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Abstract


In the present work, the use of Cyclodextrins (CDs) as wettability modifiers for enhanced oil recovery (EOR) was evaluated. Cyclodextrins (CDs) are cyclic oligosaccharides that form inclusion complexes with various organic molecules, including n-alkanes. Wettability was evaluated through the contact angle (θ) of an n-dodecane drop in contact with a quartz surface and immersed in a 0.6 M NaCl aqueous solution containing the CDs. The quartz surface was functionalized with octadecyltrichlorosilane (OTS), rendering the surface oil-wet (C18-quartz). Here, the n-dodecane, the saline solution and the C18-quartz represent the oil, the reservoir brine and an oil-wet rock surface, respectively. In the absence of CDs, the n-dodecane drops spread well over the C18-quartz, showing that the surface was oleophilic. In the presence of CDs, remarkable effects on the wettability were observed. The most dramatic effects were observed with α-cyclodextrin (α-CD), in which case the C18-quartz surface changed from oil-wet (θ = 162°) in the absence of CD to water-wet (θ = 33°) in the presence of 1.5% (w/v) α-CD. The effects of the CDs can be explained by the formation of surface-active inclusion complexes between the CDs and n-dodecane molecules. The CD inclusion complexes can be regarded as pseudo-surfactants, which are less harmful to the environment than the traditional surfactants employed by the petroleum industry.
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1. Introduction


Only about one third of the original oil in place can be recovered using conventional (primary and secondary) recovery methods, such as water-flooding. An incremental amount can be recovered from reservoirs using enhanced oil recovery (EOR) methods [1,2,3], also known as tertiary recovery methods. According to Lake et al. [1], EOR can be defined as additional oil recovery by the injection of materials not normally present in petroleum reservoirs. The additives used in EOR are usually added to the aqueous phase during water-flooding. An important class of additives for EOR is constituted by compounds that change the wettability of rock surfaces [4,5,6]. These compounds render the rock surfaces more water-wet and decrease the oil/water interfacial tension, facilitating the displacement of oil by water-flooding processes.



In the present work, we evaluate the use of Cyclodextrins (CDs) as wettability modifiers for EOR. CDs are thoroid-shaped cyclic oligosaccharides constituted by glucose units linked to each other by α-1→4 bonds [7,8]. The most well-known CDs are α-CD, β-CD and γ-CD, with 6, 7 and 8 glucose units, respectively (Figure 1). The macrocyclic CD ring displays a central cavity where various guest molecules can be accommodated, resulting in the formation of inclusion complexes (also known as host-guest complexes) [8]. CDs are environmentally friendly substances, in contrast to many additives employed for EOR. They are prepared from renewable raw materials, and are readily biodegradable and biocompatible [7,8]. In addition to EOR applications, the wettability effects of the CDs could also be exploited for the remediation of oil spills.



The CDs have been extensively used in the pharmaceutical industry, as well as food and cosmetic additives [7,8]. Nevertheless, there are very few reports on the use of CDs for the petroleum industry [9,10,11,12,13]. Some early patents described processes to extract oil from oil sands using Cyclodextrins [9,10], but no further studies were found in the literature. Leslie et al. [11] used a CD-based polymer as a thickening agent for water permeability reduction in EOR. Similarly, Kjøniksen et al. [12] studied the effect of adding CDs to other polysaccharides for water permeability reduction. In those cases, however, the CD-based additives for EOR were aimed at enhancing the viscosity of the water phase [13], rather than altering the wettability.



The wettability of a triphasic oil/rock/brine system has been mainly evaluated by contact angle measurements [14,15,16,17,18,19,20,21,22]. In the present work, we used the arrangement shown in Figure 2 for contact angle measurements. A drop of n-dodecane was placed under a quartz surface, with the whole system immersed in a saline solution (0.6 M NaCl), where the CDs to be tested were dissolved. In this system, the quartz substrate represents the surface of sandstone rocks, the n-dodecane is a model for the oil phase and the saline solution simulates the reservoir brine. The contact angle θ (measured through the water phase) is then related to the interfacial tensions by the Young equation (Equation (1)), where γos, γws and γow are the interfacial tensions between the solid (s), oil (o) and water (w) phases, as indicated in Figure 2B. If the oil drop spreads on the substrate (θ > 90°), the surface is considered oil-wet. On the other hand, if the oil has no trend to spread (θ < 90°) the surface is considered water-wet. A contact angle close to 90° means an intermediate-wet surface [14,15,16,17,18,19,20,21,22].


γos − γws = γow cosθ



(1)







In a previous report [23], we showed that the CDs can increase the water wettability of quartz surfaces in a three-phase system like that of Figure 2. The observed effects of the CDs, however, were small, because the study started from pristine quartz surfaces, which were already water-wet. Pristine quartz surfaces do not reflect the actual situation found in oil reservoirs, where wettability inversion due to asphaltene deposition renders the rock surfaces oil-wet.



In the present study, we evaluate the potential of CDs for EOR employing quartz surfaces functionalized with octadecyl groups (C18-quartz, Scheme 1). The oleophilic C18-quartz surface is employed as a mimetic system for oil-wet rock surfaces. Remarkable wettability alterations were observed in the presence of the different CDs tested. The most striking effects were observed with α-CD, in which case the C18-quartz changed from oil-wet in the absence of CDs to water-wet in their presence. The effects of CDs on the wettability of quartz surfaces can be attributed to the formation of inclusion complexes between the CDs and n-dodecane at the oil/water interface, with the hydrocarbon included in the CD cavity (Scheme 2). Recent studies have shown that the CDs are not surface-active on their own [24,25], but inclusion complexes of the CDs with linear alkanes behave as pseudo-surfactants, decreasing the oil/water interfacial tension [25,26]. Those studies were aiming at applications of the pseudo-surfactants in pharmaceutical and cosmetic products, which means that the present results could also be of interest of researchers in those fields.




2. Materials and Methods


2.1. Materials


Octadecyl trichlorosilane (OTS) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Chloroform, toluene and acetonitrile were HPLC grade from J.T. Baker (Phillipsburg, NJ, USA). α-Cyclodextrin (α-CD), β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-CD) were obtained from Fluka (Buchs, Switzerland). 2-Hydroxypropyl-α-cyclodextrin (HP-α-CD) (average MW~1180; 0.6 mol substitution), 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) (average MW~1380; 0.6 mol substitution) and n-dodecane (>99% purity) were purchased from Sigma-Aldrich. NaCl was supplied by Sigma-Aldrich. Aqueous solutions were prepared with deionized water (Barnstead Milli-Q system, Thermo Fisher Scientific, Waltham, MA, USA). A fluorescence cuvette (111-QS, 3600 μL capacity, 10 mm path length) (Hellma Analytics, Müllheim, Germany) was used as the quartz substrate (Figure 2A). According to the supplier, the cuvette windows are made from quartz Suprasil (Heraeus Quarzglas GmbH, Kleinostheim, Germany), which is a synthetic quartz of high purity and homogeneity.




2.2. Instruments


Contact angle measurements were performed with a Theta Optical Tensiometer (Biolin Scientific, Gothenburg, Sweden). The tensiometer records drop images as a function of time and analyses the drop shapes using the included software (OneAttension v2.2, Biolin Scientific). The contact angles are then calculated for individual images using the Young equation (Equation (1), Figure 2B) to fit the entire drop profile. The equipment measures the angles through the n-dodecane drop. In order to follow the convention, the values reported in this work are the angles through the aqueous phase (Figure 2B), which are the complementary of the measured angles (θ = 180°—measured angle). The given values are the mean between right and left contact angles for each drop. Advancing and receding contact angles were measured with the tilting cradle accessory of the tensiometer, which allows tilting of the sample stage up to 90°. Interfacial tension measurements were also carried out with the Theta tensiometer, using the pendant drop method, with a dodecane drop hanging from a J-shaped syringe needle inside the brine-containing aqueous CD solutions.




2.3. Methods


2.3.1. Functionalization of the Quartz Surfaces


A solution was prepared with 40 μL OTS in 10 mL n-dodecane ([OTS] ≈ 0.01 M). The quartz cuvette was filled with 3 mL of the OTS solution and left standing for 15 min. After that time, the solution was removed and the cuvette was thoroughly rinsed first with n-dodecane (8 times), than with toluene (6 times) and finally with chloroform (6 times). After the washing procedure the cuvette was dried with a flow of argon gas. As shown in Figure 3, the quartz surface changed from water-wet to oil-wet after the treatment.




2.3.2. Contact Angle Measurements


For the measurements, the C18-quartz cuvette was filled up with the aqueous phase and then placed lying down on the sample stage of the equipment. Drops of n-dodecane (with ca. 6 μL) were introduced with the help of a microsyringe. Because n-dodecane is less dense then water, the drops detached from the needle tip and got attached to the upper cuvette wall (Figure 2A). Typically, at least three drops were deposited and analyzed in each experiment, and the average contact angle (through the aqueous phase) was reported. The experiments were performed with the cuvette open (without the PTFE stoppers), making it easy to inject the drops. Because of the surface tension of the water, the solutions did not leak out of the cuvette. Since the camera was triggered manually, it takes ca. 30 s between injecting the drop, positioning the cuvette and start recording the images. All measurements were performed at 25 °C, with air-equilibrated solutions (pH ≈ 6, not altered by the presence of the CDs). All CD concentrations were expressed as grams of CD per 100 mL (w/v %) (a 1% solution of α-CD or β-CD corresponds to ca. 0.01 mol/L).



The use of fluorescence quartz cuvettes for contact angle measurements was first proposed by Askvik et al. [27], and is a very convenient method, thanks to the optical transparency of the cuvette walls. The cuvette was washed thoroughly between experiments, first with water, then acetonitrile and finally with chloroform, and dried with a flow of argon gas. This cleaning protocol has been repeated several times and the experiments are reproducible after the treatment, indicating that the cuvette remains in its initial oil-wet condition, without OTS desorption.






3. Results and Discussion


3.1. Functionalization of the Quartz Surface


Contact angle measurements confirmed the success of the OTS treatment. When an n-dodecane drop was put in contact with a native (water-wet) quartz surface in the presence of saline solution, it was observed a low tendency to spread (Figure 3A), as expected. When the same experiment was performed with C18-quartz, however, the n-dodecane drop showed a great affinity to the surface and tended to spread (Figure 3B). Accordingly, the contact angle changed drastically from 25° in native quartz to 162° in C18-quartz, confirming that a layer of OTS was chemisorbed on quartz (Scheme 1), leading to the expected wettability inversion. Grate et al. [28] reported a contact angle of 148° for a similar system, composed of hexadecane drops in contact with silicon wafers modified with dodecyltriethoxysilane, which is consistent with our data, considering the different alkyl chains involved (they modified the surface with dodecyl chains).



Furthermore, n-dodecane drops deposited on C18-quartz were not stable. Initially, drops with high contact angle were formed, such as the one in Figure 3B. Such drops remained stable for 1 to 2 min, and then started to collapse, spreading even more on the surface. After about 20 min, the drops reached a final state, forming either very well spread drops with θ > 170° (Figure S2) or even films on the surface, in which case θ = 180° (there was some drop-to-drop variation). These results confirmed that the oleophilic C18-quartz surface had a great affinity for apolar hydrocarbons and therefore can be studied as an analog for reservoir rocks that underwent wettability inversion. Although structural differences exist between octadecyl-covered and asphaltene-covered surfaces, it is important to initiate the studies with a simple mimetic system composed of a pure compound, since asphaltenes isolated from petroleum are complex mixtures containing hundreds of different substances. The next step will be to test the CDs in thin films of deposited asphaltenes.




3.2. Effect of Cyclodextrins on the Wettability of C18-Quartz


The following results were obtained with freshly deposited drops (within 30 s from drop injection) and [CD] fixed at 1.5 g/100 mL (1.5% w/v), in order to compare the effects of the different CDs in equal concentration. In a further section the effect of drop aging and varying the [CD] will be studied. As seen in Figure 4, the presence of the CDs in the aqueous phase increased the wettability of C18-quartz by water, decreasing the contact angles (Table 1). The most pronounced effect was found for α-CD, with θ changing from 162° (oil-wet) in the absence of CDs to 33° (water-wet) in the presence of α-CD (Figure 4D). Thus, α-CD completely reversed the wettability inversion effect of the oleophilic OTS layer, resulting in drops with shape and contact angles similar to those observed with the original, unmodified native quartz (compare with Figure 3A). The other CDs tested also showed significant effects (Figure 4, Table 1), although less than in the case of α-CD. In the presence of β-CD, intermediate wettability was observed (θ = 94°), whereas with γ-CD, HP-α-CD and HP-β-CD the surface was slightly oil-wet (θ = 110–111°).



The effects of CDs can be explained by the formation of inclusion complexes at the water/n-dodecane interface (Scheme 2). It is well known that the stability of CD complexes is determined mainly by geometric factors [7,8]. Molecules having a size compatible with the dimensions of the CD cavity are likely to form stable complexes. Linear alkyl chains fit well in the small α-CD cavity (diameter = 5.7 Å), forming more stable complexes than the other CDs [7,8], which explains why α-CD showed the most pronounced effects in Figure 4. β-CD (cavity diameter = 7.8 Å), on the other hand, is known to form stable complexes with simple aromatic molecules such as naphthalene, and γ-CD (cavity diameter = 9.5 Å) can form inclusion complexes with even bulkier aromatic systems [7,8]. Therefore, the larger CDs could in principle perform better with real asphaltenes.



According to the literature [24,25,29,30,31], the CDs alone are not surface active at air/water interfaces, but inclusion complexes between CDs and linear apolar molecules did present surface-activity, decreasing the air/water surface tension. Bojinova et al. [30] and Machut et al. [31] observed decreases in surface tension from 72 mN/m in pure water to values between 20 and 40 mN/m in the presence of CD complexes with 1-dodecanol and long chain esters (isosorbide dioleate and sorbitan trioleate), respectively. Similar phenomenon has been observed in oil/water interfaces [25,26]. Mathapa and Paunov [25] studied drops of n-tetradecane immersed in aqueous Cyclodextrins and reported a decrease of the water/n-tetradecane interfacial tension from 44 mN/m in pure water to 37 mN/m in the presence of 1 mM α-CD (ca. 0.1% w/v). Inoue et al. [26] observed a decrease in the water/n-dodecane interfacial tension from 52 mN/m in pure water to 30 mN/m in the presence of β-CD (0.5% w/v). We realized our own measurements (Table 2, Figure S1) and found out that the brine/n-dodecane interfacial tension decreased in a nearly linear fashion with [α-CD], from 39 mN/m in the absence of α-CD to 32 mN/m in the presence of 0.75% (w/v) α-CD.



According to the Young equation (Equation (1)), a decrease in the oil/water interfacial tension (γow) will lead to a decrease in the contact angle, rendering the surface more water-wet, as observed here. The inclusion complexes between the CDs and linear alkanes display amphiphilic character, with the CD as the polar head and a portion of the linear chain protruding out from the cavity as the apolar tail (Scheme 2), and can therefore be regarded as pseudo-surfactants [25,30,31,32], being an environmentally friendly alternative to the surfactants generally used in EOR. Another possible effect of the CDs is the formation of inclusion complexes with the octadecyl groups anchored at the C18-quartz surface, since in our experimental arrangement the CD was already present prior to the deposition of the hydrocarbon drop.




3.3. Effect of CD Concentration


For EOR purposes, the additive must be active at relatively low concentrations, in order to reduce operation costs. Hence, we investigated here the effect of the CD concentration on the wettability of C18-quartz (Figure 5, Figure 6 and Figure 7). At low CD concentrations, the initial contact angles (a few seconds after deposition) decreased slightly and in a linear way with CD concentration, up to a critical concentration, above which the contact angles decreased drastically from an oil-wet to a water-wet state. For β-CD, this critical concentration occurred about 1.5% (w/v) (Figure 5 and Figure 7), whereas for α-CD it happened between 0.5% and 1.0% (w/v) (Figure 6 and Figure 7), confirming that α-CD has a more pronounced effect on wettability than β-CD. The higher efficiency of α-CD at lower concentrations as compared to β-CD can be explained by the formation of stable complexes with the dodecyl chains, due to the tight fit of linear alkyl chains within the α-CD cavity, as discussed above.



However, the dynamic behavior of the n-dodecane drops at low CD concentrations was quite different from that observed with concentrated CD solutions. In diluted β-CD solutions (<1% w/v), the drops behaved similarly to brine without CDs. The initially formed drops were stable for about 1 min, and then relaxed within 10 min to a more spread final state, which remained unchanged for several hours (Figure 5 and Figure S2). As noted above, it takes ca. 30 s in our set up between injecting the drop and start recording the images. In Figure 5 and Figure S2, zero time is the moment the camera was triggered (ca. 30 s after drop deposition). In diluted α-CD solutions, the relaxation process was much faster than with β-CD and could not be recorded, since it was faster than the time needed to trigger the camera.



In concentrated CD solutions (above the transition concentration in Figure 7), on the other hand, the shape of the n-dodecane drops changed very little with time, in contrast to the diluted solutions (Figure S2). Instead, membrane-like skins appeared at the oil drop surface within a few minutes as the drop was aged in concentrated CD solutions. Such semi-rigid skins seem to stabilize the drops, preventing them to spread on C18-quartz. This phenomenon can be explained by the precipitation of mycrocrystals of CD inclusion complexes [25], forming a film at the interface, as discussed below. The critical concentration observed in Figure 7 seems to be the onset of film formation.




3.4. Aging of n-Dodecane Drops at High CD Concentrations


When the n-dodecane drops were immersed in concentrated CD solutions (above the critical concentration seen in Figure 7), formation of films at the oil/water interface was clearly observed after ca. 5 min (Figure 8 and Figure S3). Similar phenomenon has been observed by other authors, and was attributed to the precipitation of microcrystals of CD/hydrocarbon inclusion complexes at the interface [24,25]. In the case of β-CD, the film had the appearance of a membrane-like wrinkled skin (Figure 8, top), and seemed to be fluid or semi-fluid at the interface. As seen in Figure S3, drops of n-dodecane in concentrated β-CD solutions started to spread in the first few minutes after contact (oil started advancing over a previously water-covered surface), but as the skin became more rigid the drop shape got frozen. This shows that the effects of CDs were both kinetic and thermodynamic. Changes in interfacial tensions will affect the wettability according to Equation (1), which is valid for systems in thermodynamic equilibrium. This was likely the case at low [CD]. At high [CD], however, skin formation prevented the system to reach the equilibrium, and the drop was frozen in a non-equilibrium shape.



The behavior in the presence of concentrated α-CD was quite different. A solid crystalline layer precipitated at the drop surface (Figure 8), as seen by the darkening of the bright areas inside the drops. The images were acquired in light transmission mode, so that the bright areas at t = 0 mean that the drops were initially translucent. The crystals formed after some time in the presence of α-CD blocked the light, resulting in the observed darkening. Since α-CD is more soluble in water than β-CD, it was possible to extend the studies to higher concentrations (up to 5% w/v). At very high α-CD concentrations, the interface became saturated with crystals and the excess of solid material was relayed into the aqueous phase as a flow of particles (Figure 8 and Figure S4). The crystals of α-CD/n-dodecane inclusion complexes were less dense that the aqueous phase and flowed up pushed by buoyancy forces (Figure S4).



Hernandez-Pascacio et al. [24] observed the formation of films of α-CD/surfactant inclusion complexes at air/water interfaces. The films could be imaged at the interface using Brewster-angle microscopy and showed a similar aspect as the skins observed in Figure 8 and Figure S3. Mathapa and Paunov observed similar skins around n-tetradecane drops immersed in CD aqueous solutions, and showed that the phenomenon was due to the presence of microcrystals of CD inclusion complexes [25]. They found out that the β-CD complexes with n-tetradecane formed flexible skins, stabilized by stable microcrystals, whereas larger crystals were formed with α-CD, resulting in precipitation at the interface. Our results are in complete agreement with those findings.



The larger crystals verified with α-CD arise because the CD inclusion complexes have a trend to self-assemble in long nanotubes stabilized by hydrogen bonds. The threading of several CD units onto a polymeric chain results in the formation of the so-called pseudo-polyrotaxanes (also known as “molecular necklaces”) [24,25]. In the present case several n-dodecane molecules within the CD cavities would play the role of the polymeric chain. Such tubular structures have been seen by microscopy at the interface of n-alkane drops with α-CD solutions [25].



Other studies have shown the formation of CD-based oil-in-water Pickering emulsions (which are emulsions stabilized by solid particles), where the stabilizing particles at the interface were microcrystals of CD inclusion complexes with n-alkanes [26,33,34]. Several other oils were found to form CD-stabilized Pickering emulsions, such as squalane, soybean oil, liquid paraffin [35], medium chain triglycerides [36], olive oil, castor oil and coconut oil [37]. Such stable oil-in-water emulsions could be a mechanism for oil transport within the porous rock media, being an additional effect of CDs in EOR. Pickering emulsions have been often employed to facilitate oil flow in EOR studies [38,39].



The results above showed that α-CD was the most effective in altering the surface wettability among the CDs tested. This can be explained by the tight fit of the alkane chain within the narrower cavity of α-CD, in contrast to a looser fit with β-CD and γ-CD [7,8]. Inoue et al. [26] reported that α-CD formed the most stable inclusion complex with n-dodecane among the native CDs. They also found, however, that complexes of n-dodecane with α-CD were not as good emulsifying agents as those with β-CD and γ-CD. The α-CD/n-dodecane complexes formed unstable emulsions and tended to precipitate as crystals. The β-CD/n-dodecane and γ-CD/n-dodecane complexes, on the other hand, formed stable layers of microcrystals at the oil drop surface, stabilizing the oil-in-water Pickering emulsions [26]. Those results are in agreement with the findings of the present work.



In view of the present results, it can be concluded that the use of α-CD in EOR could be advantageous, since its effects were observed at lower concentrations (Figure 7). However, its use should be restricted to low concentrations, below or near the critical concentration, since the excess of crystals could clog the rock porous system. β-CD, on the other hand, shows a much lower trend to precipitate and therefore could be used for EOR applications above the critical concentration.




3.5. Advancing and Receding Contact Angles


Equilibrium contact angles do not always represent the real contact angles. It is often convenient to measure advancing and receding contact angles. It is generally accepted that advancing contact angles, which are the contact angles obtained when water is advancing over a solid surface previously covered by oil, represent better the reservoir wettability than the equilibrium or receding angles [15,16]. This is because in a water flooding operation, water advances over rock surfaces previously wet by oil. In the tensiometer used here, advancing and receding contact angles were measured by the tilting plate technique (Figure 9), where the stage bearing the drop was tilted using a tilting cradle accessory. The advancing and receding angles were registered in the same image (Figure 9) right after the drop started moving during tilting.



It was not easy to measure advancing and receding angles in the presence of CDs. With low CD concentrations, time-dependent drop relaxation, as described above, was concomitant with tilting. With high CD concentrations, on the other hand, most drops were strongly adhered to the C18-quartz substrate, and did not detach from the surface even when the quartz cuvette was turned upside down. The reason for the strong oil/C18-quartz adhesion could be an interaction between CD inclusion complexes at the drop interface and surface octadecyl groups on quartz. The same CD molecule could host at the same time a surface octadecyl chain and a n-dodecane molecule from the drop surface, resulting in zipper-like attractive interactions. Adhesion of oil to rock surfaces even when those were strongly water-wet has been reported in the literature [15]. In a few favorable cases (near the critical concentration shown in Figure 7), it was possible to make the drop move on the solid surface, and hence advancing and receding contact angles could be obtained, as shown in Figure 9 for 1% (w/v) α-CD. It can be seen that the water advancing contact angle was 10°, which is even more water-wet than the equilibrium angle of 23°, confirming the ability of Cyclodextrins in making the C18-quartz surface more water-wet.





4. Conclusions


The results presented here show that the CDs are prospective candidates for pseudo-surfactants with applications in EOR. CD-based pseudo-surfactants are formed upon inclusion of linear hydrocarbon chains within the CD cavities, resulting in inclusion complexes. The pseudo-surfactants were tested on octadecyl-covered surfaces representing oil-wet rock surfaces. Hydrocarbon drops were shown to spread well over these oil-wet surfaces, but the effects were reversed in the presence of the CDs. The most pronounced effects were found with α-CD, in which case the oil-wet octadecyl-covered surface was changed to water-wet. The pronounced effects of α-CD can be explained by the tight fit of linear alkyl chains within the α-CD cavity, forming stable inclusion complexes, whereas a looser fit is expected for the larger CDs. The effects of α-CD were observed at relatively low concentrations, what is very important for the economic viability in EOR. At higher concentrations, the CD inclusion complexes form a microcrystalline layer around the hydrocarbon drop, resembling Pickering emulsions. The formation of CD-based Pickering emulsions could be explored for oil transport, although care must be taken to avoid pore-clogging by the microcrystals. Many more studies will be needed before the CDs can be introduced in real reservoirs, since it has not been used before for EOR operations. Nevertheless, the present results are encouraging for further investigations on the use of CDs in EOR. The next step in the research will be testing the CDs with asphaltene-covered surfaces.
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The following are available online http://www.mdpi.com/2504-5377/2/1/10/s1. Figure S1: Interfacial tension between a drop of dodecane and α-CD solutions of different concentrations in brine (0.6 M NaCl) followed as a function of time. Figure S2: Dynamic behavior of the contact angles followed as a function of time for n-dodecane drops immersed in aqueous saline solution (0.6 M NaCl) containing β-CD and in contact with C18-quartz. Figure S3: drops of n-dodecane in contact with C18-quartz and immersed in aqueous saline solution (0.6 M NaCl) containing 1.5% (w/v) β-CD. Figure S4: Drop of n-dodecane in contact with C18-quartz and immersed in aqueous saline solution (0.6 M NaCl) containing 5% (w/v) α-CD.
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Figure 1. Structure of the most common types of cyclodextrins. 
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Figure 2. Experimental arrangement employed to measure the effect of cyclodextrins (CDs) on the contact angles. (A) Photograph showing n-dodecane drops in contact with the quartz surface in a cuvette filled with the aqueous phase; (B) Analysis of the drop shape according to the Young equation (Equation (1)), showing the contact-angle (through the water phase) and the interfacial tensions. The solid substrate was a modified quartz surface, the oil drop was n-dodecane and the aqueous phase was a brine solution (0.6 M NaCl) containing dissolved CDs. 
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Scheme 1. Functionalization of a quartz surface with octadecyltrichlorosilane (OTS) to give oleophilic C18-quartz. 
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Scheme 2. Formation of inclusion complexes between CDs and n-dodecane, and their assembly on the oil drop surface. 
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Figure 3. Drops of n-dodecane immersed in the aqueous phase (0.6 M NaCl) and in contact with quartz surfaces. (A) Native quartz (before OTS treatment); (B) C18-quartz (after OTS treatment). 
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Figure 4. Effects of the different CDs on the shape of n-dodecane drops in contact with the C18-quartz surface and immersed in the aqueous phase containing brine (0.6 M NaCl) and the CDs. (A) Brine only; (B) Brine + γ-CD. (C) Brine + β-CD. (D) Brine + α-CD. 
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Figure 5. Drops of n-dodecane immersed in aqueous saline solutions (0.6 M NaCl) containing β-CD and in contact with C18-quartz. Left column: within 30 s after drop deposition. Right column: the same drop after the time indicated. 
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Figure 6. Drops of n-dodecane immersed in aqueous saline solutions (0.6 M NaCl) containing α-CD and in contact with C18-quartz. 
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Figure 7. Effect of the CD concentration on the contact angles of an n-dodecane drop in contact with C18-quartz and immersed in the aqueous phase. The lines connecting the experimental points were added for easy reading. 
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Figure 8. Images of n-dodecane drops in contact with a C18-quartz surface and immersed in concentrated CD solutions (containing 0.6 M NaCl). Notice the time-dependent formation of a solid layer of inclusion complexes at the oil/water interface. 
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Figure 9. Tilting angle experiment with a drop of n-dodecane immersed in aqueous saline solutions (0.6 M NaCl) containing 1% (w/v) α-CD and in contact with C18-quartz. (A) Initial position (no tilt). (B) The same drop just after it started moving on the surface. It can be noticed the water advancing at the contact point on the left and receding at the contact point at the right side. 
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Table 1. Effect of different CDs on the contact angle of n-dodecane drops immersed in the aqueous phase and in contact with C18-quartz 1.
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	CD
	θ (Degrees) 2





	none
	162



	α-CD
	33



	β-CD
	94



	γ-CD
	111



	HP-β-CD
	110



	HP-α-CD
	111







1 [CD] = 1.5% (w/v) in all cases. Aqueous solutions contained 0.6 M NaCl; 2 Measured through the aqueous phase.













 





Table 2. Interfacial tension (IFT) between dodecane and α-CD solutions of increasing concentrations 1.
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	[α-CD] (% w/v)
	IFT (mN/m) 2





	0
	39.2



	0.125
	38.0



	0.50
	33.4



	0.75
	32.2







1 In brine (0.6 M NaCl). 2 Measured after an equilibration time of 400 s (see Figure S1).
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