maintained 

high viscosity of ~21 cP comparable to the viscosity measured with the cone and plate 

rheometer indicating the existence of wormlike micelles even in the presence of CO2.  
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Figure 6.5: Steady state viscosity vs. shear rate for 1% w/w switchable amines  in 

22%TDS, pH4, room temperature and atmospheric pressure 

 

The viscoelastic properties of the viscous aqueous solution of 1% w/w C16-

18N(CH3)C3N(CH3)2 in 22%TDS brine were characterized by oscillatory shear 

measurements of the elastic and viscous moduli, G’ and G’’ respectively, as shown in 

Figure 6.6. As wormlike micelles become more entangled and more elastic, the 

intersection of G’ and G’’ shifts to lower frequencies.
178, 190

 Despite a concentration of 

only 1% w/w surfactant, the low intersection angular frequency of ~ 5 rad/s indicates 

greater  entanglement compared to the experiment with a concentration of 2% w/w at 182 

g/l NaCl (Figure C3) and previously reported highly concentrated solutions for a mixture 

of 3.6% w/w SLES and 0.4% w/w C10DMA.
177

 The extremely high salinity appears to 

reduce the headgroup area via charge screening and raise the packing fraction to produce 
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a highly viscous and elastic phase even with only a single surfactant and at very low 

concentration.  

 

Figure 6.6:  Rheology of aqueous solutions of 1% w/w C16-18N(CH3)C3N(CH3)2 at pH 4, 

22%TDS, room temperature and atmospheric pressure 

 

6.3.3 CO2 solubility 

The cloud point pressures of 0.2% w/w amine surfactant solutions in CO2 at 

temperature between 25 to 120 °C are shown in Figure 6.7. Since these are  tertiary 

amines they do not form carbamates.
193

 In dry CO2, the switchable amine surfactants are 

unprotonated and thus nonionic, which allows CO2 solvation.
111

 For ionic surfactants, the 

low solvation strength of CO2 is usually insufficient to overcome the attractive forces 

between the ionic head groups and counterions.
111

 From Figure 6.7, it was found that 
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only C12-14N(EO)2 and C16-18N(CH3)C3N(CH3)2 are soluble conditions of 120 °C and 

3400 psia, which are of interest for example in certain oil reservoirs. CO2 is a weak 

solvent for long alkanes and cations as it does not have a dipole moment.
61

 Relative to 

C12-14N(EO)2, the increase in the size of both the tail and the addition of a second cationic 

amine group decreased the solubility in CO2 that is, increased the cloud point pressure (or 

density).
61, 111

 For a fixed C16-18 tail, changing the substitution on the amine head from EO 

to CH3 units enhanced the CO2 solubility by decreasing the polar interactions and  

hydrogen bonding between EO groups.
61, 111

 Furthermore, CH3 groups which have a 

lower cohesive energy density than even CH2 groups are known to be relatively CO2 

philic, and more so than EO groups.
61

 

 

 

Figure 6.7:  CO2 solubility of 0.2% w/w amine surfactants 
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6.3.4 Interfacial behavior at the C-W interface. 

Interfacial tension measurements between 22%TDS and CO2 were conducted as a 

function of C16-18N(CH3)C3N(CH3)2 concentration at 120 °C and 3400 psia from 3.0 x 10
-

6
 M to 3.0 x 10

-2
 M (Figure 6.8). In the presence of high pressure CO2 the pH of the 

aqueous phase is ~3
133

 and the surfactant is nearly completely protonated (cationic), as 

shown in Figure 6.2. The discontinuity in the slope indicates the presence of a critical 

micelle concentration (CMC) at a value of ~ 0.4 mM. Furthermore, above the CMC, the 

interfacial tension of only 5.8 mN/m was reduced markedly from the value of ~35 mN/m 

in the absence of surfactant.
81

 

 

 

Figure 6.8:  Interfacial tension (IFT) for C16-18 N(CH3) C3N(CH3)22 at the CO2-

22%TDS brine interface versus the logarithm of surfactant concentration at 

120 °C and 3400 psia. 
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A comparison of the molar surface density and other interfacial properties of the 

three amines at the CO2-brine interface is shown in Table 6.2. The adsorption of C16-18 

N(EO)C3N(EO)2 was lower than that of  C12-14N(EO)2 in part due to the larger area 

occupied by that larger tail and larger head group.
15, 170

 Another possibility is that the 

second cation pulled the surfactant towards water away from the interface, despite the 

longer tail. Interestingly, the adsorption was highest for C16-18N(CH3)C3N(CH3)2. 

Relative to C16-18 N(EO)C3N(EO)2, the higher adsorption may be attributed to the smaller 

head group and the stronger CO2 solvation of the CH3 relative to the EO groups.
61

 

 

Table 6.2:  Interfacial properties of switchable amines at the CO2-22% TDS brine 

interface at 120 °C an 3400 psia. 

Surfactant 
IFTcmc 

(mN/m) 

CMC 

(mmol/L) 

Γ*10
6 

(mol/m
2
) 

Αm 

(Å
2
/molecule) 

C16-18 N(CH3) C3N(CH3)2 5.8 0.40 0.88 188 

C16-18 N(EO) C3N(EO)2 6.2 0.015 0.70 238 

C12-14N(EO)2 5.1 0.038 0.80 207 

 

The variation in CMC among the surfactants was greater than that of the 

adsorption values. For both of the surfactants with the longer C16-18 tails,  the much higher 

CMC relative to C12-14N(EO)2 is the opposite of what would be expected simply from the 

longer more hydrophobic tails.
15

 On the other hand, the addition of another hydrophilic 

cation to the headgroup increases the CMC by disfavoring micellization.
15

 Compared to  

C16-18N(EO)C3N(EO)2, the CMC of C16-18N(CH3)C3N(CH3)2 is an order of magnitude 
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higher suggesting greater .hydrophilicity for the smaller CH3 groups than EO groups at 

high temperature. At high temperature, and even more so with added salt, the hydrogen 

bonding of EO by water is greatly weakened. This increase in hydrophilicity was also 

apparent above in the higher solubility in brine with CH3 relative to EO modification. A 

similar trend was reported for single amines where the CMC of C12-14N(CH3)3Cl was an 

order of magnitude higher than that of protonated C12-14N(EO)2 at 120 °C.
142, 171

 

6.3.5 C/W foam texture, viscosity and stability 

6.3.5.1 Effect of salinity on apparent foam viscosity 

In the 76 Darcy limestone pack, the apparent viscosity from the pressure drop 

indicated C/W foams were formed with C16-18N(CH3)C3N(CH3)2 at 120 °C in the absence 

of salt at 1%w/w, but not for C12-14N(EO)2, (Figure 6.9). However, at 30 g/L NaCl the 

foam  viscosity was similar for both surfactants  ~ 8 cP and remained at this value for up 

to 180 g/L. At the experimental conditions, the calculated pH was  ~4.6 from a 

geochemical model of the relevant reaction equilibria, PHREEQC,.
142

 At this pH and 90 

°C, the degree of protonation of both surfactants was ~ 0.7 in DI water and may be 

expected to decrease with increasing temperature to 120 °C as discussed above. Both 

protonated surfactants were soluble  as discussed above in Figure 6.3 and earlier for C12-

14N(EO)2.
142

 which is required for lamellae stabilization. 
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Figure 6.9: Apparent viscosity of C/W foam stabilized by co-injecting 1% (w/w) C16-

18N(CH3)C3N(CH3)2 or C12-14N(EO)2  pH 6.5 solution with CO2, at 120 °C, 

3400 psia and total superficial velocity 938 ft/day  in 76 Darcy limestone 

pack or a capillary tube with 90% foam quality. The salt is NaCl up to a 

TDS of 18%. For the 22% TDS, the salt is 182 g/L NaCl, 77 g/L 

CaCl2∙2H2O, 26 g/L MgCl2∙6H2O. 

 

 For the point at 22% TDS only, the brine consisted of 182 g/L NaCl, 77 g/L 

CaCl2∙2H2O, 26 g/L MgCl2∙6H2O. Here, a sharp increase in the foam viscosity for C16-

18N(CH3)C3N(CH3)2  may be attributed to the high aqueous phase viscosity as a 

consequence of the formation of WLMs, consistent with the behavior in aqueous phases 

at atmospheric pressure in Figure 6.4. This behavior will be further discussed after first 

examining the rheology at other qualities and for the other amine surfactants. Bulk foam 

behavior in the capillary tube was similar to that in the limestone pack except the 
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apparent viscosities were lower. Stretching and contracting of lamellae through valves 

and tubes on the path to the capillary may cause partial destabilization of the foam.
17

 

However, the foam was still stable as depicted from the foam texture measured in a high 

pressure microscopic cell downstream of the capillary as discussed below (Figure 6.10). 

6.3.5.2 Foam texture 

The measurement of foam texture with high pressure microscopy is used to better 

understand foam generation, viscosity and stability. To our knowledge we are not aware 

of previous studies to determine foam texture at elevated temperatures.  As shown in 

Figure 6.10 for a foam quality of 0.9 at both 25 and 90 
o
C, the distribution of bubble 

sizes is observed to range from 10 to 60 nm, as shown in the histograms in Figure C4. 

Furthermore, the flattening of the lamellae may be seen at this high quality, but less than 

would be present if the polydispersity were lower since small bubbles fill the plateau 

borders of larger bubbles.  The Sauter mean diameter, Dsm, was comparable for the three 

protonated amines Table 6.3 ranging from 18 – 28 nm, and smallest for C12-14N(EO)2 . 

Also, for C16-18N(CH3)C3N(CH3)2 the initial Dsm increased only a small amount from 28 

to 40 nm when temperature was raised from 25 to 90 °C.  
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a) C12-14N(EO)2 , 25 °C b)  C16-18N(EO)C3N(EO)2, 25 °C 

  

c) C16-18N(CH3)C3N(CH3)2, 25 °C d) C16-18N(CH3)C3N(CH3)2, 90 °C 

  

Figure 6.10:  The micrographs of C/W foam stabilized by 1% w/w switchable amine 

surfactants in 22%TDS brine pH 4, 3400 psia and total superficial velocity 

938 ft/day in 76 Darcy limestone pack 
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Table 6.3:  Bubble sizes and Ostwald ripening rate for foams of C16-

18N(CH3)C3N(CH3)2, C12-14N(EO)2 and C16-18N(EO)C3N(EO)2 with 

concentrations of 1 wt% in 22% TDS brine at 0.9 CO2 volume fraction, 

25°C and 3400 psia 

Surfactant Dsm (t=0 min) 

nm 

Dsm (t=1200 min) 

nm 

Ω3 
µm

3
/min 

C16-18N(CH3)C3N(CH3)2 28±10.1 57 135 

C16-18N(EO)C3N(EO)2 27±10.9 109 925 

C12-14N(EO)2 18 ±5.8 75 325 

 

The bubble formation can be described by the Weber number (We) which defines 

the balance between the shear forces and the capillary forces  

𝑊𝑒 =
𝐺𝜇𝑠𝑅

𝛾
       (6.2) 

where G is the shear stress, 𝜇𝑠 is the continuous phase viscosity and R is the bubble 

radius.
194

 Thus, the lower interfacial tension and Laplace pressure for C12-14N(EO)2 , with 

the same applied energy, facilitated the formation of smaller initial bubble size when 

compared to diamine surfactants with higher interfacial tensions (Table 6.2).
15, 195, 196

 

Similar reasoning can be used to explain the increase in initial bubble size with 

temperature where for cationic surfactants increasing temperature generally results in an 

increase in interfacial tension. 
15, 196

 Despite the high temperature of 90 °C, the bubble 

size generated by C16-18N(CH3)C3N(CH3)2 was still comparable to those of a previously 

reported stable and viscoelastic C/W foams at room temperature generated with a mixture 

of high concentration (3.6 %w/w) of sodium lauryl ethoxylated sulfate (SLES) and 

protonated decyldimethyl amine (C10DMA) at similar shear rates.
177

  



 

 

 

163 

6.3.5.3 Foam apparent viscosity 

The apparent viscosity, µfoam of C/W foams generated by C16-18N(CH3)C3N(CH3)2 

at different foam qualities is shown in Figure 6.11 along with previous results
142, 170

 for 

the two other amines.  For all surfactants, µfoam increased with foam quality up to 0.9 

except for C16-18N(CH3)C3N(CH3)2 where it increased up to 0.95. Assuming a constant 

bubble size, increasing the internal phase fraction (quality) increases the number of 

lamellae and provides more resistance to flow to increase the foam viscosity as described 

by Equation (6.3) developed by Princen et al for bulk foam. 
16, 121

 

𝜇𝑓𝑜𝑎𝑚 =
𝜏0

�̇�
+ 32(∅𝑖 − 0.73)𝜇𝑒(

𝜇𝑒�̇�𝑅

𝛾
)−1/2                             (6.3)  

where γ̇ is the shear rate, γ is the interfacial tension, and R is the radius of a spherical 

droplet, μe is the viscosity of external aqueous phase and ∅i is internal phase volume 

fraction.  The foam destabilization observed at extremely high qualities will be discussed 

later.  
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Figure 6.11:  Apparent viscosity of C/W foam stabilized by co-injecting 1% w/w C12-

14N(EO)2, C16-18N(EO)C3N(EO)2 or C16-18N(CH3)C3N(CH3)2  22%TDS 

brine pH 6.5 solution with CO2, at 120 °C, 3400 psia and total superficial 

velocity 938 ft/day  in 76 Darcy limestone pack with foam quality from 60% 

to 98%. 

 

A key result of this study is that the µfoam of C/W foams generated by C16-

18N(CH3)C3N(CH3)2 were higher those of the other two amine surfactants at all qualities 

(Figure 6.11). Given that all other parameters such as interfacial tension and shear rate in 

Equation 6.3 are similar, the larger µfoam for C16-18N(CH3)C3N(CH3)2 is caused primarily 

by the viscoelastic WLM aqueous phase. 
16, 17, 197

 This behavior is further illustrated in in 

Figure 6.9 where a sharp increase in µfoam from 10 cP to 27 cP was observed upon 

forming a viscous WLM phase as the salinity increased from 182 g/L NaCl to 22% TDS. 

As  μe increases, it will increase µfoam as shown in Equation 6.3. 
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Higher apparent viscosities were observed for C16-18N(CH3)C3N(CH3)2  relative to 

C12-14N(EO)2 when injecting the surfactant from the CO2 phase (Figure 6.12 and Table 

6.4) at all qualities tested.  Interestingly, µfoam was about the same regardless of whether 

the surfactant was injected with the aqueous or the CO2 phase.  Thus, the surfactant 

underwent transport to the interface in both cases and the mixing of CO2 surfactant 

solution and brine was sufficient to enable the formation of entangled wormlike micelles 

(WLMs). C16-18N(EO)C3N(EO)2 was not tested at these conditions because it was not 

soluble in CO2 (Figure 6.7). In CO2 EOR studies, lab scale experiments have found that 

injection of surfactants from the CO2 phase can potentially enhance in situ foam 

formation, lower the adsorption of surfactant on minerals and ultimately increase oil 

recovery.
10, 32, 59, 142

 

 

 

Figure 6.12:  Apparent viscosity of C/W foam stabilized by co-injecting 0.2% (w/w) C12-

14N(EO)2 or C16-18N(CH3)C3N(CH3)2    CO2 solution with 22%TDS brine, at 

120 °C, 3400 
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Table 6.4:  Apparent viscosity of C/W foam stabilized by co-injecting 1% (w/w) C12-

14N(EO)2 or C16-18N(CH3)C3N(CH3)2  in 22%TDS brine pH 6.5 solution 

with CO2 or by co-injecting 0.2% (w/w) C12-14N(EO)2 or C16-

18N(CH3)C3N(CH3)2  in CO2 solution with 22%TDS brine, at 120 °C, 3400 

psia and total superficial velocity 938 ft/day  in 76 Darcy limestone pack 

with 90% foam quality. 

 

 

  

Surfactant Foam apparent viscosity 

from aqueous phase (cP) 

Foam apparent viscosity 

From CO2 phase (cP) 

C12-14N(EO)2 14.5 13.2 

C16-18N(CH3)C3N(CH3)2 25.1 22.4 
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6.3.5.4 Foam stability 

In this section various interrelated destabilization mechanism will be discussed to 

emphasize the benefits of enhancing the stability with viscoelastic lamellae. In addition to 

raising the apparent viscosity, the presence of viscoelastic WLM phases will now be 

shown to enhance foam stability. The C16-18N(CH3)C3N(CH3)2 C/W foam was stable for 

20 hours in that the Dsm increased by only 2 fold (28 – 57 nm) compared to a 4 fold for 

C16-18N(EO)C3N(EO)2  and  C12-14N(EO)2  with spherical micelles as shown in Figure 

6.13 and Table 6.3.  

 

 

Figure 6.13:  Evolution of Dsm
3
 for foams of switchable amine surfactants with 

concentrations of 1 wt% in 22% TDS brine at 0.9 CO2 volume fraction, 

25°C and 3400 psia. 
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The Ostwald ripening rate (Ω3), given by Lifshitz and Slyozov followed by 

Wagner (LSW) in Equation 6.4 may be calculated from the slope of the linear fit of the 

time change in bubble diameter as depicted in Figure 6.13 and Table 6.3.  

         Ω3 =
𝑑𝐷𝑠𝑚

3

𝑑𝑡
=

64𝛾𝐷𝑑𝑖𝑓𝑓𝑆𝑉𝑚

9𝑅𝑇
𝐹     (6.4) 

where Ddiff is the diffusion coefficient, F is a correction factor, S and Vm are the bulk 

solubility and the molar volume of the dispersed phase, respectively. Clearly, the thicker 

and more viscous lamellae slowed down the diffusion of gas bubbles and lowered (Ddiff) 

as other parameters in Equation 6.4 can be assumed constant. Moreover, the entangled 

WLMs are expected to provide a barrier for gas diffusion to further decrease (Ddiff). 
173, 

174, 175, 176, 177
 In Table 3, the rate of change in bubble volume with time (referred to as 

Ostwald ripening rate, Ω3) was reduced by half by the viscoelastic aqueous phase of C16-

18N(CH3)C3N(CH3)2.  Similarly, Xue et al. measured a reduction in Ostwald ripening rate 

(6 fold) when WLMs where utilized relative to spherical micelles.
177

 

As shown in Figure 6.11, C16-18N(CH3)C3N(CH3)2 with the entangled wormlike 

micelles generated viscous foam up to a foam quality of 0.95 versus only 0.9 for the other 

surfactants. . An increase in foam quality (φ) decreases the radius at the plateau border 

and increases the capillary pressure (Pc) as given by Pc= γ/ Rf(1-φ)
0.5

, 
198

 where Rf is the 

film radius. Consequently, at φ= 0.95, Pc is extremely high. To stabilize lamellae against 

coalescence, the surfactant must provide a sufficient disjoining pressure (𝜋𝑑) to oppose 

the capillary pressure. Given the comparable structure and interfacial behavior of C16-

18N(EO)C3N(EO)2 and C16-18N(CH3)C3N(CH3)2, it is reasonable to assume that the 

contributions of  electrostatic repulsion, which can be small due to the high ionic strength 

and van der Waals attraction to 𝜋𝑑  are similar. Therefore, some additional component of 
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𝜋𝑑 must partially explain why C16-18N(CH3)C3N(CH3)2 can stabilize C/W foam at higher 

qualities. Fameau et al. argued that large entangled WLMs provide additional steric 

repulsion that raises foam stability.
199

 Also, Espert et al. and Klitzing et al. measured an 

increase in the thickness of the foam lamellae and the number of steps required for 

stepwise thinning of  lamella formed by entangled WLMs
200

 and polymers
201

 indicating a 

higher disjoining pressure.
200, 201

 In the present study, the higher disjoining pressure 

combined with the high viscosity of the aqueous phase can further stabilize the foam by 

decreasing the drainage velocity (V) to keep a thicker lamella
174, 199

 
44

 according to 

Equation 6.5 

𝑉 = −
𝑑ℎ𝑓

𝑑𝑡
=

ℎ𝑓
2

3𝜇𝑒𝑅𝑓
2 ∆𝑃𝑓𝑖𝑙𝑚      (6.5) 

where ∆𝑃𝑓𝑖𝑙𝑚 = 2(𝑃𝑐 − Π𝑑) and hf is the film thickness. 

6.3.5.5 Effect of superficial velocity on C/W foam generation and rheology in a 1 

Darcy glass bead pack 

A glass bead pack with a lower permeability of ~ 1 Darcy and low superficial 

velocities were used to mimic foam generation mechanisms and rheology in consolidated 

porous media. Generation of strong foam requires lamellae mobilization where a 

minimum pressure gradient (MPG) overcomes the Laplace pressure (∆𝑝𝑚𝑎𝑥) for (n) 

number of lamellae over the length of the porous medium (L) as shown in Equation 

6.6.
30, 31

 

𝑀𝑃𝐺 = ∆𝑝𝑚𝑎𝑥 ×
𝑛

𝐿
=

4𝛾

�̅�𝑚𝑖𝑛
×

𝑛

𝐿
   (6.6) 

where  r̅min is the minimum value of r̅ ≡ 2/(1/r1 + 1/r2), and r1 and r2 are the principal 

radii of curvature of the lamella. The effect of superficial velocity (U) on C/W foam 

generation and viscosity for C16-18N(CH3)C3N(CH3)2 and C12-14N(EO)2 is shown in 
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Figure 6.14. Here, C16-18N(CH3)C3N(CH3)2 generated extremely viscous foam (~700 cP) 

at a superficial velocity as low as 3 ft/day. Assuming a similar MPG for both surfactants 

(similar interfacial tensions), the lower superficial velocity requirement may be attributed 

to an increase in the pressure gradient produced by the higher viscosity of the aqueous 

phase from the WLMs as shown in Figure 6.5. From Darcy’s law (Equation 6.7), the 

minimum superficial velocity required for foam generation is inversely proportional to 

the viscosity of the aqueous phase to achieve the same pressure gradient. 

𝑞/𝐴 =
𝑘∆𝑃

𝜇𝐿
    (6.7) 

where q is the volumetric flow rate, L is the length of the sand pack and A is the cross 

sectional area.  

 

 

Figure 6.14:  Apparent viscosity of C/W foam stabilized by co-injecting 1% (w/w) C12-

14N(EO)2, or C16-18N(CH3)C3N(CH3)2 22%TDS brine pH 4 solution with 

CO2, at 120 °C, 3400 psia and with 80% foam quality in 1.2 Darcy glass 

bead pack. 
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Similarly, in a 76 Darcy limestone pack, C16-18N(CH3)C3N(CH3)2  generated foam 

at lower superficial velocity (Figure C5). Hence, C16-18N(CH3)C3N(CH3)2 is a more 

promising candidate for CO2 mobility control due to its ability to generate more viscous 

foam even at extremely low flow rates encountered away from the well bore. 

The maximum foam apparent viscosity achieved in the 1 Darcy bead pack was 5 

times higher for C16-18N(CH3)C3N(CH3)2  compared to C12-14N(EO)2. Beyond this 

maximum viscosity, shear thinning behavior was observed whereby apparent viscosity 

decreased with the increase in superficial velocity (Figure 6.14). As in the case of a 

capillary tube,  the displacement of more viscous lamellae separating the gas bubbles in 

the bead pack causes an increase in foam apparent viscosity according to model 

developed by Hirasaki and Lawson (Equation 6.8).
16

 

 

𝜇𝑓𝑜𝑎𝑚

𝜇𝑒
= 𝐿𝑠𝑛𝐿 + 0.85

(𝑛𝐿𝑅𝑐)

(
𝑟𝑐

𝑅𝑐
⁄ )

(
3𝜇𝑒𝑈

𝛾
)

−
1
3

[(
𝑟𝑐

𝑅𝑐
⁄ )2 + 1] 

+(𝑛𝐿𝑅𝑐) (
3𝜇𝑒𝑈

𝛾
)

−
1

3
√𝑁𝑠

(1−𝑒−𝑁𝐿)

(1+𝑒−𝑁𝐿)
      (6.8) 

where Ls is the length of liquid slugs, 𝑛𝐿 is lamellae density, rc is the radius of curvature 

of gas-liquid interface, Rc is the capillary radius, U is the velocity of bubbles, Ns is a 

dimensionless number for the interfacial tension gradient effect, and NL is a 

dimensionless bubble length. 
16

  A plot of foam viscosity as a function of the gas 

superficial velocity (Ug) for C16-18N(CH3)C3N(CH3)2  in the shear thinning region is 

shown in Figure C6 and the following relationship was found (𝝁𝒇𝒐𝒂𝒎 ∝ 𝑈𝑔
−0.73

). The 

model by Hirasaki and Lawson (Equation 6.8) describes the different components that 

contribute to the viscosity of foam in porous media, namely, deformation of bubbles and 
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the interfacial tension gradient between the front and the back of the bubbles flowing 

through each channel in the porous media.
16

 Both factors scale with U
-1/3

. However, Falls 

et al. added an additional term to account for the constriction in porous media and found 

that the foam viscosity is proportional to the gas superficial velocity to the power -2/3.
138

 

Therefore, the experimental exponent of -0.73 was quite close to the model prediction 

6.4 CONCLUSION 

Viscoelastic entangled wormlike micelles formed with a single diamine surfactant 

with a long hydrophobic tail, C16-18N(CH3)C3N(CH3)2 aided generation and stabilization 

of C/W foams from ambient temperature up to 120 °C for foam qualities from 0.7 all the 

way up to 0.98 with only 1% w/w surfactant.  With the high packing parameter, given the 

long tail length combined with the small size of the CH3 (relative to EO) functionalities 

and high salinity,  WLMs were formed with an aqueous phase zero shear viscosity of 

~700 cP,  two orders of magnitude higher than for C12-14N(EO)2 and C16-

18N(EO)C3N(EO)2 that do not form WLMs. The highly viscous aqueous phase led to 

higher viscosities for bulk C/W foams. As a consequence of slower drainage of the 

viscoelastic aqueous lamellae, the lamellae remained thick and provided more resistance 

to coalescence and Ostwald ripening resulting in long term stability up to 20 hours, as 

shown by microscopy. Thus, C/W foams could be stabilized even at very high foam 

qualities up to 0.98 where the capillary pressure is extremely large.  

The comparison of the three amines provided novel insight into phase behavior 

and interfacial properties. The increase in headgroup hydrophilicity with a methyl 

substituted dual amine and greater basicity (ease of protonation) raised the solubility of 

the surfactant at higher pH values, especially at high temperature. Furthermore, the 
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adsorption of C16-18N(CH3)C3N(CH3)2 was higher at the C-W interface (188 Å
2
/molecule) 

at high temperature than for any previously measured cationic surfactant as a 

consequence of the long tail length that drove the surfactant from water to the interface 

and the relatively small head group area given the small size of the CH3 substituents.  

The viscoelastic behavior also influenced foam formation in porous media. In a 1 

Darcy bead pack, the maximum viscosity of C/W foams generated by C16-

18N(CH3)C3N(CH3)2 was five times those of  C12-14N(EO)2  and C16-18N(EO)C3N(EO)2. 

This high viscosity is
 
due in part to a highly viscous continuous aqueous phase consistent 

with theories of foam rheology in porous media and a small average bubble size (~40 

nm) even at 90 °C. With the highly viscous aqueous phase, the minimum pressure 

gradient (MPG) for C/W foam generation was achieved at a superficial velocity as low as 

3 ft/day, an order of magnitude lower than for the non-viscoelastic lamellae in the case of 

C12-14N(EO)2. Highly stable and viscous foams at low surfactant concentrations over a 

wide temperature range are beneficial for CO2 sequestration and EOR. Furthermore, C/W 

foams at high foam qualities are beneficial for lowering water consumption in 

applications such as enhanced oil recovery and hydraulic fracturing. 
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Chapter 7: Conclusions and Recommendations 

7.1 CONCLUSIONS  

A comprehensive study of phase behavior, aqueous phase viscosity, interfacial 

properties and CO2-in-water foam rheology at elevated temperatures up to 120 
o
C, has 

been conducted for switchable (pH – responsive) amine surfactants. The main 

conclusions are: 

1. The formation of viscous and stable C/W foam was demonstrated for the first 

time at extremely high temperatures (120 °C) and foam qualities (0.98). This was 

enabled by a combination of the following: 

2. Compared to nonionic surfactants, the cationic form of the switchable amines 

tested is soluble in highly concentrated brine (22%TDS) up to 120 °C due to the 

ion – dipole interactions with water. Furthermore, the addition of a second 

cationic amine in the head and/or methyl substitution on the amines – instead of 

hydroxyethyl - enhances the hydrophilicity of the surfactant and enables solubility 

over a wider range of pH values. 

3. The unprotonated (nonionic) form of these surfactants was soluble in CO2 at 3400 

psia and 120 °C with low CO2 – water partition coefficient (high HCB) to provide 

the preferred curvature of C/W foam formation. 

4. Remarkably, at 120 
°
C, even with a CO2 density of only 0.48 g/ml, the tail 

solvation was sufficient such that the surfactants adsorption at the CO2-water 

interface was high and effective reduction in the interfacial tension was achieved. 

5. With a high packing parameter, given the long tail length combined with the small 

size of the CH3 (relative to EO) functionalities, as in C16-18N(CH3)C3N(CH3)2,  
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and high salinity the micellar morphology was transformed from spherical to 

entangled wormlike micelles to form a viscoelastic aqueous phase.  

6. The highly viscoelastic aqueous phase led to higher viscosities for bulk C/W 

foams. As a consequence of slower drainage of the viscoelastic aqueous lamellae, 

the lamellae remained thick and provided more resistance to coalescence and 

Ostwald ripening resulting in long term stability up to 20 hours, as shown by 

microscopy. Furthermore, the bulkier wormlike micelles provided additional 

steric repulsion to increase the disjoining pressure and resist high capillary 

pressures associated with the extreme foam quality of 0.98. 

7.  The viscoelastic behavior also influenced foam formation in porous media by 

significantly increasing foam apparent viscosity and decreasing the required 

superficial velocity for foam generation. This high apparent viscosity is
 
due in 

part to a highly viscous continuous aqueous phase consistent with theories of 

foam rheology in porous media and a small average bubble size even at high 

temperature. 

7.2 RECOMMENDATIONS 

1. For the intended application of CO2 EOR surfactants are expected to be thermally 

stable for as long as months. The experimental studies in this dissertation were 

limited to only several minutes. Different factors can affect the surfactant thermal 

stability such as reservoir temperature, salinity and pH and further investigation is 

required. Also, the study effect of tail length, methyl vs. EO substitution on 

thermal stability will be beneficial for optimizing the selection of amine 

surfactants. 
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2. In this dissertation, the oil effect on foam stability was performed for only one 

surfactant, C12-14N(EO)2. Similar experiments are required to explore the effects 

of the addition of a second amine in the head, longer tails and/or methyl 

substitution, on the foam stability and the O/W emulsion formation.  It will be 

interesting to explore the oil effect on foam stabilized with viscoelastic lamellae 

and if the interactions between the aqueous phase and oil reduces the 

viscoelasticity.  

3. Synergistic effect by mixing switchable surfactants with known foamers such as 

zwitterionic surfactants can be studied to enable the formation of foams at lower 

minimum pressure gradients (MPG) by possibly lowering the C-W interfacial 

tension. Zwitterionic surfactants are known to have high aqueous phase solubility 

but can possibly have high adsorption on carbonate minerals. 
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Appendix A 

A.1 EFFECT OF SURFACTANT CONCENTRATION ON THE AIR – WATER SURFACE TENSION 

 

 

Figure A1: Effect of surfactant concentration on the surface tension for C12-14(EO)22 at 

the air-0.8 TDS brine interface at 24 °C and 1 atm (an example of a 

calibration curve  usedfor measuring surfactant concentration  in a sample 

for CO2-brine or oil-brine partition coefficient determination)  
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A.2 SCREEN HOLDER FOR 1.2 DARCY BEAD PACK 

 

Figure A2: Photos for screen holder used in 1.2 Darcy glass bead pack 

 

A.3 MINIMUM PRESSURE GRADIENT FOR FOAM GENERATION 

The occurrence of different foam generation mechanisms such as snap-off and/or  

lamellae division take place after first mobilizing the  lamellae. For lamellae 

mobilization, the pressure gradient across porous media must reach a minimum pressure 

gradient (MPG) to overcome the ”yield” pressure (Equation A1).
30, 31

 This yield pressure 

is related to  the interfacial tension, the geometry of the pore throat, and the capillary 

pressure
202

:  

∆𝑝𝑚𝑎𝑥 =
4𝛾

�̅�𝑚𝑖𝑛
 (A1) 
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where ∆𝑝𝑚𝑎𝑥 is the maximum pressure drop across the lamella displaced from the pore 

throat. 𝛾 is the interfacial tension and �̅�𝑚𝑖𝑛 is the minimum value of �̅� ≡ 2/(1/𝑟1 + 1/

𝑟2), where r1 and r2 are the principal radii of curvature of the lamella. From this yield 

pressure for lamella mobilization, in the case of foam generation through co-injection of 

gas and aqueous phases, Tanzil et al.
31

 defined a normalized pressure gradient, 𝑁∇𝑝 by:,  

𝑁∇𝑝 ≡
∇𝑝

𝛾∅/𝑘
 

                                        

(S2) 

  

where 𝛻𝑝 is pressure gradient across the porous media, ∅ is porosity and k is 

permeability. 

From the MPG in the 30 Darcy sand pack (0.56 psi/ft as shown in Figure 2.5), 

𝑁𝛻𝑝 was determined to be 1.4 × 10−4, based on a  equal to 8.5 mN/m (Table 2.4). The 

𝑁𝛻𝑝 from our data was on the same order as the value of 𝑁𝛻𝑝=2.6 × 10−4 calculated from 

Gauglitz et al.’s data
30, 31

 for simultaneous injection, possibly suggesting similar foam 

generation mechanisms.  

A.3 WATER SATURATION AND LIMITING CAPILLARY PRESSURE IN POROUS MEDIA
70

 

As depicted in Figure A3, a water lamella occupies the spaces between two 

adjacent grains in a water wet porous media.  When injecting water and CO2 

simultaneously, as the foam quality increases, the water saturation decreases, and the 

meniscus moves closer to the point of contact resulting in a smaller radius of curvature at 

the interface. With the decrease in the radius of the curvature, the capillary pressure in the 

porous media increases until it reaches a “critical” value known as the “limiting capillary 

pressure”.
70

 Above the limiting capillary pressure  the surfactant cannot provide a 



 

 

 

180 

sufficient disjoining pressure to balance the capillary pressure (Figure A4).
41, 88

 If the 

injected foam quality further increases after reaching the limiting capillary pressure, the 

lamellae become unstable whereby several lamellae rupture simultaneously and coarser-

textured foam forms (or coalescence of bubbles occurs). As a result, an increase in the 

average foam bubble size and an abrupt decrease in the capillary pressure occur. When 

the coarse foam is displaced, capillary pressure increases above the limiting capillary 

pressure causing coalescence. The continuous coalescence and displacement causes 

fluctuations in the capillary pressure with an average value around the limiting capillary 

pressure.     

 

Figure A3: Effect of water saturation on the curvature of CO2-water interface in water-

wet porous media: Rhigh Sw and Rlow Sw are the radii of the curvatures at 

relative high and low water saturation. 
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Figure A4: Lamellae stability: disjoining pressure versus capillary pressure 
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A4. EFFECT OF FOAM QUALITY ON FOAM VISCOSITY 

 

Figure A5: Effect of foam quality on apparent viscosity of C/W foams stabilized with 

1% w/w C12-14(EO)22 0.8% TDS brine solution at 15500 ft/day, in a capillary 

at the downstream of a 30 Darcy sand pack (total superficial velocity 156 

ft/day in the porous media) at 40 °C and 1700 psia. 

 

 

Figure A6: Effect of foam quality on apparent viscosity of C/W foams stabilized with 

1% w/w C12-14(EO)22 0.8% TDS brine solution at 3100 ft/day in a capillary 

at the downstream of a 1.2 Darcy bead pack (total superficial velocity 6 

ft/day in the porous media) at 40 °C and 1700 psia. 
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Appendix B 

B.1 THEORY OF BULK FOAM VISCOSITY AND STABILITY (CONTINUED) 

Given that the viscosity for the external or continuous phase µe (water) is higher 

than that of the internal or dispersed phase µi (CO2), the application of shear deforms the 

CO2 from elongated cylinders into droplets (or bubbles). The bubbles form when the ratio 

of the shear stress (𝜇𝑒�̇�) to the interfacial stress (𝛾/𝑅0), reaches a critical value (>1), 

defined by the capillary number  

𝐶𝑎 =
𝜇𝑒�̇�𝑅0

𝛾
 (B1) 

where �̇� is the shear rate, 𝜸 is the interfacial tension, and R0 is the droplet radius before 

the shear force is applied.
120

 As the internal phase fraction ∅𝒊 (referred to as the foam 

quality for a C/W foam) increases, lamellae become thinner and bubbles become 

polyhedral. In two dimensions, with a high ∅𝒊, as shear is applied emulsion droplets are 

distorted from the original hexagon shape until they are transformed into parallelograms 

with a higher total film area (Equation 3.3). The parallelograms are unstable and revert 

to the hexagonal configuration, although the position of the droplets in one layer are 

shifted with respect to the adjacent layers as described by the yield stress in Equation 

3.3.
120

  

In addition, bulk foam destabilization also occurs via Ostwald ripening as the loss of gas 

bubbles by diffusion from a small bubble at high capillary pressure to a larger bubble at 

lower pressure.
203

 Due to the lack of data on bubble size distribution, this effect is not 

discussed in this work. The effect of Ostwald ripening on stability of bulk C/W foam in 

capillary tube can be found in a previous publication from our group based on the 

microscopic observation of bubble size verse time.
35
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B.2 POTENTIOMETRIC TITRATION FOR DETERMINATION OF THE DEGREE OF 

PROTONATION 

C12-14N(EO)2 (1% w/w) water/brine mixtures (about 50 mL in total) were titrated 

with 400 or 800 mM HCl brine solutions at 24 or 90 °C, 1 atm. The ionic strength of the 

titrant was kept constant by using HCl at the same ionic strength. The titration was 

carried in a 250 mL three-neck flask merged in an oil bath heated with Corning PC-420D 

stirring hot plate with a temperature controller. To minimize loss of water, a refluxing 

condenser was used. The amount of titrant and pH was recorded. 

The overall degree of protonation was measured by titration of the amine with 400 or 800 

mM HCl titrant along with  the charge balance
204

 for electrical neutrality (assuming ideal 

solution behavior)  according to  

 

𝜃 =
𝐶𝑎 × 𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑡 + (𝐶𝑂𝐻− − 𝐶𝐻+) × 𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑑

𝐶𝑡𝑜𝑡𝑎𝑙 × 𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑑0

 (B2) 

where 𝜃 is the overall fraction of protonated amine, 𝐶𝑎is the concentration of HCl and 

CH+  and COH− are the concentration of free H
+
 and OH

-
 determined from the pH of the 

solution. Ctotal is the total concentration of the unprotonated amine before adding HCl, 

which was 1% w/w (40 mM).  𝑉𝑡𝑖𝑡𝑟𝑎𝑛𝑑0
is the volume of the amine solution before adding 

HCl, whereas  Vtitrand is the total volume of titrand at any stage of titration.  

During titration process, the C12-14N(EO)2 water/brine mixture was always cloudy 

initially as the solubility of the unprotonated amine is limited. Upon adding HCl, C12-

14N(EO)2 was protonated and the mixture turned clear. The phase boundaries where the 

pH of the cloudy mixture turned clear are shown in red circles. We note that it was not 

feasible to titrate from low to high pH as the base would precipitate the Ca
2+ 

in the brine 

solution. 
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B.3 APPARATUS FOR APPARENT VISCOSITY MEASUREMENT 

In addition to the three original differential pressure transducers in the setup from our 

previous work,
71

  one additional transducer (Validyne, model DP22) with a 1000 psi 

diaphragm was inserted to measure even high pressure drops. Also, instead of using one 

backpressure regulator (BPR) as in our previous study,
71

 two BPRs (Swagelok model SS-

4R3A adjustable relief valve, heated to over 75 °C with water bath) were connected in 

series for controlling system pressure (reported by the pressure at the upstream BPR) to 

prevent CO2 liquid formation. A Swagelok 177-R3A-K1-F spring (3000-4000 psia) was 

used in the upstream one, and a 177-R3A-K1-D spring (1500-2250 psia) was used in the 

other. In some experiments, pH of effluent from the downstream BPR was measured by 

the same pH meter used in potentiometric titration. 
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B.4 PHREEQC SIMULATION 

PHREEQC stands for “PH(pH), RE(redox), EQ (equilibrium), C (program written in C)”; 

it is a public-domain program developed by Parkhurst et al.
205

 PHREEQC is used to 

determine thermodynamic equilibrium of geochemical reactions with a comprehensive 

database, along with phase equilibria of CO2 between the gas and liquid phases. In the 

presence of salt, PHREEQC utilizes the modified Debye Hückel expressions to account 

for non-ideality of ions in aqueous solution. In this study, the relevant chemical equilibria 

reactions are given below.
119, 205

 

Solid phase dissolution: 

CaCO3(𝑠) ⇔ Ca2+ + CO3
2− (B3) 

MgCO3(𝑠) ⇔ Mg2+ + CO3
2− (B4) 

CaMg(CO3)2(s) ⇔ Ca2+ + Mg2+ + 2CO3
2− (B5) 

Reaction equilibria in aqueous phase: 

H2O ⇔ H+ + OH− (B6) 

H+ + CO3
2− ⇔ HCO3

− (B7) 

2H+ + CO3
2− ⇔ H2CO3 (B8) 

Ca2+ + H2O ⇔ CaOH+ + H+ (B9) 

Mg2+ + H2O ⇔ MgOH+ + H+ (B10) 

Ca2+ + H+ + CO3
2− ⇔ CaHCO3

+ (B11) 

Mg2+ + H+ + CO3
2− ⇔ MgHCO3

+ (B12) 

𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ⇔ 2𝐻+ + 𝐶𝑂3
2− (B13) 
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For the model brine (22% TDS) in chapter 3 which contained 0.52 mol/L CaCl2 

and 0.13 mol/L MgCl2, at 120 °C, the simulated pH was 4.9 and 3.8 when saturated with 

excess CaCO3 and CO2, at 14.7 and 3400 psia, respectively (Figure B1). This low pH 

condition at high pressure is beneficial for maintaining C12-14N(EO)2 in the protonated 

state for stabilizing C/W foams. 

 

Figure B1: Effect of CO2 pressure on simulated pH of effluent at 120 °C in the presence 

of 22% TDS brine and excess calcium carbonate. 
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Figure B2: Effect of foam quality on apparent viscosity of CO2/brine mixture without 

surfactant in a 76 Darcy crushed calcium carbonate packed bed (◊) and a 

downstream capillary tube (660 m ID) (□) at total superficial velocity 938 

ft/day in the calcium carbonate packed bed, 120 °C and 3400 psia 

 

B.5 MINIMUM PRESSURE GRADIENT FOR FOAM GENERATION 

The process of foam generation in porous media encompasses two steps.: lamellae 

creation and lamellae mobilization.
11

 The lamellae may be created through four possible 

mechanisms which are not visually observable in our metal apparatus: snap off, leave 

behind, lamella division and gas evolution within liquid.
11

 However, in lamellae 

mobilization, the minimum pressure gradient (MPG) across the porous media could be 

measured. The pressure gradient must be large enough to produce a sufficient pressure 

difference across the lamellae to exceed the ”yield” pressure to mobilize the lamellae.
30, 

31
, For each lamella, this yield pressure is a minimum pressure drop across it (Equation 

B14)  required to displace it from the pore throat as a function of the interfacial tension 

between the liquid and gas, the geometry of the pore throat, and the capillary pressure
202

:  
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∆𝑝𝑚𝑎𝑥 =
4𝛾

�̅�𝑚𝑖𝑛
 (B14) 

where ∆𝑝𝑚𝑎𝑥 is the maximum pressure drop across the lamella as it is displaced from the 

pore throat, that is, the minimum pressure drop required to displace it completely. 𝛾 is the 

interfacial tension and �̅�𝑚𝑖𝑛 is the minimum value of �̅� ≡ 2/(1/𝑟1 + 1/𝑟2) during the 

displacement, with r1 and r2 are the principal radii of curvature of the lamella. 

If the radius of the pore throat
205

 (Equation B15) is substituted for �̅�𝑚𝑖𝑛 in Equation 

B14, the yield pressure for a lamella ∆𝑃𝑦1 is obtained by Equation B16
31, 202

: 

𝑅𝑡 = √
50𝑘

3∅
 

(B15) 

∆𝑃𝑦1 =
𝛾

√𝑘
∅⁄

 (B16) 

where k is permeability and ∅ is porosity. 

 

 

For a series of lamellae over system length L, the yield pressure drop ∆𝑃𝑦 is: 

∆𝑃𝑦 = 𝑛∆𝑃𝑦1 = 𝑛(
𝛾

√𝑘
∅⁄

) (B17) 

where n is the number of lamellae over system length.  

For foam generation by injecting aqueous and CO2 phase simultaneously as in 

chapter 3, there is a uniform pressure gradient, ∇𝑝𝑦: 

∇𝑝𝑦 = ∆𝑃𝑦/𝐿 = (𝑛/𝐿)∆𝑃𝑦1  (B18) 

where (n/𝐿) is the lamellae density (number of lamellae per unit length). In the case of a 

geometrically similar porous media where the lamellae density is similar 

(𝑛/𝐿) ∝ 1/√𝑘
∅⁄  (B19) 
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therefore, 

∇𝑝𝑦 ∝ 𝛾∅/𝑘 
                                        

(B20) 

Tanzil et al.
31

 defined a normalized pressure gradient, 𝑁∇𝑝 by: 

 

𝑁∇𝑝 ≡
∇𝑝

𝛾∅/𝑘
                     (B21) 

 

From the MPG at 40% Foam quality (2.7 psi/ft as shown in Figure B3), 𝑁𝛻𝑝 was 

determined to be 4.4 × 10−5, assuming a  between this surfactant brine solution and 

CO2 equal to 5.1 mN/m, the value  measured above between CO2 and 22% TDS brine in 

Figure 3.5. The 𝑁𝛻𝑝 from our data was on the same order as the value of 𝑁𝛻𝑝=2.6 ×

10−4 calculated from Gauglitz et al.’s data
30, 31

 at low temperature, perhaps suggesting 

similar foam generation mechanisms.  
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Figure B3: Effect of total superficial velocity on the pressure gradient in 1.2 Darcy 

glass bead pack by injecting 1% w/w C12-14N(EO)2 182 g/L NaCl brine pH 4 

(adjusted by HCl initially) solution with CO2 at 40% (◊) or 80% (□) foam 

quality at 120
 
°C and 3400 psia. 

 

B.6 SMOOTH CAPILLARIES MODEL AND SHEAR THINNING IN POROUS MEDIA
16

  

Hirasaki and Lawson developed a reasonable model for foam flow in a natural 

porous medium. In this model, foam flow in porous media is described as flow of bubbles 

through a bundle of capillaries in parallel with inner diameter smaller than the diameter 

of the bubbles.  The apparent viscosity of foam in this capillary model is the sum of three 

contributions as listed in Equation B22: (1) slugs of liquid between bubbles, (2) the 

resistance to deformation of the interface of a bubble passing through a capillary, and (3) 
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the surface tension gradient that results when surface active materials is swept from the 

front of a bubble and accumulates at the back of it.  

𝜇𝑓𝑜𝑎𝑚

𝜇𝑒
= 𝐿𝑠𝑛𝐿 + 0.85

(𝑛𝐿𝑅𝑐)

(
𝑟𝑐

𝑅𝑐
⁄ )

(
3𝜇𝑒𝑈

𝛾
)

−
1
3

[(
𝑟𝑐

𝑅𝑐
⁄ )2 + 1]

+ (𝑛𝐿𝑅𝑐) (
3𝜇𝑒𝑈

𝛾
)

−
1
3

√𝑁𝑠

(1 − 𝑒−𝑁𝐿)

(1 + 𝑒−𝑁𝐿)
 

(B22) 

where Ls is the length of liquid slugs, 𝑛𝐿 is lamellae density, rc is the radius of curvature 

of gas-liquid interface, Rc is the capillary radius, U is the velocity of bubbles, Ns is a 

dimensionless number for interfacial tension gradient effect, and NL is a dimensionless 

bubble length. 
16

 

As a bubble moves inside a single capillary, the thickness of a thin liquid film 

between the bubble and the capillary wall increases with an increase of velocity, which 

results the change of bubble curvatures and the pressure drop across the bubble.
84

 This 

pressure drop is proportional to the 2/3 power of the gas velocity
84

, which gives a 

viscosity contribution proportional to the -1/3 power of the velocity (as demonstrated in 

the second term on the right side of Equation B22)
16

 and thus a shear-thinning effect. In 

addition, as the bubbles flow in the capillary tube, surfactant gets dragged to the rear side 

of the bubbles, resulting interfacial tension gradient disfavoring moving of the bubbles 

due to Gibbs-Marangoni effect. The contribution on foam viscosity from interfacial 

tension gradient is also proportional to the -1/3 power of gas phase velocity (the third 

term on the right side of Equation B22) and thus a shear-thinning effect. Falls et al. 

added an additional term to account for the viscosity increase due to the resistance of 

flow of lamellae through pore restrictions (Equation B23).
138

 The data presented in 

Figure 3.7 show that foam viscosity is proportional to the -0.69 or -1 power of the gas 
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velocity at 80% or 40% foam quality, respectively. Remarkably, these results are 

consistent with Falls model where the apparent viscosity of the foam is proportional to 

either -2/3 or -1 power the gas velocity at high or low shear rate, respectively.
138

  

    
𝜇𝑐𝑜𝑛𝑠𝑡𝑟𝑖𝑐𝑡𝑖𝑜𝑛

𝜇𝑒
= 𝜉 (

3𝜇𝑒𝑈

𝛾
)

−1

       (B23) 

where 𝜉 is a geometrical factor. 

B7. EFFECT OF NACL AND DIVALENT IONS (CONTINUED) 

In the calcium carbonate pack, it was found that C12-14N(EO)2  fails to generate 

foam in the absence of salt. Above 60 g/L NaCl the foam was generated and the viscosity 

remained constant at ~8 cP up to 182 g/L NaCl (Figure B4). Here, for switchable amine 

surfactants in carbonate reservoirs the addition of salt becomes extremely important 

because of its effect on the degree of protonation of the amine surfactant. In the absence 

of salt, the degree of protonation of the surfactant was insufficient to solubilize the 

surfactant (Table 1) and generate foam at pH 6 and 120 °C, i.e. the surfactant precipitated 

before entering the limestone pack. Foam generation above 60 g/l NaCl can be attributed 

to the increase in degree of protonation and solubility as shown by the increase in cloud 

point and degree of protonation depicted in Figure 3.3 and Table 3.1. 
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Figure B4: Effect of NaCl concentration on apparent viscosity of C/W foams stabilized 

with 1 wt%, C12-14N(EO)2, pH 6 (adjusted by HCl) brine solution at total 

superficial velocity 939ft/day in a 76 Darcy crushed limestone pack, 90% 

foam quality, 120 
o
C and 3400psia.  

 

Interestingly, the addition of divalent ions such as Ca
2+

 and
 
Mg

2+ 
that

 
are

 
present 

in the 22%TDS formation brine (182 g/L NaCl with 77 g/L CaCl2∙2H2O, 26 g/L 

MgCl2∙6H2O)
 
further enhanced the viscosity of the foam to 15 cP as depicted in Table 

B1. In each case, the pH of the brine was adjusted to 6 by HCl initially. The effect of 

concentration of Ca
2+

 in the feed brine on the simulated concentration of various species 

in brine in the presence of excess solid CaCO3 and high pressure CO2 at equilibrium at 

120 °C and 3400 psia is shown in Figure B5. With an increase of initial concentration of 

Ca
2+

 from 0 to 1 mol/L, the concentration of both CO3
2-

 and HCO3
-
 decreased by about 

one order of magnitude, and the equilibrium pH decreased by 0.8. The decrease in pH 

was due to the common ion effect whereby Ca
2+

 depressed the dissolution of excess solid 

CaCO3.
119

 A similar reduction of pH was observed by increasing the concentration of 
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Mg
2+

 in the feed brine solution (Figure B6).  For the model brine (22% TDS) in chapter 

3 which contained 0.52 mol/L CaCl2 and 0.13 mol/L MgCl2, the simulated pH was 3.8 

when saturated with excess CaCO3 and CO2 at 120 °C, 3400 psia (Figure B1). The 

reduced pH favored the cationic state of C12-14N(EO)2, which is more soluble in the 

lamellae to generate more stable foam. This result is of great practical importance for 

foam formation in CO2 EOR in limestone reservoirs. 
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Table B1: Apparent viscosity of C/W foam stabilized with 1% w/w C12-14N(EO)2 

22%TDS brine or 182 g/L NaCl brine solution (pH of aqueous phase was 

adjusted to 6 by HCl initially.) at 120 °C, 3400 psia, total superficial 

velocity 938 ft/day in a 76 Darcy calcium carbonate packed bed with foam 

quality from 70% to 95%. 

Salinity  Foam 

quality (%) 

Foam viscosity (cP) Foam viscosity (cP) Effluent 

pH 

 (~30 °C) 

in calcium carbonate packed 

bed 

in capillary  

22% TDS 70 4.6 2.4 4.8 

80 7.3 4.9 - 

85 9.2 4.9 4.5 

90 14.5 5.7 - 

92 11.9 1.6 5.2 

95 No foam No foam 4.5 

182 g/L NaCl 90 7.9 3.8 5.7 
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Figure B5: Effect of concentration of Ca
2+

 in injected brine on concentration of various 

species at equilibrium in the presence of excess calcium carbonate and CO2 

at 120 °C and 3400 psia. These results are simulated using PHREEQC 

 

 

Figure B6: Effect of initial concentration of Ca
2+

 (◊) or Mg
2+ 

(□) on simulated pH at 

equilibrium at 120 °C, 3400 psia in the presence of excess calcium 

carbonate and CO2 
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Appendix C 

C.1 AQUEOUS PHASE RHEOLOGY (CONTINUED) 

 

 

Figure C1: Steady state viscosity vs. shear rate of C16-18N(CH3)C3N(CH3)2 at pH 4, 

room temperature and atmosphere pressure with brine salinity and surfactant 

concentrations the variable. Both the shear rate and the viscosity are shown 

on a log scale.   
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Figure C2: Aqueous phase viscosity of Duomeen TTM in 22% TDS Brine at pH of 4, 

room temperature and atmosphere pressure with surfactant concentration as 

the variable. Both the shear rate and the viscosity are shown on a log scale.   
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A) 1% w/w, 30 g/l NaCl 

 

B) 2% w/w, 182 g/l NaCl 

 

 

Figure C3: Rheology of aqueous solutions of C16-18N(CH3)C3N(CH3)2 at pH 4, room 

temperature and atmospheric pressure 
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C.2 INITIAL BUBBLE SIZE DISTRIBUTION FOR SWITCHABLE AMINE SURFACTANTS 

  

a) C12-14N(EO)2 , 25 °C b)  C16-18N(EO)C3N(EO)2, 25 °C 

  

c) C16-18N(CH3)C3N(CH3)2, 25 °C d) C16-18N(CH3)C3N(CH3)2, 90 °C 

  

Figure C4: Histogram of of C/W foam stabilized by 1% w/w switchable amine 

surfactants in 22%TDS brine pH 4, 3400 psia and total superficial velocity 

938 ft/day in 76 Darcy limestone pack 
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C.3 FOAM GENERATION AND RHEOLOGY FOR C16-18N(CH3)C3N(CH3)2 

 

 

Figure C5: Apparent viscosity of C/W foam stabilized by co-injecting 1% (w/w) C12-

14N(EO)2, or C16-18N(CH3)C3N(CH3)2 22%TDS brine pH 6.5 solution with 

CO2, at 120 °C, 3400 psia and with 80% foam quality in 76 Darcy limestone 

pack.  

 

 

Figure C6: Power law model for apparent viscosity of C/W foam stabilized by co-

injecting 1% (w/w) C16-18N(CH3)C3N(CH3)2 22%TDS brine pH 4 solution 

with CO2, at 120 °C, 3400 psia and with 80% foam quality in 1.2 Darcy 

glass bead pack. 
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