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Abstract

:

Selection of surfactants for enhanced oil recovery and other upstream applications is a challenging task. For enhanced oil recovery applications, a surfactant should be thermally stable, compatible with reservoir brine, and have lower adsorption on reservoir rock, have high foamability and foam stability, and should be economically viable. Foam improves the oil recovery by increasing the viscosity of the displacing fluid and by reducing the capillary forces due to a reduction in interfacial tension. In this work, foamability and foam stability of two different surfactants were evaluated using a dynamic foam analyzer. These surfactants were fluorinated zwitterionic, and hydrocarbon zwitterionic surfactants. The effect of various parameters such as surfactant type and structure, temperature, salinity, and type of injected gas was investigated on foamability and foam stability. The foamability was assessed using the volume of foam produced by injecting a constant volume of gas and foam stability was determined by half-life time. The maximum foam generation was obtained using hydrocarbon zwitterionic surfactant. However, the foam generated using fluorinated zwitterionic surfactant was more stable. A mixture of zwitterionic fluorinated and hydrocarbon fluorinated surfactant showed better foam generation and foam stability. The foam generated using CO2 has less stability compared to the foam generated using air injection. Presence of salts increases the foam stability and foam generation. At high temperature, the foamability of the surfactants increased. However, the foam stability was reduced at high temperature for all type of surfactants. This study helps in optimizing the surfactant formulations consisting of a fluorinated and hydrocarbon zwitterionic surfactant for foam injections.
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1. Introduction


Foam is a thermodynamically unstable two-phase mixture where inner phase consists of gas and outer phase is a liquid. Gas is made discontinuous in foam by a thin film which has been referred to in the literature with different names such as foam film, soap film, liquid lamellae, and free-standing liquid film [1]. The foam film is usually stabilized using different surfactants and recently nanoparticles have also been used for this purpose either alone or with surfactants. Foam has different applications in oil and gas industry such as in drilling, hydraulic fracturing, and in enhanced oil recovery (EOR) [2,3,4,5,6]. CO2 flooding is one of the most commonly used EOR method that involves the injection of compressed CO2 [7,8,9]. In EOR methods that employ low viscous fluids as displacing slugs such as CO2 flooding, the foam is applied to improve the sweep efficiency by controlling the gas mobility. Foam usually control the gas mobility by overcoming several drawbacks such as viscous fingering (due to viscosity contrast), gravity override (density contrast), and gas channeling (due to the heterogeneity of the reservoirs) [10]. The mechanism of oil recovery by foam differs from that of surfactant flooding owing to the presence of the gas phase. Besides foaming, the surfactant lowers the interfacial tension between water and hydrocarbons. Therefore, foam improve the oil recovery by increasing the viscosity of displacing fluid and by reducing the capillary forces due to reducing interfacial tension [11]. The extensive application of foam in upstream applications is restricted owing to poor foam stability and inadequate understanding of the mechanism.



Foamability and foam stability are two important parameters to characterize the foam [12]. Foamability is directly related to the capacity to produce foam while the half-life of the foam is used to characterize the foam stability. Both foamability and foam stability are related to the structure of the surfactants, concentration of the surfactant, salinity, temperature, type of the gas, adsorption kinetics, surface forces and gas diffusion through foam films. The foamability of the surfactant is closely related to the interfacial tension. The lower interfacial tension decreases the required external forces to generate the finely textured foam [13].



The foam stability of any surfactant is determined by the interaction of different factors which include both bulk phase and interface properties [13]. For bulk phase, gravity drainage and gas diffusion cause the foam to destabilize. In porous media, additional factors such as capillary suction coalescence, capillary pressure, and interfacial elasticity determined the foam stability [14]. Interface properties such as interfacial tension and surface forces affect the foam stability. A surfactant having low surface tension and high surface viscoelasticity is generally considered a good foaming solution [15]. In freshly generated foam, the lamellae between two foam bubbles are thick, but the film starts thinning as liquid drains out of the lamella due to capillary pressure and gravity. The foam stability in presence of a different antifoaming agent such as alcohol and oil in the reservoir is one of the major challenges in the utilization of foam in EOR and fracturing [16].



Selection of surfactants for foaming application in EOR, CO2 sequestration, hydraulic fracturing, and other upstream applications is a challenging task [17,18,19,20,21,22,23,24,25]. A surfactant for foaming applications should be generally thermally stable, compatible with reservoir brine and other chemicals, have lower adsorption on reservoir rock, have high foamability and foam stability, and should be economically viable [26,27,28,29,30]. Nonionic surfactants usually precipitate above the cloud point temperature due to weaker hydrogen bonds at high temperature. The cloud point of nonionic surfactant further reduced by increasing the salinity [31,32]. Most of the cationic surfactants are also not stable at high temperature and high salinity conditions. Anionic surfactants such as sulfates are vulnerable to sulfur-oxygen bond hydrolysis [33].



Zwitterionic surfactants are highly soluble in a wide range of salinity and temperature conditions and are less investigated for foaming applications, especially for CO2 foam [34]. Zwitterionic surfactants also cause less irritation to eyes and skin compared to other classes of surfactants [35]. They are also compatible with other classes of surfactants and commonly used to enhance several properties. Most of the zwitterionic surfactants have less adsorption on carbonate rocks compared to the cationic and anionic surfactants that are extremely important for EOR applications [36].



In this work, the foamability and foam stability of two zwitterionic surfactants was evaluated under different conditions. One of the surfactants is fluorinated and the other surfactant is a hydrocarbon surfactant. These surfactants were selected as they showed good thermal stability and good salt tolerance in our previous work [37,38]. In addition, the surfactants have low adsorption on carbonate rock (<1 mg/g-rock) and good interfacial properties [37]. The objective of the work was to investigate the foaming properties of the surfactants in different conditions and to investigate the synergetic behavior of the hydrocarbon zwitterionic surfactant and fluorinated zwitterionic surfactant. This work focuses on bulk solution studies to understand the interactions between fluorinated and hydrocarbon zwitterionic surfactants. Understanding developed in this work will be utilized to investigate oil recovery potential in various rock using foam injection stabilized by fluorinated and hydrocarbon surfactant.




2. Materials and Methods


2.1. Materials


Two surfactants (surfactant-A, surfactant-B) were used in this study. Surfactant-A was partially fluorinated betaine (Dupont, Paris, France), surfactant-B was a carboxybetaine-based zwitterionic surfactant (from Oil Chem Technol. Sugar Land, TX, USA). The structure of the surfactants is given in Figure 1. The seawater was synthesized by using different analytical grade salts such as sodium chloride, calcium chloride, sodium sulfate, sodium bicarbonate, and magnesium chloride. The total salinity of the synthetic seawater was 57,643 ppm and contains both monovalent and divalent cations. The composition of the brine is given in Table 1.




2.2. Foam Stability Test


The foam analysis tests were performed with a DFA 100 system from Krüss (Hamburg, Germany). Surfactant solutions for the tests were prepared with deionized water (DW), seawater (SW), and formation water (FW). Filter papers of 12–15 μm were used in the experiments. They were put in a filter paper holder and the filter paper holder was put at the base of the measuring column holder. A sample volume of 50 mL was poured carefully with a syringe into a measuring column firmly clamped to the column holder.



Carbon dioxide and air were used as foam generators. The gases were flown through the filter paper at a rate of 0.2 L/min for 50 s. Tests with CO2 were conducted for surfactant solutions in DW, SW, and FW at 25 °C and 80 °C. Tests with air were conducted on surfactant solutions in seawater at 25 °C. Temperature control at 80 °C was achieved with a water bath (Julabo, Allentown, PA, USA). All the tests were conducted for a maximum of 1.5 h.



For tests conducted at 25 °C, a camera attached to the equipment to visualize bubble structure and distribution was placed at a height of 85 cm with the aid of the height scale of the equipment. This was to place the camera close to the foam-surfactant solution interface. Bubble structure was not recorded at 80 °C as the measuring column used at this temperature was not designed for this purpose. The LED module and light detector module which are parallel to each other were placed 1 mm apart from the measuring columns used at both temperatures. The light detector module detects the amount of light generated by the LED module that passes through the foam and solution, thus measuring foam height and its subsequent decay.





3. Results and Discussion


The discussion part is divided into three parts: the first part discusses the foaming properties using two different gases (CO2, and air), second part discuss the effect of salinity, and third part deals the foaming behavior at high temperature.



The foaming behavior of the surfactant was evaluated using CO2 and air as a gas medium. Figure 2 shows the foamability of surfactant-A, surfactant-B and their mixtures using air and CO2 as a gas medium. The total concentration of all surfactants was 0.1%. For all surfactants, the foam volume generated using air as a medium was much higher compared to the foam generated using CO2 as a gas medium. The difference between the foaming properties of air and CO2 is associated with their properties such as density, interfacial tension, and water solubility. Hydrocarbon zwitterionic surfactant (surfactant-B) showed higher foamability compared to the fluorinated zwitterionic surfactant (surfactant-A) both in CO2 and air case. However, the foam volume of surfactant-A exceeds the foam volume of surfactant-B in short time. For example, using CO2 as a gas medium, the foam volume of surfactant-A surpasses the foam volume of surfactant-B in 4 min. Similarly, in the case of air, the foam volume of surfactant-B becomes lower compared to the foam volume of surfactant-A in less than 15 min. This shows that the hydrocarbon zwitterionic surfactants have higher foamability, however, the stability of the foam was less compared to the fluorinated surfactants. Synergetic action of hydrocarbon and fluorinated surfactant can improve the foamability and stability. For example, in both cases, the foam volume generated using a mixture of surfactant was higher compared to the surfactant-B. In addition, the foam volume for mixture was higher compared to surfactant-A for more than 25 min and 12 min for air and CO2 cases, respectively.



Foam stability of surfactants was determined using foam volume stability (FVS) parameter. FVS is defined as the percentage of foam volume remaining with respect to maximum foam volume after foaming has been stopped. The FVS was calculated by Equation (1) as given below:


FVS(t)=Vt(foam)Vf(foam)×100



(1)




where V is the volume, and subscript t refers to the volume at a given time, and subscript f refers to final condition (after foaming stopped or end of bubbling process). The foam half-life time (tFVS50%) can be defined as the time at which FVS has been reduced to 50% of its initial value. Foam liquid stability (FLS) is another important parameter to characterize the foaming behavior that shows the ability of the foam to hold the liquid and measure the dryness of the foam. The drainage half-life time (tFLS50%) is defined as the time at which FLS has reduced to 50% of its initial value.




FLS(t)=Vi(liq)−Vt(liq)Vi(liq)−Vf(liq)×100



(2)





Here i refers to initial condition before gas was bubbled through the test solution. The FVS of the surfactants using air injection are shown in Figure 3. Table 2 shows the tFVS50% values of different foaming systems at varying conditions. In this study, the half-life time of the foam generated using air was more than 1.5 h. Till the end of the experiment, the foam volume stability was more than 50% i.e., half-life time did not reach. However, for a CO2 system, half-life time was much lower compared to the foam generated using air. Wang et al. compared the foam stability of the sodium dodecyl surfactant for CO2 and N2 gas [40]. They observed that the half-life time of the N2 foam was up to five times higher compared to the CO2 foam. The stability of the foam is mainly related to the mass transfer rate and film permeability. The mass transfer rate of gas through a foam film is characterized by film permeability defined by Princen and Mason’s Equation (3) [41]:


K=DHhw+2D/kml



(3)




where D is the diffusion coefficient, hw is the thickness of the liquid film, kml is the permeability of the surfactant monolayer to gas, and H is Henry’s law constant. The value of K for CO2 is manifold higher compared to the value of K for air [41,42,43]. For CO2 foam, the higher K values mean a higher gas diffusion rate that is the main reason for less foam stability.



Average bubble diameter of the foam can also provide an insight into the nature of the foam at a given time. Figure 4 shows the average bubble radius as a function of time for different foam systems generated using air in high salinity brine. The average bubble radius (Ravg) is calculated using Equation (4):


Ravg=1n∑i=1nRi



(4)




where n is a total number of bubbles and Ri is the radius of a circle of the same area as the bubble area of the bubble is observed. On comparison of bubble size of surfactant-A and surfactant-B, initially, the average bubble size of surfactant-A (fluorinated zwitterionic) was higher compared to surfactant-B (hydrocarbon zwitterionic). However, in less than fifteen minutes, the average bubble size of the foam generated using surfactant-B exceeds the bubble size of the foam generated using surfactant-A. This clearly shows that the surfactant-B have higher foamability compared to the surfactant-A. However, the foam generated using the surfactant-A is more stable compared to the foam generated using surfactant-B. After five minutes, the increase in the average bubble size of surfactant-B was much higher. After 1.5 h, the average bubble size of the foam generated using surfactant-B was reached to 900 μm and for surfactant-A, it was 500 μm. The increase in the bubble size indicates the decay in foam volume either due to coalescence or coarsening. Coalescence is the rupture of a liquid film that holds two neighboring bubbles, while the coarsening is the result of gas transfer from smaller to big bubbles leading to the disappearance of smaller bubbles [44]. The average bubble size of the foam generated using a mixture of surfactant-A and surfactant-B have the least bubble diameter for first fifty minutes. This indicates that the mixture of fluorinated and hydrocarbon zwitterionic surfactants significantly improve the foamability and stability compared to the hydrocarbon zwitterionic surfactant. The stability of the foam generated by the mixture surfactant is higher compared to hydrocarbon zwitterionic surfactant.



In summary, foam generation and foam stability can be enhanced using a mixture of zwitterionic fluorinated surfactant and zwitterionic hydrocarbon surfactant instead of using them individually. The synergetic action was observed when either air or CO2 was used as a gas medium.



Effect of salinity was also evaluated by comparing the foaming behavior of all surfactants in deionized water and synthetic seawater using CO2 as a gas medium. Figure 5 shows the comparison of foam volume generated in deionized and synthetic seawater. The foam volume generated using deionized water was lower compared to the foam volume generated using synthetic seawater. Addition of salts usually reduces the surface tension and critical micelle concentration of the surfactants [45]. Salinity increases surfactant adsorption at the air-water interface and reduces electrostatic double layer repulsion between the surfactants. Increased adsorption enables more surfactant molecules to trap air, thus increasing foamability [46,47]. The balance between these two forces determines the initial foam height [48]. Sun et al. observed that increasing the salinity of the system increased the foamability up to certain concentration. However, a further increase in the concentration reduced the foamability [45]. This was due to the precipitation of the ionic surfactant at a higher salt concentration which resulted in reduced foamability. However, in this case, all surfactants were soluble at investigated salinity and no precipitation was observed. Therefore, the foamability in the synthetic seawater increased compared the foamability in deionized water. Other literature also reports an optimum concentration of salinity for maximum foamability [49]. This also suggests that the compatibility of the surfactant at given condition should be assessed and only compatible surfactants should be used.



The FVS data of surfactants in deionized water is shown in Figure 6. Comparison of tFVS50 values for different surfactants in CO2 shows that the foam half-life time in the synthetic seawater is much higher compared to the foam-half time in deionized water for all surfactant. Also, it is evident that the surfactant-A has higher half-life time compared to surfactant-B in both synthetic seawater and deionized water. Though, the initial foam generated using surfactant-A was less compared the foam generated using surfactant-B, the stability of the foam generated using surfactant-A was higher. The more interesting results were observed using a mixture of surfactant-A and surfactant-B. The half-life time of the mixture surfactant was higher compared to the half-life time of individual surfactants. The foamability of the mixture was also higher compared to the individual surfactants. This suggests that the synergetic action of hydrocarbon and fluorinated surfactant significantly improve the foaming properties in presence and absence of salts.



For all investigated surfactants, the foamability and foam stability was also studied at high temperature (80 °C) using CO2 gas. Figure 7 shows the foam height of the foam using CO2 injection with fluorinated, hydrocarbon, and mixture surfactants at 80 °C. At high temperature, similar behavior was noticed, and the mixture of surfactant showed the best performance compared to the individual surfactants. The maximum foam half-life time was observed for mixture surfactant followed by surfactant-A and surfactant-B. The foamability of all surfactants were higher (initial foam height > 140 mm) at 80 °C compared to the foamability at low temperature (initial foam height < 90 mm). The high foam generated at high temperature is associated with the Brownian motion. The kinematic velocity of the ions increased at high temperature which causes a more frequent collision which increased the quantity of foam generated [50]. Although the foamability increased at high temperature, the foam stability decreased at high temperature.



Figure 8 shows the FVS of surfactants at high temperature (80 °C) when surfactant was dissolved in seawater. The foam half-life time and drainage half-life time are lower at high temperature compared to the corresponding value at low temperature, for all surfactants (Table 2). The low foam stability at high temperature is associated with the surface viscosity which causes rapid liquid drainage [50]. In summary, the foamability of all the surfactants were high at high temperature compared the foamability at low temperature. However, the foam stability was higher at low temperatures for all surfactants. In addition, at both high and low temperatures, the foam stability of mixture of fluorinated and hydrocarbon surfactant is more compared to individual surfactants. Therefor, for EOR application, a combination of hydrocarbon and fluorinated surfactant is better compared to individual surfactant at high temperature.




4. Conclusions


In this work the foaming properties of zwitterionic fluorinated and hydrocarbon surfactants were evaluated at different temperatures, salinity, and using two different gases (CO2 and air). The following major conclusions were drawn:

	(1)

	
The foamability of the hydrocarbon surfactant was more compared to the fluorinated surfactant regardless of gas type, salinity, and temperature.




	(2)

	
The foam generated using fluorinated surfactant is more stable compared to the hydrocarbon surfactant.




	(3)

	
The mixture of hydrocarbon and zwitterionic surfactant could have improved foamability and foam stability compared to the individual surfactants.




	(4)

	
The foamability and foam stability was higher when the air was used as a gas medium.




	(5)

	
The foamability of all surfactants increased at high temperature due to Brownian motion in the liquid and enhanced kinematic viscosity leads to better foam generation. However, the foam stability reduced at high temperature.




	(6)

	
In the synthetic seawater, the foamability and foam stability of all investigated surfactants were higher compared to deionized water.
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Figure 1. The structure of the surfactants used in this study. 
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Figure 2. Foam height vs. time for different surfactant system using air and CO2 at 25 °C. 
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Figure 3. FVS of surfactants using seawater and air as a gas medium at 25 °C. 
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Figure 4. Bubble size of foam generated using different surfactant systems in high salinity brine using air injection at 25 °C. 
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Figure 5. Foamability of different surfactant systems in seawater and deionized water using CO2 injection at 25 °C. 
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Figure 6. FVS of different surfactant systems in deionized water using CO2 injection at 25 °C. 
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Figure 7. Foamability of different surfactant systems in seawater using CO2 injection at high temperature (80 °C). 
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Figure 8. Foam volume stability (FVS) of surfactants using CO2 injection when dissolved in the SW at 80 °C. 
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Table 1. The composition of the synthetic seawater used in this study [39].
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	Ions
	Concentration (mg/L)





	Sodium
	18,300



	Calcium
	650



	Magnesium
	2083



	Sulfate
	4290



	Chloride
	32,200



	Bicarbonate
	120



	TDS
	57,643
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Table 2. Half-life time of different foam systems.
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	Surfactant
	Gas
	Water
	T (°C)
	tFVS50% (s)
	tFLS50%





	A
	Air
	SW
	25
	>5400
	60



	B
	Air
	SW
	25
	>5400
	135



	A + B
	Air
	SW
	25
	>5400
	286



	A
	CO2
	SW
	25
	485
	84



	B
	CO2
	SW
	25
	332
	114



	A + B
	CO2
	SW
	25
	495
	246



	A
	CO2
	DW
	25
	215
	67



	B
	CO2
	DW
	25
	158
	73



	A + B
	CO2
	DW
	25
	269
	98



	A
	CO2
	SW
	80
	163
	61



	B
	CO2
	SW
	80
	123
	60



	A + B
	CO2
	SW
	80
	216
	68
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