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Abstract

:

The promising experimental performance of surfactant blends encourages their use in recovering the large quantity of crude oil still remaining in carbonate reservoirs. Phase behavior studies were carried out in this work to propose a blend for practical application. To that aim, the surfactants dioctyl sulfosuccinate sodium (AOT) and polyoxyethylene(8) octyl ether carboxylic acid (Akypo LF2) were mixed. A formulation consisting of 1 wt% of AOT50wt%/LF250wt% blend in synthetic sea water (SSW) led to a low value of interfacial tension with crude oil of 1.50·10−2 mN/m, and 0.42 mg/grock of dynamic adsorption. A moderate additional oil recovery (7.3% of the original oil in place) was achieved in a core flooding test. To improve this performance, the surface-active ionic liquid 1-dodecyl-3-methylimidazolium bromide ([C12mim]Br) was added to the system. The electrostatic interactions between the oppositely charged surfactants (AOT and [C12mim]Br) led to a higher surface activity. Thus, a formulation consisting of 0.8 wt% of AOT20.7wt%/[C12mim]Br25.3wt%/LF254wt% in SSW reduced the interfacial tension and surfactant adsorption achieved with the binary blend to 1.14 × 10−2 mN/m and 0.21 mg/grock, respectively. The additional oil recovery achieved with the blend containing the ionic liquid was 11.5% of the original oil in place, significantly improving the efficiency of the binary blend.
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1. Introduction


Although surfactant flooding has been studied and used as an effective enhanced oil recovery (EOR) method for sandstone rock reservoirs [1], the use of surfactants in carbonate rocks has been limited because of their high adsorption on the rock surface (anionic surfactants) and their inability to reduce the interfacial tension (IFT) to ultralow values (cationic and nonionic surfactants) [2,3,4,5,6]. Since carbonate rock reservoirs represent around 50–60% of the total oil around the world [7,8], several methods such as the use of low salinity water and nanoparticles are being tested for their exploitation [9]. However, the successful application in this kind of reservoir of the traditionally most efficient surfactants for EOR would be of high interest, which is why this has been the target of many studies. Among the tested possibilities, several works have taken advantage of the better performance of surfactant blends in comparison with their pure components used individually. These mixtures commonly show a synergistic effect on the reduction of interfacial tension between water and oil, and in some cases, surfactant adsorption on the rock surface is also reduced [10,11,12,13,14].



In our previous work [15], the phase behavior of three binary blends was studied at different salinity and temperature conditions. An anionic/nonionic blend was formulated with dioctyl sulfosuccinate sodium salt (AOT) and polyoxyethylene(8) octyl ether carboxylic acid (Akypo LF2). AOT is an anionic surfactant with a high lipophilic character [16,17,18]. Akypo LF2 is a triblock alkyl ethoxy carboxylate surfactant, tolerant to high salinity and long-term stable at high temperature, with a hydrophilic character [19,20,21]. Thus, a hydrophilic-lipophilic balance associated with a Winsor III behavior [22] was achieved blending both chemicals. In the same work [15], two anionic/cationic blends were formulated with AOT and surface-active ionic liquids (SAILs). These salts have been found promising for EOR applications [23,24,25,26,27]. However, they are usually not able to achieve ultra-low IFT by themselves. As far as we know, only one work can be found in the literature [28] where a Winsor type III system was achieved with a single SAIL: (S)-2-prolinolium dodecylbenzene sulfonate. Therefore, their blending with other surfactants is a technique that is gaining attention for EOR purposes [26,29,30]. Blends of AOT and 1-decyl-3-methylimidazolium chloride ([C10mim]Cl) or 1-dodecyl-3-methylimidazolium bromide ([C12mim]Br) led to Winsor III systems [15]. The AOT/SAIL blends showed high optimal solubilization parameters (good capacity to solubilize oil and water at the same proportion) but were unstable in the absence of oil, so they only could be injected in the reservoir as microemulsions. In contrast, the AOT/LF2 blend showed good stability in brine and lower sensitivity to blend ratio changes, but lower optimal solubilization parameters than the AOT/SAIL blends.



The purpose of the present work is to evaluate the AOT/LF2 blend for EOR by means of core flooding tests, and also to test the possibility of improving the blend’s efficiency by adding SAIL [C12mim]Br. On one hand, this ternary mixture would take advantage of the strong electrostatic interactions between oppositely charged surfactant head groups of AOT and [C12mim]Br, leading to catanionic micelle formation with higher surface activity and greater capacity of solubilization than the individual surfactants [15,26,27,30,31,32,33]. On the other hand, the incorporation of LF2 would provide stability under harsh salinity and temperature conditions [19,20,21].




2. Results and Discussion


2.1. Experimental Section


2.1.1. Blend Scans


The surfactant LF2 and the ionic liquid [C12mim]Br are highly hydrophilic, showing microemulsion Winsor type I (according to Winsor’s classification) from 1 to 15 wt% NaCl and from 25 to 75 °C [15]. The surfactant AOT is highly lipophilic, being Winsor type II from 0.21 wt% NaCl [15,26]. The pseudo-component A-C (45 wt% AOT, 55 wt% [C12mim]Br) was found to be lipophilic, with a Winsor type II behavior in SSW at 25 °C (See Supporting Information, SI). Figure 1 shows the AOT/LF2 and A-C/LF2 blend scans at 25°C. Winsor type I microemulsions were obtained from 0 to 40 wt% AOT in the AOT/LF2 blend (Figure 1a). Winsor type III was observed at 50 wt% AOT, and the microemulsion shifted to Winsor type II at 60 wt% and higher AOT concentrations. Precipitation and high viscosity emulsions were observed for blends with high AOT proportions. A similar phase behavior was observed for the A-C/LF2 blend (Figure 1b), the difference being that the volume of the middle phase (shown in the figure between red arrows) was higher for this ternary blend. The behavior of the AOT/LF2 slightly differs from our previous study [15] where n-octane was used as the oil phase, and brine solution (5 wt% NaCl without divalent ions) as the aqueous phase. The Winsor III region found in tests with crude oil was slightly smaller. As expected, the capacity of solubilization of the blend is affected by the different compounds of the crude [12,17,32,34,35,36,37].



The blends were also evaluated at 50 °C and 75 °C. The results are shown in Figure 2 and Figure 3 for AOT/LF2 and A-C/LF2, respectively. In the case of the AOT/LF2 blend, the range of ratios where Winsor III systems were found increased with temperature. At 50 °C, triphasic systems were found from 50 to 60 wt% AOT, and at 75 °C, from 10 to 70 wt% AOT (Figure 2). However, the volume of the middle phase slightly reduced with temperature. Similar behavior was found for the A-C/LF2 blend: in a range between 10 and 40 wt% A-C, small Winsor type III systems were found (Figure 3). No further studies were carried out at 75 °C since both blends showed loss of efficiency to solubilize water and oil phases.



Oil (Vo/Vs) and water (Vw/Vs) solubilization parameters, as a function of the blend ratio, were calculated for both blends at 25 °C and 50 °C. A decrease in the optimal solubilization parameters (Vi/Vs*, Vo/Vs = Vw/Vs) with temperature was observed. The optimal solubilization parameters for the blend AOT/LF2 were 3 and 2.1 at 25 °C and 50 °C, respectively (Figure 4). In the case of the A-C/LF2 blend, Vi/Vs* decreased from 4.7 to 2.5 at the same evaluated temperatures (Figure 5). Table 1 shows the values of the optimal blend ratios, corresponding solubilization parameters, and estimated IFT by Huh’s equation, for both blends.



Table 1 shows a clearly different behavior of the blends studied regarding the influence of temperature on the optimal blend ratio. In the case of AOT/LF2, the estimated optimal blend ratio shifted from 50.2 to 55 wt% AOT when the temperature increased from 25 °C to 50 °C. The range of ratios where the blend behaves as hydrophilic increased with temperature due to a stronger interaction of the ionic head groups of the surfactants with the water molecules, as in the case of anionic surfactants. On the other hand, for the same temperature increase, the estimated optimal blend ratio for A-C/LF2 moved from 49.9 to 40.7 wt% A-C. Lipophilicity increased with temperature, as in the case of traditional nonionic surfactants. This last behavior was also observed for the blends AOT/[C12mim]Br and AOT/[C10mim]Cl in our previous study [15], and it may be explained by the reduction or cancellation of free electrostatic charges due to the high synergy between the oppositely charged head groups of the anionic surfactant and the cationic SAIL [31,32]. The surfactant LF2 is a weak carboxylic acid which behaves as a nonionic surfactant in neutral to acid solution [19].




2.1.2. Stability Tests


The stability of the aqueous formulations was initially evaluated at 1 wt% blend (AOT/LF2 and A-C/LF2) concentration at room temperature. During the evaluation, the A-C/LF2 concentration was reduced from 1 to 0.9 wt% to improve the stability of the blend. Figure 6 shows the results of this test with different AOT/LF2 ratios, from 10 wt% to 90 wt% AOT. Around the 50/50 blend ratio, the formulations remained translucent during the 4 weeks of the test.



In the case of A-C/LF2, the stability evaluation was performed from 10 wt% to 90 wt% A-C. The blend remained translucent during 4 weeks in the range of interest from the 40/60 to 50/50 A-C/LF2 ratio (Figure 7).




2.1.3. Dynamic Interfacial Tension (IFT)


As part of the optimal blend ratio definition, several ratios considered of interest according to the phase behavior evaluation (Section 2.1.1) and the stability tests (Section 2.1.2) were selected to measure dynamic IFT. Other close concentrations were also considered. Figure 8 shows the equilibrated interfacial tensions measured at 25 °C, as a function of blend ratio and concentration, for the AOT/LF2 (Figure 8a) and A-C/LF2 blends (Figure 8b).



The lowest IFT value achieved with the AOT/LF2 blend was 1.50 × 10−2 mN/m at the 50/50 blend ratio and at 1 wt% concentration in SSW. A slight increase in the IFT values was observed when the blend concentration was reduced to 0.9 wt%. In the case of the A-C/LF2 blend, the lowest IFT value was 1.14 × 10−2 mN/m, observed at a 46/54 ratio (the composition in the ternary blend was AOT20.7wt%/[C12mim]Br25.3wt%/LF254wt%) and at 0.8 wt% concentration in SSW. A higher concentration (0.9 wt%) and a lower one (0.7 wt%) were also evaluated, resulting in slightly higher IFT values.




2.1.4. Dynamic Adsorption


The results of the dynamic adsorption tests carried out in carbonate rocks are shown in Figure 9. This figure shows the relative concentrations (C/C0) of the tracer and the optimal blends in the effluent as a function of the injected pore volume (PV) at room conditions. The tracer front achieved 50% of the initial concentration (C/C0 = 0.5) at 1.09 PV injected, while for the optimal blends AOT/LF2 and A-C/LF2 this concentration ratio was achieved at 1.75 and 1.43 PV, respectively. Using Eq. 2, the dynamic adsorptions were estimated as 0.42 mg/g of rock for AOT/LF2 and 0.21 mg/g of rock for the A-C/LF2 blend.



The lower adsorption of the A-C/LF2 blend compared with AOT/LF2 could be due to the high electrostatic interaction between the oppositely charged head groups of AOT and [C12mim]Br, increasing the synergy between them and tending to form ion pairs [32,33] which reduce the free negative charges of AOT. The AOT/LF2 blend is less synergistic than A-C/LF2. An analysis of the AOT/LF2 and AOT/[C12mim]Br electrostatic interactions is discussed in our previous study [15].




2.1.5. Core Flooding Tests


In the AOT/LF2 core flooding test, during the water flooding stage, 1.97 PV of SSW was injected (until water production reached around 99% of the total production) through the carbonate core at 0.05 mL/min. The oil recovery was 47.7% of OOIP. For the chemical flooding, a slug of around 0.5 PV of the optimal formulation (1 wt% of 50/50 AOT/LF2 prepared in SSW) was injected followed by 1.26 PV of polymer flooding, both at 0.05 mL/min. The achieved AOR was 7.3% OOIP.



In the case of the A-C/LF2 core flooding test, the core was water flooded at 0.05 mL/min with 1.96 PV of SSW (no oil production was observed at that point), and an oil recovery of 40.8% of OOIP was obtained. Then, the core was flooded with 0.51 PV of the optimized blend (0.8 wt% of 46/54 A-C/LF2 prepared in SSW) at 0.05 mL/min, followed by 1.38 PV of polymer flooding at the same injection rate. The AOR in this case was 11.5% OOIP. The apparent viscosity of the FloPAM 920 SH polymer solution for both core flooding tests at 2000 ppm of concentration and at 25°C was 5.7 mPa S, measured at a shear rate of 10 s−1.



Table 2 presents a summary of the two core flooding tests, and Figure 10 shows the evolution of the oil recovery during water, surfactant, and polymer flooding. It can be seen that in the case of the AOT/LF2, oil production started after the injection of 0.85 PV of chemicals, whereas only 0.65 PV was required with A-C/LF2. This might be due to the higher adsorption found with the AOT/LF2 blend (Section 2.1.4).






3. Materials and Methods


3.1. Experimental


3.1.1. Materials


The AOT surfactant, dioctyl sulfosuccinate sodium salt, and potassium iodide (KI) were purchased from Sigma-Aldrich with purities of ≥ 97 wt% and > 99 wt%, respectively. The surfactant polyoxyethylene(8) octyl ether carboxylic acid (C8EO8OCH2COOH), commercially named Akypo LF2, was kindly provided by KAO Chemicals with a purity ≥ 98 wt%. The SAIL 1-dodecyl-3-methylimidazolium bromide ([C12mim]Br) was purchased with a purity > 98 wt% from Iolitec. Figure 11 presents the chemical structures of the surfactants and the SAIL.



Polyacrylamide FloPAM FA 920 SH polymer (6.5–8.5 × 106 Da) was kindly provided by SNF Floerger. Synthetic sea water (SSW) was prepared with salts. Its composition is detailed in Table 3.



Dead crude oil was kindly supplied by CEPSA. Table 4 shows its main characteristics. Outcrop carbonate rock cores (Indiana Limestone), supplied by Kocurek Industries, were used for the dynamic adsorption and core flooding experiments. The mineral details can be found in a previous work [27].




3.1.2. Methods


Stock solutions of the surfactants AOT, LF2 and the ionic liquid ([C12mim]Br were prepared individually in distilled water at 8 wt% concentration, to prevent possible interactions of each component with divalent salts prior to blending them. The required amounts of surfactant solutions were mixed to obtain aqueous formulations with a blend concentration of 4 wt%. Aiming to carry out phase behavior studies, a brine solution twice the concentration shown in Table 3 was added to obtain an aqueous solution of 4 wt% surfactant blend in SSW. Lower blend concentrations for the adsorption and core flooding tests were prepared in a similar way. A Mettler Toledo XPE205 analytical balance was used for the preparation of the solutions by weight.



Blend Scans


To evaluate the phase behavior of the microemulsions and identify the blend ratio corresponding to the optimal formulations (lowest interfacial tension), blend scans were carried out using the encased-glass-pipette methodology [33,34]. The binary and ternary blends were prepared at 4 wt% concentration in SSW (a concentration higher than usual in practice but one that allowed the easy visualization of the phases). The water-oil ratio in the pipettes was about 1:1, with ~1 mL of aqueous blend solution and ~1 mL of crude oil as the oil phase. For AOT/LF2, the blend scan was performed varying the ratio from 0/100 to 100/0 wt%. In the case of the AOT/[C12mim]Br/LF2 blend, the AOT/[C12mim]Br was considered as a pseudo component (hereinafter termed A-C), so the ratios were changed from 0/100 A-C/LF2 to 100/0 A-C/LF2. Preliminary studies were carried out to fix the composition of A-C to 45 wt% AOT (55 wt% [C12mim]Br). This initial work can be found in Figure S1 in Supporting Information. Phase behavior was evaluated at 25 °C, 50 °C and 75 °C using an OVAN dry-block heater (model BD200-RE).



The oil and aqueous phase volumes were measured in the pipettes to calculate the solubilization parameters for water (Vw/Vs) and oil (Vo/Vs), defined as the volume of water (Vw) and the volume of oil (Vo) solubilized in the microemulsion phase per volume of surfactant (Vs), assuming that all the surfactant is present in the microemulsion phase [20,33]. An optimal formulation is obtained when the system shows a middle microemulsion in equilibrium with excess oil (upper) and excess water (lower) phases and the solubilization parameters are equal and large. Interfacial tensions between the aqueous and oleic phases at optimal solubilization parameters (Vi/Vs*, when Vo/Vs = Vw/Vs) were estimated using the Huh’s correlation [38]:


  I F  T  H u h   =  C     (       V i     V S     ∗   )   2     



(1)




where C = 0.3 mN/m.




Stability Tests


To determine the possible precipitation or separation of the blend’s components, the stability of the blends in the absence of oil was evaluated by preparing 1 wt% blend (a concentration commonly used in the application), with different ratios, in SSW at room temperature. The evaluation was carried out considering the translucence of the solutions [11,27,30].




Dynamic Interfacial Tension


This evaluation was performed, taking into account the range of interest found in the pipette tests, to precisely determine the optimal blend ratio for both blends. Measurements of the interfacial tension between the aqueous phase and the crude oil were carried out using a Krüss spinning drop tensiometer (model SITE100) at 25 °C, as in our previous reports [27,30]. A drop of 4 μL of the crude oil was left in the middle of the capillary tube filled with the aqueous formulations, and the rotation velocity was set to obtain an oil drop length at least four times larger than its diameter [39,40]. Densities of the aqueous blends were measured with the help of an Anton Paar density meter (model DMA 5000 M).




Dynamic Adsorption


Determination of the adsorption of the blends on carbonate rocks was conducted in a Hassler core holder equipment (model H00-021-0) for each optimal blend through single-phase dynamic adsorption tests at room temperature. The cores were vacuumed for 24 h and then saturated with SSW for 24 h at 0.05 mL/min. Absolute permeabilities (Ka) were estimated by Darcy’s law at different injection rates, while pore volumes (PV) and porosities (Ø) were calculated using wet and dry core weights, their bulk volume, and the SSW density. Potassium iodide (KI) was injected at 0.1 mL/min as the tracer. The effluent was sampled until it achieved the initial KI concentration. The cores were cleaned by injecting SSW until no KI was produced. Then, the optimized blend was injected at 0.1 mL/min. Samples of effluent were taken until they achieved a blend concentration equal to the initial value. The difference between the tracer and the blend fronts (defined as the 50% of their initial concentration in effluents) was used to determine the blend adsorption [20,27,41]:


  τ =    (  P  V  b l e n d , 50 %   − P  V  t r a c e r , 50 %    )  × P V ×    [   C 0   ]    b l e n d     m a s  s  r o c k      



(2)




where τ is the blend adsorption in mg/g, PVblend,50% and PVtracer,50% are the pore volumes in which effluent has reached 50% of initial concentration of blend and tracer, respectively, massrock is the dry core weight in grams, PV is the pore volume in mL and [C0]blend is the initial blend concentration in mg/mL. To estimate the concentrations of KI and the blend in effluents, an HP UV/Vis-spectrophotometer (model Presario SR1000) was used.




Core Flooding Tests


Two core flooding experiments using fresh carbonate cores were performed at room temperature following a similar protocol to that described above for the adsorption test. The cores were initially vacuumed and saturated with SSW at 0.05 mL/min (~1 ft/d) for 24 h. After the estimation of the absolute permeability, pore volume, and porosity, dead crude oil was injected at 0.05 mL/min for 24 h, and the expelled water was used to calculate the original oil in place (OOIP) and the initial water saturation (Swi). The cores were left to equilibrate for 8 days and then water flooded with SSW at 0.05 mL/min. Volumes of injected water, produced water and produced oil were recorded. Oil recovery was measured during the tests, and the residual oil saturation for water flooding (Sorw) was estimated by material balance. Surfactant flooding was performed by injecting optimized blend formulations at 0.05 mL/min, and finally, polymer flooding was carried out by injecting the polymer PAM 920 SH (2000 ppm) at 0.05 mL/min until no oil was detected in the effluents. Residual oil saturation after chemical flooding (Sor2) and additional oil recovery (AOR) were estimated. The apparent viscosities of the polymer at 25°C as a function of shear rates were measured using an Anton Paar rheometer (model MCR 102).







4. Conclusions


In this work, the evaluation of the blend AOT/LF2 for enhanced oil recovery in carbonate reservoirs was carried out, and the improvement of its efficiency by adding the SAIL [C12mim]Br to the formulation was also assessed. From this study, some conclusions may be established.



The phase behavior of AOT/LF2 and A-C/LF2 (A-C being a mixture containing 45 wt% AOT and 55 wt% [C12mim]Br) in SSW is very similar, leading in both cases to Winsor type III systems of interest for EOR applications.



A decrease in solubilization parameters with temperature suggests, in both cases, the application of the formulations in reservoirs without excessively high temperatures.



According to phase behavior and IFT studies, the best formulation with the binary blend consists of 1 wt% of AOT50wt%/LF250wt% blend in SSW. In the case of the ternary blend, the optimal formulation contains 0.8 wt% of AOT20.7wt%/[C12mim]Br25.3wt%/ LF254wt%.



Both blends are stable without oil and in the presence of divalent ions, thus ensuring their injectability in surfactant flooding.



When the SAIL is added to the formulation, the electrostatic interactions between the oppositely charged surfactants (AOT and [C12mim]Br) led to a greater reduction in the water–oil IFT and lower adsorption of the blend on carbonate rocks.



Tertiary oil recovery with the ternary blend increases the AOR achieved with the binary blend by 57.5% (in both cases surfactant being followed by polymer flooding), pointing to the former as most promising for the application.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24010726/s1.





Author Contributions


Formal analysis, N.T.; Investigation, N.T.; Writing—original draft, N.T.; Writing—review & editing, A.P.M. and A.S.; Supervision, A.S.; Funding acquisition, A.S. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the Ministry of Science and Innovation and State Research Agency (AEI, 10.13039/501100011033) for financial support throughout project PGC2018-097342-B-I00, including European Regional Development Fund.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Kao Corporation S.A. and SNF Floerger for supplying the Akypo LF2 surfactant and FloPAM FA 920 SH polymer, respectively.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sheng, J. Enhanced Oil Recovery Field Case Studies, 2nd ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Barati-Harooni, A.; Najafi-Marghmaleki, A.; Tatar, A.; Mohammadi, A.H. Experimental and modeling studies on adsorption of a nonionic surfactant on sandstone minerals in enhanced oil recovery process with surfactant flooding. J. Mol. Liq. 2016, 220, 1022–1032. [Google Scholar] [CrossRef]

	



Ma, K.; Cui, L.; Dong, Y.; Wang, T.; Da, C.; Hirasaki, G.J.; Biswal, S.L. Adsorption of cationic and anionic surfactants on natural and synthetic carbonate materials. J. Colloid Interf. Sci. 2013, 408, 164–172. [Google Scholar] [CrossRef] [PubMed]

	



Scamehorn, J.F.; Schechter, R.S.; Wade, W.H. Adsorption of surfactants on mineral oxide surfaces from aqueous solutions. I: Isomerically pure anionic surfactants. J. Colloid Interf. Sci. 1982, 85, 463–478. [Google Scholar] [CrossRef]

	



Sheng, J. Modern Chemical Enhanced Oil Recovery: Theory and Practice, 2nd ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2011. [Google Scholar]

	



Wang, J.; Han, M.; Fuseni, A.B.; Cao, D. Surfactant adsorption in Surfactant-Polymer flooding for carbonate reservoirs. In Proceedings of the SPE Middle East Oil & Gas Show and Conference, Manama, Bahrain, 8–11 March 2015; pp. 1736–1746. [Google Scholar] [CrossRef]

	



Akbar, M.; Alghamdi, A.H.; Herron, M.; Allen, D.; Carnegie, A.; Dutta, D.; Olesen, J.-R.; Chourasiya, R.D.; Logan, D.; Stief, D.; et al. A Snapshot of Carbonate Reservoir Evaluation. Oilf. Rev. 1995, 1, 38–57. [Google Scholar]

	



Burchette, T.P. Carbonate rocks and petroleum reservoirs: A geological perspective from the industry. Geol. Soc. Spec. Publ. 2012, 370, 17–37. [Google Scholar] [CrossRef]

	



Khormali, A.; Rezaei-Koochi, M.; Varfolomeev, M.A.; Ahmadi, S. Experimental study of the low salinity water injection process in the presence of scale inhibitor and various nanoparticles. J. Petrol. Expl. Prod. Technol. 2022. [Google Scholar] [CrossRef]

	



Feng, H.; Hou, J.; Ma, T.; Meng, Z.; Wu, H.; Yang, H.; Kang, W. The ultra-low interfacial tension behavior of the combined cationic/anionic-nonionic gemini surfactants system for chemical flooding. Colloid Surf. A 2018, 554, 74–80. [Google Scholar] [CrossRef]

	



Kurnia, I.; Zhang, G.; Han, X.; Yu, J. Zwitterionic-anionic surfactant mixture for chemical enhanced oil recovery without alkali. Fuel 2020, 259, 116236. [Google Scholar] [CrossRef]

	



Li, Y.; Zhang, W.; Bailing, K.; Puerto, M.; Bao, X.; Ou, S.; Zhiqin, S.; Yiqing, Y.; Yanhua, L.; Songyuan, G.; et al. Mixtures of anionic/cationic surfactants: A new approach for enhanced oil recovery in low-salinity, high-temperature sandstone reservoir. SPE J. 2016, 21, 1164–1177. [Google Scholar] [CrossRef]

	



Li, Z.; Wu, H.; Hu, Y.; Chen, X.; Yuan, Y.; Luo, Y.; Hou, J.; Bai, B.; Kang, W. Ultra-low interfacial tension biobased and catanionic surfactants for low permeability reservoirs. J. Mol. Liq. 2020, 309, 113099. [Google Scholar] [CrossRef]

	



Pal, N.; Vajpayee, M.; Mandal, A. Cationic/nonionic mixed surfactants as enhanced oil recovery fluids: Influence of mixed micellization and polymer association on interfacial, rheological, and rock-wetting characteristics. Energ. Fuel 2019, 33, 6048–6059. [Google Scholar] [CrossRef]

	



Tafur, N.; Somoza, A.; Soto, A. Evaluation of surfactant blends for enhanced oil recovery through activity maps. J. Mol. Liq. 2022, 364, 119984. [Google Scholar] [CrossRef]

	



Sheu, E.Y.; Chen, S.H.; Huang, J.S. Structure and growth of Bis( 2-ethylhexyl) Sulfosuccinate Micelles in Aqueous Solutions. J. Phys. Chem. 1987, 91, 3306–3310. [Google Scholar] [CrossRef]

	



Wan, W.; Zhao, J.; Harwell, J.H.; Shiau, B.J. Characterization of crude oil equivalent alkane carbon number (EACN) for surfactant flooding design. J. Dispers. Sci. Technol. 2016, 37, 280–287. [Google Scholar] [CrossRef]

	



Wu, B.; Shiau, B.J.; Sabatini, D.A.; Harwell, J.H.; Vu, D.Q. Formulating microemulsion systems for a weathered jet fuel waste using surfactant/cosurfactant mixtures. Sep. Sci. Technol. 2000, 35, 1917–1937. [Google Scholar] [CrossRef]

	



Denk, P.; El Maangar, A.; Lal, J.; Kleber, D.; Zemb, T.; Kunz, W. Phase diagrams and microstructures of aqueous short alkyl chain polyethylene glycol ether carboxylate and carboxylic acid triblock surfactant solutions. J. Colloid Interf. Sci. 2021, 590, 375–386. [Google Scholar] [CrossRef]

	



Montes, J.; Blin, N.; Alvarez, A.E.; Barrio, I.; Panadero, A.; Rodriguez, R.; Coca, M.; Trujillo, F. Novel anionic surfactant formulation for high temperature carbonate reservoirs. In Proceedings of the SPE EOR Conference at Oil and Gas West Asia, Muscat, Oman, 26–28 March 2018. [Google Scholar] [CrossRef]

	



Negin, C.; Ali, S.; Xie, Q. Most common surfactants employed in chemical enhanced oil recovery. Petroleum 2017, 3, 197–211. [Google Scholar] [CrossRef]

	



Winsor, P.A. Hydrotropy, solubilisation and related emulsification processes. Part I. Trans. Farad. Soc. 1948, 44, 376–398. [Google Scholar] [CrossRef]

	



Hezave, A.Z.; Dorostkar, S.; Ayatollahi, S.; Nabipour, M.; Hemmateenejad, B. Effect of different families (imidazolium and pyridinium) of ionic liquids-based surfactants on interfacial tension of water/crude oil system. Fluid Phase Equilibr. 2013, 360, 139–145. [Google Scholar] [CrossRef]

	



Hezave, A.Z.; Dorostkar, S.; Ayatollahi, S.; Nabipour, M.; Hemmateenejad, B. Investigating the effect of ionic liquid (1-dodecyl-3-methylimidazolium chloride ([C12mim]Cl) on the water/oil interfacial tension as a novel surfactant. Colloid Surf. A 2013, 421, 63–71. [Google Scholar] [CrossRef]

	



Pillai, P.; Kumar, A.; Mandal, A. Mechanistic studies of enhanced oil recovery by imidazolium-based ionic liquids as novel surfactants. J. Ind. Eng. Chem. 2018, 63, 262–274. [Google Scholar] [CrossRef]

	



Rodriguez-Escontrela, I.; Puerto, M.C.; Miller, C.A.; Soto, A. Ionic liquids for low-tension oil recovery processes: Phase behavior tests. J. Colloid Interf. Sci. 2017, 504, 404–416. [Google Scholar] [CrossRef] [PubMed]

	



Somoza, A.; Arce, A.; Soto, A. Oil recovery tests with ionic liquids: A review and evaluation of 1-decyl-3-methylimidazolium triflate. Pet. Sci. 2022, 19, 1877–1887. [Google Scholar] [CrossRef]

	



Fernández-Stefanuto, V.; Corchero, R.; Rodríguez-Escontrela, I.; Soto, A.; Tojo, E. Ionic Liquids Derived from Proline: Application as Surfactants. ChemPhysChem 2018, 19, 2885–2893. [Google Scholar] [CrossRef] [PubMed]

	



Nandwani, S.K.; Chakraborty, M.; Bart, H.J.; Gupta, S. Synergism, phase behaviour and characterization of ionic liquid-nonionic surfactant mixture in high salinity environment of oil reservoirs. Fuel 2018, 229, 167–179. [Google Scholar] [CrossRef]

	



Somoza, A.; Tafur, N.; Arce, A.; Soto, A. Design and performance analysis of a formulation based on SDBS and ionic liquid for EOR in carbonate reservoirs. J. Pet. Sci. Eng. 2022, 209, 109856. [Google Scholar] [CrossRef]

	



Kume, G.; Gallotti, M.; Nunes, G. Review on anionic/cationic surfactant mixtures. J. Surfactants Deterg. 2008, 11, 1–11. [Google Scholar] [CrossRef]

	



Li, Y.; Puerto, M.; Bao, X.; Zhang, W.; Jin, J.; Su, Z.; Shen, S.; Hirasaki, G.; Miller, C. Synergism and performance for systems containing binary mixtures of anionic/cationic surfactants for enhanced oil recovery. J. Surfactants Deterg. 2017, 20, 21–34. [Google Scholar] [CrossRef]

	



Puerto, M.; Hirasaki, G.J.; Miller, C.A.; Barnes, J.R. Surfactant systems for EOR in high-temperature, high-salinity environments. SPE J. 2012, 17, 11–19. [Google Scholar] [CrossRef]

	



Barnes, J.R.; Smit, J.P.; Smit, J.R.; Shpakoff, P.G.; Raney, K.H.; Puerto, M.C. Development of surfactants for chemical flooding at difficult reservoir conditions. SPE Symp. Improv. Oil Recover. 2008, 1, 435–452. [Google Scholar] [CrossRef]

	



Antón, R.E.; Andérez, J.M.; Bracho, C.; Vejar, F.; Salager, J.L. Practical surfactant mixing rules based on the attainment of microemulsion-oil-water three-phase behavior systems. Adv. Polym. Sci. 2008, 218, 83–113. [Google Scholar] [CrossRef]

	



Salager, J.L.; Forgiarini, A.M.; Bullón, J. How to attain ultralow interfacial tension and three-phase behavior with surfactant formulation for enhanced oil recovery: A review. Part 1. Optimum formulation for simple surfactant-oil-water ternary systems. J. Surfactants Deterg. 2013, 16, 449–472. [Google Scholar] [CrossRef]

	



Salager, J.L.; Morgan, J.C.; Schechter, R.S.; Wade, W.H.; Vasquez, E. Optimum formulation of surfactant-water-oil systems for minimum interfacial tension or phase behaviour. Soc. Pet. Eng. J. 1979, 19, 107–115. [Google Scholar] [CrossRef]

	



Huh, C. Interfacial tensions and solubilizing ability of a microemulsion phase that coexists with oil and brine. J. Colloid Interf. Sci. 1979, 71, 408–426. [Google Scholar] [CrossRef]

	



Hu, H.; Joseph, D. Evolution of a liquid drop in a spinning drop tensiometer. J. Colloid Interf. 1994, 162, 331–339. [Google Scholar] [CrossRef]

	



Vonnegut, B. Rotating bubble method for the determination of surface and interfacial tensions. Rev. Sci. Instrum. 1942, 13, 6–9. [Google Scholar] [CrossRef]

	



Sharma, H.; Lu, J.; Weerasooriya, U.P.; Pope, G.A.; Mohanty, K.K. Adsorption in chemical floods with ammonia as the alkali. In Proceedings of the SPE Improved Oil Recovery Conference, Tulsa, OK, USA, 11–13 April 2016. [Google Scholar] [CrossRef]








[image: Ijms 24 00726 g001 550] 





Figure 1. Blend scans at 25 °C: (a) AOT/LF2 and (b) A-C/LF2. 
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Figure 2. AOT/LF2 blend scans at (a) 50 °C and (b) 75 °C. 
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Figure 3. A-C/LF2 blend scans at (a) 50 °C and (b) 75 °C. 
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Figure 4. Solubilization parameters (Vi/Vs) for AOT/LF2 blend at (a) 25 °C and (b) 50 °C. 
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Figure 5. Solubilization parameters (Vi/Vs) for A-C/LF2 blend at (a) 25 °C and (b) 50 °C. 
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Figure 6. Stability test of aqueous formulations with 1 wt% AOT/LF2 blend (different ratios) at room conditions. The range of interest for further dynamic IFT evaluation is shown with red squares. 
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Figure 7. Stability test of aqueous formulations with 0.9 wt% A-C/LF2 blend (different ratios) at room conditions. The range of interest for further dynamic IFT evaluation is shown with red squares. 






Figure 7. Stability test of aqueous formulations with 0.9 wt% A-C/LF2 blend (different ratios) at room conditions. The range of interest for further dynamic IFT evaluation is shown with red squares.



[image: Ijms 24 00726 g007]







[image: Ijms 24 00726 g008 550] 





Figure 8. Interfacial tension measurements as a function of blend ratio and concentration at 25 °C for (a) AOT/LF2 and (b) A-C/LF2 blends. 
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Figure 9. Estimation of dynamic adsorptions for optimal blends AOT/LF2 and A-C/LF2 in carbonate core at room conditions. 
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Figure 10. Oil recovery during water, blend and polymer injections in core flooding tests at room temperature: (a) AOT/LF2 and (b) A-C/LF2. 






Figure 10. Oil recovery during water, blend and polymer injections in core flooding tests at room temperature: (a) AOT/LF2 and (b) A-C/LF2.



[image: Ijms 24 00726 g010]







[image: Ijms 24 00726 g011 550] 





Figure 11. Chemical structure of surfactants and SAIL. 
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Table 1. Optimal blend ratios, solubilization parameters and IFTHuh at 25 °C and 50 °C, for AOT/LF2 and A-C/LF2 blends.
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AOT/LF2

	
A-C/LF2






	
Temperature

	
25 °C

	
50 °C

	
25 °C

	
50 °C




	
Optimal blend ratio

	
50.2/49.8

	
55/45

	
49.9/50.1

	
40.7/59.3




	
Vi/Vs*

	
3.0

	
2.1

	
4.7

	
2.5




	
IFTHuh (mN/m)

	
3.36 × 10−2

	
6.64 × 10−2

	
1.32 × 10−2

	
4.87 × 10−2
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Table 2. Results of the core flooding experiments.
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Formulation




	
Blend Composition

	
AOT (50 wt%)

LF2 (50 wt%)

	
AOT (20.7 wt%)

[C12mim]Br (25.3 wt%)

LF2 (50 wt%)






	
Concentration in SSW (wt%)

	
1

	
0.8




	
Initial conditions




	
Porosity, ø

	
0.136

	
0.18




	
Permeability, Ka (mD)

	
16.81

	
19.16




	
Pore volume, PV (mL)

	
12.03

	
15.6




	
Oil visc. (mPa S) at 25 °C

	
12

	
12




	
OOIP (mL)

	
6.80

	
8.20




	
Initial water saturation, Swi

	
0.43

	
0.47




	
Water Flooding




	
Injection rate, Qi (mL/min)

	
0.05

	
0.05




	
Injected SSW Volume (PV)

	
1.97

	
1.96




	
Oil recovery (%OOIP)

	
47.7

	
40.8




	
Residual oil saturation, Sorw

	
0.36

	
0.37




	
Chemical Flooding




	
Injection rate (Qi, mL/min)

	
0.05

	
0.05




	
Injected blend volume (PV)

	
0.495

	
0.511




	
Injected polymer volume (PV)

	
1.26

	
1.38




	
AOR (%OOIP)

	
7.3

	
11.5




	
Residual oil saturation, Sor2

	
0.33

	
0.32
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Table 3. Synthetic sea water (SSW) composition.
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	Salt
	Purity (wt%)/

Commercial
	SSW

(g/L)





	Na2SO4
	>99%/Sigma-Aldrich
	4.84



	CaCl2·2H2O
	>99%/Sigma-Aldrich
	1.89



	MgCl2·6H2O
	>99%/Sigma-Aldrich
	15.06



	NaCl
	>99%/Panreac
	27.94



	TDS (g/L)
	
	49.73



	Density at 25 °C (g/mL)
	
	1.028
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Table 4. Main properties of crude oil.
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	Property
	Crude Oil A





	Density at 25 °C (g/mL)
	0.853



	°API
	34.1



	Viscosity at 25 °C (mPa·s)
	15.3



	Saturates (wt%)
	61



	Aromatics (wt%)
	33



	Resins (wt%)
	4.6



	Asphaltenes (wt%)
	1.4
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