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With an extensive application of flooding technologies in oil recovery, traditional emulsion flooding has seen many limits due to its poor stability and easy demulsification. Pursuing a new robust emulsion plays a fundamental role in developing highly effective emulsion flooding technology. In this work, a novel Pickering emulsion with special magnetic nanoparticles Fe3O4@PDA@Si was designed and prepared. To disclose the flooding mechanism from magnetic nanoparticles, the physico-chemical characterization of Fe3O4@PDA@Si was systematically examined. Meanwhile, the flooding property of the constructed Pickering emulsion was evaluated on the basis of certain downhole conditions. The results showed that the synthesis of Fe3O4@PDA@Si nanoparticles was found to have a hydrophobic core-shell structure with a diameter of 30 nm. Pickering emulsions based on Fe3O4@PDA@Si nanoparticles at an oil-to-water ratio of 5:5, 50°C, the water separation rate was only 6% and the droplet diameter of the emulsion was approximately 15 μm in the ultra-depth-of-field microscope image. This demonstrates the excellent stability of Pickering emulsions and improves the problem of easy demulsification. We further discussed the oil displacement mechanism and enhanced oil recovery effect of this type of emulsion. The microscopic flooding experiment demonstrated that profile control of the Pickering emulsion played a more important role in enhanced recovery than emulsification denudation, with the emulsion system increasing oil recovery by 10.18% in the micro model. Core flooding experiments have established that the incremental oil recovery of the Pickering emulsion increases with decreasing core permeability, from 12.36% to 17.39% as permeability drops from 834.86 to 219.34 × 10−3 μm2. This new Pickering emulsion flooding system stabilized by Fe3O4@PDA@Si nanoparticles offers an option for enhanced oil recovery (EOR).
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1 INTRODUCTION
Oil as one of the world’s major energy resources is vital to ensuring energy security and promoting economic development. However, in the water injection development stage of oil reservoirs, the oil recovery efficiency sharply decreases due to the breakthrough of the water flooding front caused by the viscous fingering of the injected water in the high permeability areas of oil reservoirs (Long et al., 2019a; Suleimanov et al., 2022). Therefore, it is urgent to improve oil recovery from reservoirs after water injection development in order to exploit oil resources more effectively, improve the efficiency of oil resources utilization, reduce resource waste and meet global energy demand and economic development (Long et al., 2019b; Gogoi and Gogoi, 2019). Among numerous methods for improving oil recovery, the emulsion flooding technology has been much concerned by the public (Carvalho and Alvarado, 2014; Cheraghian et al., 2020). Since the emulsion flooding technology was applied in practical oil fields in the last century, it has been confirmed via a large number of lab experiments and oilfield practices that the emulsion has played an important role in improving oil recovery and can achieve an enhanced oil recovery of more than 10% (Cao et al., 2022; Tiong et al., 2023).
In the past few decades, many scholars (Jia et al., 2021a; Liang et al., 2022) have conducted extensive research on the stability of traditional emulsion and its influencing factors, emulsification mechanism, and mechanism of improving recovery efficiency. (Bai et al., 2014) found that surfactant concentration, chemical slug size, slug type, and experimental temperature all have an impact on incremental oil recovery of the emulsion flooding. Due to the synergistic effect of the surfactant at the oil/water interface, the oil/water interfacial tension is reduced, the oil phase can be more easily emulsified and dispersed, and the stability of the emulsion can be enhanced. (Carvalho and Alvarado, 2014) utilized reservoir simulators to confirm that emulsion flooding can improve displacement efficiency at the pore scale (Zhou et al., 2019). Analyzed the formation mechanism, rheology, stability, and seepage characteristics of the emulsion and summarized the mechanisms of enhanced oil recovery by emulsification. (Mehranfar and Ghazanfari, 2014) conducted the emulsion flooding experiments using glass micromodels with randomly distributed shale cracks and analyzed various mechanisms of improving heavy oil recovery during emulsion flooding. The results show that the injected water-in-oil (W/O) emulsion increases the swept area, reduces the viscous fingering effect, and extends the breakthrough time of the water phase, leading to a significant increase in enhanced oil recovery (AfzaliTabar et al., 2017; Namin et al., 2023). It is thus clear that the oil displacement mechanism of traditional emulsion forms tiny oil-water particles between water and oil phases using an emulsifier to increase surface area, reduce pore pressure, and decrease relative permeability, so as to achieve the purpose of improving oil recovery. However, traditional emulsions have disadvantages including poor stability, easy layering, high viscosity, and difficulty in demulsification (Umar et al., 2018). Therefore, in order to overcome these shortcomings, it is urgent to develop a new emulsion system.
Compared with traditional emulsion, Pickering emulsion is a new type of emulsion system, which is stabilized by solid particles or nanoparticles instead of traditional organic surfactants as emulsifiers (Wu and Ma, 2016; Xu et al., 2022). It has unique physical and chemical properties, such as strong stability, extensive sources, etc. Therefore, Pickering emulsion has gradually been applied in oil fields. Relying on the special stability mechanism of Pickering emulsion, appropriate solid particles can be selected to prepare Pickering emulsions that can respond to different environments to solve issues such as poor stability and difficulty in demulsification encountered during the process of improving oil recovery (Zhu et al., 2021; Li W. et al., 2022). Magnetic responsive emulsion (magnetic emulsion), which is stabilized by magnetic particles as an emulsifier, can realize directional movement under the action of the external magnetic field (Kazemzadeh et al., 2018; Li X. et al., 2022). Thus, the magnetic Pickering emulsion can be used to simultaneously solve the problems of poor stability of the emulsion and difficulty in demulsification of the produced liquid encountered during the emulsion flooding.
Among numerous magnetic materials, Fe3O4 nanoparticles have been widely used to prepare magnetically responsive Pickering emulsion due to their excellent magnetic property (Niebel et al., 2014; Zhou et al., 2014; Zhao et al., 2022). Currently, some domestic and foreign scholars have conducted some exploratory studies in enhanced oil recovery using the magnetically responsive emulsion stabilized by Fe3O4 nanoparticles. (Sharma et al., 2016) found via core displacement experiments that particle morphology and size, surface property, concentration, emulsion droplet size, interaction forces, and flow state all had an influence on the stability of the emulsion, thus affecting the effect of improving oil recovery. The emulsion stabilized by Fe3O4/SiO2 nanoparticles (0.1 wt%) could improve oil recovery by 13.2% in the microscopic flooding experiments. (Yakasai et al., 2023) thought that the emulsion stabilized by nanoparticles could block high-permeability pores in the reservoir during displacement to improve sweep efficiency, and the enhanced oil recovery increased with an increase in the emulsion stability. The emulsion stabilized by iron oxide nanoparticles functionalized with 3-aminopropyltriethoxysilane could improve oil recovery by 13.3% in core flooding experiments. (Shalbafan et al., 2020) investigated the influence of particle size, shape, and surface modification on the emulsification effect, explored the influence of the interaction between solid particles and the oil-water phases on enhanced oil recovery, and found that the emulsions stabilized by Fe3O4 nanoparticles covered with polyvinyl pyrrolidone (PVP) and sodium dodecyl sulfate (SDS) improved the oil recovery by 16.0% and 13.0%, respectively. (Rezvani et al., 2019) prepared the W/O emulsion stabilized by Fe3O4 nanoparticles modified with chitosan. Compared with the emulsion stabilized by Fe3O4 nanoparticles, the above emulsion had a higher viscosity of 334.0 mPa s·and could form a more uniform plugging in the pores. Core displacement experiments on sandstones confirmed that the emulsion prepared using hydrophobically modified Fe3O4 nanoparticles could increase the sweep efficiency and improve oil recovery by 15.0%. Currently, the oil-in-water (O/W) emulsions stabilized by Fe3O4 nanoparticles still have certain deficiencies in stability and viscosity (Gbadamosi et al., 2018; Kazemzadeh et al., 2019). To further improve the stability and viscosity of the emulsions stabilized by Fe3O4 nanoparticles, it is necessary to modify the surface of Fe3O4 nano-particles and improve their hydrophobicity to prepare a stable W/O emulsion with higher viscosity, which will be more conducive to further improving the sweep efficiency during the displacement process, thus improving oil recovery.
This study is to propose a new emulsion flooding system using Fe3O4@PDA@Si nanoparticles to improve oil recovery from reservoirs after water injection development. Firstly, the magnetic Fe3O4 nanoparticles were synthesized by the coprecipitation method (Su et al., 2015). Hydrophobic Fe3O4@PDA@Si nanoparticles were prepared by coating dopamine (DA) and modifying with 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane on the surface of Fe3O4 nanoparticles. The morphology, composition, structure, and contact angle of Fe3O4@PDA@Si nanoparticles were characterized by transmission electron microscope (TEM), X-ray diffractometer (XRD), Fourier infrared spectrometer (FTIR), and contact angle tester (WCA). Subsequently, the Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles was prepared using a high-speed dispersing homogenizer and its stability was evaluated. In addition, the microscopic displacement mechanism of the Pickering emulsion was investigated using an etched glass model as a porous medium to carry out microscopic flooding experiments. Core-flooding experiments were conducted to investigate the ability of enhanced oil recovery of the Pickering emulsion. This work will provide a better understanding of the microscopic displacement mechanism of Pickering emulsions in complex porous media of reservoir and explore more efficient reservoir recovery methods to improve oil recovery. Meanwhile, the magnetic Pickering emulsion flooding technique, as an improved reservoir recovery technique, can contribute to the efficient recovery of oil resources by enabling efficient oil recovery in mature oil fields. Therefore, the results of this study can provide effective theoretical and technical support for scientific research and engineering practice related to enhanced oil recovery (EOR).
2 MATERIALS AND METHODS
2.1 Materials
For requirements for a specific article type Anhydrous ethanol, sodium hydroxide, ferrous sulfate heptahydrate, ferric chloride hexahydrate, and trisodium citrate dihydrate were purchased from Sinopharm Group Chemical Reagent Co., Ltd. (China) for the preparation of Fe3O4 nanoparticles. Dopamine hydrochloride (98%) (DA), 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane, and n-hexane were purchased from Shanghai McLean Biochemical Technology Co., Ltd. (China) for the synthesis of Fe3O4@PDA@Si nanoparticles. Sodium carbonate, sodium bicarbonate, sodium sulfate, sodium chloride, magnesium chloride, and calcium chloride were purchased from Sinopharm Chemical Reagent Co., Ltd. (China) to prepare the simulated formation water. All the chemical reagents were of analytical grade and all solutions were prepared in deionized water. The synthetic formation water was brine with a total dissolved solids (TDS) value of 5,260 ppm and was used in all flow tests. The crude oil with a density of 0.8569 g/cm3 and a viscosity of 7.69 mPa s (50°C) was obtained from the Daqing oil reservoir. The artificial cores were used in the flooding experiments and their basic parameters are shown in Table 1.
TABLE 1 | Basic parameters of the artificial cores used in the flooding experiments.
[image: Table 1]2.2 Synthesis of Fe3O4 nanoparticles
Fe3O4 nanoparticles were synthesized by the coprecipitation method. FeSO4·7H2O (5.56 g) and FeCl3·6H2O (5.41 g) were dissolved in the deionized water (100 mL). The mixture was stirred for 30 min at 60°C, and the NaOH solution (1 mol/L) was added to the mixture drop by drop until the pH value of the mixture was up to 11. After the trisodium citrate was added to the reaction solution, the solution was stirred for 1 h at 80°C and then cooled down to room temperature. The products were washed with distilled water and anhydrous ethanol until the pH value of the solution was down to 7. After that, the products were dried for 12 h at 60°C and were ground to obtain the Fe3O4 nanoparticles.
2.3 Synthesis of Fe3O4@PDA nanoparticles
Tris-HCl buffer solution with the pH value of 8.5 was prepared. Fe3O4 nanoparticles (0.5 g) were added to the Tris-HCl buffer solution (150 mL) and dispersed evenly by ultrasonic method. DA (0.3 g) was added to the previous solution and stirred for 12 h at 25°C. The products were collected by a magnet washed with deionized water and anhydrous ethanol, Vacuum dried for 12 h at 60°C, and ground to obtain Fe3O4@PDA nanoparticles.
2.4 Synthesis of Fe3O4@PDA@Si nanoparticles
1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane (5 µL) was added to n-hexane and stirred for 10 min Fe3O4@PDA nanoparticles were poured into the mixed solution (150 mL) and stirred for 24 h at room temperature. The products were collected by a magnet washed with deionized water and anhydrous ethanol, dried for 12 h at 60°C, and ground to obtain Fe3O4@PDA@Si nanoparticles. The synthesis route of Fe3O4@PDA@Si nanoparticles is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic illustration of the synthetic route of Fe3O4@PDA@Si nanoparticles.
2.5 Preparation of pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles
Fe3O4@PDA@Si nanoparticles (5 g) were added into deionized water (1 L), and sonicated for 10 min. Then, the above solution and crude oil were mixed according to a certain oil-water ratio (1:9, 2:8, 3:7; 4:6, and 5:5). The mixture was dispersed for 10 min at 7,000 r/min by a high-speed dispersing homogenizer (T18, IKA Co., Ltd., Germany) to prepare a water-in-oil (W/O) Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles.
2.6 Characterization
The morphologies of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles were observed by a transmission electron microscope (TEM, FEI TF20, Zeiss, Germany). The contact angle tester (WCA, JY-82B, Cruise, Germany) was used to determine the wettability of water droplets on the surface of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles. The X-ray diffractometer (XRD, Ultima IV, Rigaku Co., Ltd., Japan) was applied to measure the crystal structure of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles with a wavelength of 1.5406 nm, a scanning range of 5°–90°, and a scanning speed of 5°/min. The Fourier infrared spectrometer (FTIR, Nicolet iS20, Thermo Fisher Scientific, China) was used to analyze the functional group and chemical bond of Fe3O4 Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles in the range of 4,000–400 cm−1.
2.7 Stability evaluation of pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles
The prepared Pickering emulsions (10 mL) with different oil-water ratios (1:9, 2:8, 3:7; 4:6, and 5:5) were poured into five graduated test tubes, respectively. Then, the five graduated test tubes with the Pickering emulsions were placed in a thermostatic water bath at 50°C. The volume of water evolved from the Pickering emulsion was continuously recorded in each test tube until the volume of water remains constant. According to the final volume of the evolved water, the water separating proportion (f) can be calculated as follow:
[image: image]
Where, the [image: image] is the final volume of the evolved water, mL; the [image: image] is the total volume of the water phase in the Pickering emulsion, mL.
In addition, a drop of freshly prepared Pickering emulsion was taken using a dropper and slowly dropped onto a slide. Then, the droplet of the Pickering emulsion was gently covered using a coverslip. When the droplet of the Pickering emulsion was evenly spread on the slide, the type of the Pickering emulsion and the distribution of oil and water were observed, the particle sizes of the Pickering emulsion droplets were measured, and the microscopic photos of the Pickering emulsion were recorded using a super depth of field optical microscope (VHX-5000, Keyence, Japan).
2.8 Microscopic flooding experiment
The microscopic flooding experiment was carried out by using an etched glass micromodel as the porous medium. Microscopic flooding experiment using etched glass micro-models as porous media. Based on the realistic pore structure of natural cores from the Daqing oilfield, photo-chemical methods were used to, etch the pore network on a glass plate. A micro-model of the etched glass plate was made by sintering the etched glass plate with another smooth glass plate. On both sides of the smooth glass, small holes were drilled to simulate injection and production wells in the reservoir. The porosity of the glass micro-model was 25%. The pore inner diameter is in the range of 30–200 μm in the etched glass micromodel, as shown in Figure 2A. The process of the microscopic displacement experiment is shown in Figure 2B. The experimental setup includes three containers with different fluids, a micro constant speed pump, a visual observation system and an image acquisition system, and a measuring cylinder for collecting fluid at the outlet. First, the micromodel was dried at 120°C for 24 h after washing with distilled water, and weighed to obtain the dry weight. The dried micromodel was vacuumed using a vacuum pump, saturated with simulated formation water using a flow pump, and weighed to obtain the wet weight again. The porosity of the micromodel was calculated by the weight method according to the wet and dry weight of the micromodel. Then, the water volume was determined at the outlet end of the micromodel to calculate the initial oil saturation when the crude oil was injected into the micromodel. The micromodel saturated with crude oil was aged for 24 h at 50°C to obtain the ideal wettability. After that, the aged micromodel was flooded with the simulated formation water at an injection rate of 0.1 mL/min, a slug of Pickering emulsion (0.3 PV, pore volume) was injected at the residual oil saturation of water flooding, and then the extended waterflood was performed after the injection of Pickering emulsion was completed. The images of the microscopic displacement were continuously recorded during the flooding experiment. In order to achieve the oil saturation from the residual oil images, the images were sharpened to improve the contrast. Then, the water and oil in the images were discriminated by the gray thresholds according to a program developed using Python. Finally, the oil saturation was obtained via calculating the area ratio of oil to pore space.
[image: Figure 2]FIGURE 2 | (A) Photograph of the etched glass micromodel. (B) The flow diagram of the microscopic flooding experiment.
2.9 Core-flooding experiment
The process of the core-flooding experiment is shown in Figure 3. The experimental setup consisted of three containers with different fluids, a micro constant-speed displacement pump and a data collection system, a hydrostatic core holder, a pump to maintain core confining pressure, and a graduated cylinder for collecting fluid at the outlet. Firstly, the core was dried, vacuumed, and saturated with simulated formation water. Then, the crude oil was injected into the core at the rate of 0.1 mL/min until there was no water at the outlet. The irreducible water saturation was calculated, and the core was aged for 24 h at 50°C. After that, the simulated formation water was injected into the core at a rate of 0.1 mL/min until the water cut reached more than 98%, and the oil recovery of the water flood was calculated. The prepared Pickering emulsion system (0.3 PV) was injected at a rate of 0.1 mL/min. After the Pickering emulsion injection was completed, the extended water flooding was continued at a rate of 0.1 mL/min until the water cut reached 98%, and the EOR (Enhanced oil recovery) of the Pickering emulsion system was calculated. Refer to the production conditions of Daqing Oilfield, all flooding experiments were carried out at 50°C. The oil and water flow volume at the core outlet was continuously recorded during the experiment. The above experimental process was carried out on four cores with different permeabilities to analyze the influence of core permeability on the oil displacement efficiency.
[image: Figure 3]FIGURE 3 | Flow diagram of the core flooding experiment.
3 RESULTS
3.1 Characterization
The morphologies of Fe3O4@PDA@Si, Fe3O4@PDA, and Fe3O4 nanoparticles were determined by TEM and are shown in Figure 4. Comparing Figures 4A, B, D, E. it can be seen that PDA has been successfully coated on Fe3O4 nanoparticles, it can protect Fe3O4 nanoparticles from being oxidized, resulting in reduced magnetism. The Fe3O4@PDA nanoparticles exhibited an obvious core-shell structure. Comparing Figures 4B, C, E, F it can be seen that Fe3O4@PDA@Si nanoparticles have the same structure as Fe3O4@PDA nanoparticles, with a particle size of about 30 nm and a shell thickness of approximately 8 nm, indicating that the 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane only modifies the surface wettability of Fe3O4@PDA nanoparticles. To analyze the effect of dopamine and silane on the surface wettability, the water contact angles of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles were measured and are shown in Figures 4G–I. It can be found that the water contact angle of Fe3O4 nanoparticles is 35.9°, indicating that the Fe3O4 nanoparticles have strong hydrophilicity. After the dopamine was coated on Fe3O4 nanoparticles, the water contact angle of Fe3O4@PDA nanoparticles is 38.1°, indicating that the dopamine does not influence the surface wettability of Fe3O4 nanoparticles. However, the water contact angle of Fe3O4@PDA@Si nanoparticles increases to 125.9° after the Fe3O4@PDA nanoparticles were modified by 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane. This is because the Fe3O4@PDA@Si nanoparticles contain more hydrophobic halogen groups (-F and -Cl groups), resulting in enhancing the hydrophobicity of Fe3O4@PDA@Si nanoparticles (Chen et al., 2018).
[image: Figure 4]FIGURE 4 | (A, D) TEM images of Fe3O4. (B, E) TEM images of Fe3O4@PDA. (C, F) TEM images of Fe3O4@PDA@Si nanoparticles. (G) WCA images of Fe3O4. (H) WCA images of Fe3O4@PDA. (I) WCA images of Fe3O4@PDA@Si nanoparticles.
The crystal structure of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles were characterized by XRD and are shown in Figure 5A. It can be seen that Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles have the same diffraction peaks at 2θ = 18.28°, 30.12°, 35.42°, 43.12°, 53.60°, 56.96°, and 62.82°, compared with the standard Fe3O4 atlas PDF # 75–1,609, respectively corresponding to the lattice planes of (011), (112), (121), (004), (204), (231) and (400), indicating that the prepared Fe3O4 nanoparticles are a cubic spinel structure with sharp peak shape (Chen et al., 2021). It is preliminarily proved that Fe3O4 nanoparticles have been successfully prepared. The characteristic diffraction peaks of Fe3O4@PDA nanoparticles are consistent with those of Fe3O4 nanoparticles, indicating that the presence of PDA has no obvious effect on the crystal structure of Fe3O4 nanoparticles. The Fe3O4@PDA@Si nanoparticles have only the characteristic diffraction peaks of Fe3O4 without ones of Si. This may be due to the low content of silicon in the modifier or because the silicon was amorphous in the modifier.
[image: Figure 5]FIGURE 5 | (A) XRD patterns of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles. (B) FTIR spectra of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles.
The FTIR spectra of Fe3O4, Fe3O4@PDA, and Fe3O4@PDA@Si nanoparticles were measured and are shown in Figure 5B. The characteristic absorption peak of the Fe-O bond at 593 cm−1 is the absorption peak of Fe3O4, indicating that Fe3O4 nanoparticles were successfully obtained. The absorption peak at 3,414 cm−1 is formed by the hydroxyl or water adsorbed on the surface of Fe3O4 nanoparticles. Compared with the spectrum of Fe3O4 nanoparticles, it can be found that the O-H absorption peak moves from 3,414 cm−1 to 3,381 and 3,425 cm−1 in the spectra of Fe3O4@PDA and Fe3O4@PDA@Si nanoparticles, respectively. It shows that PDA and silane have a certain degree of influence on the hydroxyl groups on the surface of Fe3O4 nanoparticles. In the spectra of Fe3O4@PDA and Fe3O4@PDA@Si nanoparticles, a new absorption peak is observed at 2,925 cm−1 due to the presence of dopamine. In the spectrum of Fe3O4@PDA@Si nanoparticles, two new absorption peaks appear at 1,149 and 1,208 cm−1 corresponding to the asymmetric stretching vibration peak of Si-O-Si and the characteristic peak of -CH3, respectively (Li et al., 2020). It is confirmed that dopamine and silane successfully coat on the surface of Fe3O4 nanoparticles.
3.2 Stability of pickering emulsions stabilized by Fe3O4@PDA@Si nanoparticles
The stability of the Pickering emulsions with different oil-water ratios was evaluated by measuring the water separating proportion and observing the microscopic morphology from the perspective of quantitative and qualitative analysis, as shown in Figure 6. As shown in Figures 6A, B, it can be observed that the final water separating proportion of the Pickering emulsion increases with an increase of the water phase volume. The water separating proportion of the Pickering emulsion is the lowest (6%) at the oil-water ratio of 5:5, which illustrates that the Pickering emulsion is the most stable at this oil-water ratio. On the one hand, the reason for this phenomenon may be that the larger the volume difference between the oil and water phases is, the more easily the phase with high proportion aggregates (Kazemzadeh et al., 2018). The structure of the Pickering emulsion is destroyed, resulting in an increase of the water separating proportion. On the other hand, it may be that the more the oil phase in the Pickering emulsion is, the higher the intensity of the oil-water interfacial film because the oil phase has greater viscoelasticity compared with the water phase (Ghaemi et al., 2015; Erdem and İşcan, 2021). Thus, the stability of the Pickering emulsion enhances with the increasing oil-water ratio. Conversely, the Pickering emulsion with more water phase is more unstable and has higher water separating proportion. In addition, as shown in Figure 6C, it is found that the Pickering emulsions with different oil-water ratios are all water-in-oil (W/O) type emulsions by observing the microscopic morphologies of the Pickering emulsions. The distribution of the emulsion droplets is very uneven at the oil-water ratio of 1:9 and 2:8 while the particle size of the emulsion droplets is nearly the same at the oil-water ratio of 5:5 and the droplets are arranged regularly throughout the field of view. It can be seen that the prepared Pickering emulsion at the oil-water ratio of 5:5 has the best stability.
[image: Figure 6]FIGURE 6 | (A) Macroscopic photos. (B) The water separating proportion. (C) Microscopic photos of the Pickering emulsions with different oil-water ratios.
3.3 Microscopic displacement characteristics of pickering emulsions stabilized by Fe3O4@PDA@Si nanoparticles
Fe3O4@PDA@Si nanoparticles with the percentage concentration of 0.5 wt% (mass fraction) were used to prepare the Pickering emulsion at the oil-water ratio of 5:5 for flow experiments. Microscopic flooding experiments were applied to investigate the microscopic displacement characteristics of the Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles. In the microscopic displacement experiment, water flooding was carried out first and then a slug (0.3 PV) of the Pickering emulsion was injected at the residual oil saturation, followed by an extended water flooding. In the process of water flooding, there was a significant “viscous fingering” phenomenon due to the low resistance of the large pores. The injected water preferentially entered into the large pores, and only a small amount of water was driven into the small pores (Zhao et al., 2022). Thus, there was a large amount of residual oil in the micromodel after waterflood, as shown in Figure 7. It can be seen from the distribution pattern of residual oil in the micromodel after water flooding that the residual oil existed in the forms of column, membrane, cluster, and islet, as shown in Figures 7B, D. The residual oil in the small pores was mainly in the cluster and column forms while the residual oil in the membrane and column forms was mainly distributed in the large pores, with a small amount of the residual oil in form of islets, as shown in Figures 7A, C. Clustered residual oil continuously distributed in the small pores was the main form of residual oil distribution after water flooding (Fang et al., 2019).
[image: Figure 7]FIGURE 7 | Morphology of residual oil after water flooding at different pores in the micromodel: residual oil in the membrane (A, B), column (B, C, D), and islet (C, D) forms in large pores, and residual oil in the cluster (A, D) form in small pores.
The flow state of the residual oil after waterflood was observed and analyzed under the emulsification denudation during the Pickering emulsion flooding, as shown in Figure 8. As the Pickering emulsion entered into the micromodel, the residual oil started to migrate in large pores under the action of the emulsion (Figure 8A). Then, partial residual oil contacted with the Pickering emulsion gradually was elongated to form the filamentous oil due to the denudation of the emulsion (Figure 8B). After that, the filamentous oil separated from the original residual oil and turned into many small oil droplets under the continuous denudation (Figure 8C). The stripped oil droplets easily flowed out from the pore under displacement pressure. Finally, most of the residual oil was displaced and only a little residual oil remained in this pore (Figure 8D). Therefore, the Pickering emulsion can greatly reduce the saturation of residual oil in complex porous media by the emulsification denudation to improve the oil recovery.
[image: Figure 8]FIGURE 8 | Emulsion denudation of residual oil in large pore during the Pickering emulsion injection: residual oil after waterflood in the pore (A), partial residual oil stretched into filament (B), filamentous oil broke into many small oil droplets (C), and a little residual oil remained (D).
The flow characteristics of the Pickering emulsion were investigated and shown in Figure 9 during the Pickering emulsion flooding and extended waterflood. The water entered into the large pore due to the low flow resistance to form the water flow predominant channel in porous medium during the waterflood (Gong et al., 2016). After the water broke through the water flow predominant channel where most of the crude oil was driven, a large amount of crude oil remained in the small pores. The Pickering emulsion preferentially entered into the water flow predominant channel during the subsequent Pickering emulsion flooding (Figure 9A). Due to high viscosity characteristic, the Pickering emulsion had a low mobility and moved slowly in large pores (Arab et al., 2018). In addition, the Pickering emulsion was easily trapped in large pores due to the complex throat structure of the porous medium (Figures 9B, C). As the extended waterflood commenced, the Pickering emulsion can plug the large pores and divert the subsequent water to enter into the small pores (Figure 9D). Thus, it can be seen that the Pickering emulsion can increase the swept volume of the subsequent water, which is beneficial for improving oil recovery.
[image: Figure 9]FIGURE 9 | Profile control for residual oil during the Pickering emulsion flooding and extended waterflood: the Pickering emulsion preferentially entering large pores (A), the Pickering emulsion trapped in large pores (B, C), and oil droplets migrating in the small pores (D).
The residual oil distributions after the Pickering emulsion flooding and extended waterflood in different pores were shown in Figure 10. After the Pickering emulsion flooding finished, the Pickering emulsion preliminarily achieved the plugging for large pores and the profile control for residual oil in small pores (Davoodi et al., 2022; Shi et al., 2023). The residual oil saturation in the pores only slightly decreases due to a little volume of the injected Pickering emulsion (Figures 10A, C). As the extended waterflood started, the swept volume of water greatly increased due to the plugging of the Pickering emulsion in large pores. A large amount of water entered into the small pores, resulting in a significant decrease of the residual oil saturation (Figures 10B, D). This indicates that the Pickering emulsion has a strong profile control effect on the residual oil in small pores with the increasing volume of the injected water.
[image: Figure 10]FIGURE 10 | Residual oil distributions after the Pickering emulsion flooding (A, C) and extended waterflood (B, D) in different pores.
To quantitatively investigate the enhanced oil recovery (EOR) of the Pickering emulsion, the photographs of the residual oil distribution were achieved and shown in Figure 11. Figure 11A shows the initial oil saturation in the whole micromodel. Figure 11B shows the residual oil distribution after waterflood. It was seen that there was a large amount of residual oil in the middle and inlet parts of the micromodel. Figure 11C shows the residual oil distribution after the injection of the Pickering emulsion. The Pickering emulsion flowed first into the large pores and then switched into the small pores with an increase of the flow resistance in large pores. The plugging of the Pickering emulsion in large pores recovered a portion of the crude oil at the entrance of the micromodel (Xu et al., 2023). Figure 11D shows the residual oil distribution after the extended waterflood. The water was diverted into the small pores due to the plugging of the Pickering emulsion in large pores during the extended water flooding (He et al., 2022). Thus, the extended waterflood could recover a lot of residual oil in small pores. The four photographs were treated by the gray thresholds to calculate the residual oil saturation for EOR, as shown in Table 2. It can be seen that the EOR can reach 10.18% by the Pickering emulsion in the micromodel.
[image: Figure 11]FIGURE 11 | Initial Oil distribution (A) and residual oil distributions after water flooding (B), Pickering emulsion flooding (C), and extended waterflood (D) in the micromodel.
TABLE 2 | Enhanced oil recovery (EOR) of the Pickering emulsion flooding in the micromodel.
[image: Table 2]3.4 Enhanced oil recovery of pickering emulsions stabilized by Fe3O4@PDA@Si nanoparticles
Core-flooding experiments were carried out using the prepared Pickering emulsion in four cores with the permeabilities of 219.34, 365.28, 537.92, and 834.86 × 10−3 μm2 to further investigate the ability of enhanced oil recovery of the Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles. The results of core-flooding experiments with regard to incremental oil recovery are recorded in Table 3. It can be seen from Table 3 that when the permeability decreases from 834.86 to 219.34 × 10−3 μm2, the incremental oil recovery of the Pickering emulsion increases from 12.36% to 17.39%, with an increase of 5.03%. From Table 4, it can be seen that compared to existing emulsion systems, Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles has a good tertiary oil displacement effect. This indicates that the Pickering emulsion can effectively improve oil recovery through profile control plugging and emulsification denudation in porous medium, and the enhanced oil recovery of the Pickering emulsion in low permeability cores is better than that in high permeability cores.
TABLE 3 | Enhanced oil recovery (EOR) of the Pickering emulsion in cores with different permeabilities.
[image: Table 3]TABLE 4 | Effect of Pickering emulsion and Traditional emulsion on Tertiary Oil Recovery.
[image: Table 4]The curves of the cumulative oil recovery with the volume of the injected fluid in four cores are shown in Figure 12. The oil recovery of water flooding increases first and then tends to be flat in each core. This is attributed to the “fingering” phenomenon occurs during the water flooding process, due to viscosity contrast between water and crude oil. After the Pickering emulsion is injected, the residual oil after water flooding is gradually eroded and separated from the surface of core pores due to the emulsification denudation of the Pickering emulsion (Khoramian et al., 2022). Thus, the cumulative oil recovery gradually increases with the increasing volume of the injected fluid. After extended waterflood is commenced, the swept volume of subsequent water is enlarged due to the plugging and profile control of the Pickering emulsion for large pores in cores, resulting in a further increase of the cumulative oil recovery. The incremental oil recovery of the Pickering emulsion in low permeability core is greater than that in high permeability core, illustrating that the plugging and profile control effect of the Pickering emulsion has a greater role in enhancing oil recovery, compared with the emulsification denudation.
[image: Figure 12]FIGURE 12 | Curves of the cumulative oil recovery with the volume of the injected fluid in cores with different permeabilities.
4 CONCLUSION
In summary, Fe3O4@PDA@Si nanoparticles were successfully synthesized by coating and modifying Fe3O4 nanoparticles using dopamine hydrochloride and 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane. The morphology, crystal structure, chemical composition, and wettability of Fe3O4@PDA@Si nanoparticles were characterized by means of relevant techniques. The stability of the Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles was evaluated at different oil-water ratios. The microscopic displacement mechanism and the ability of enhanced oil recovery (EOR) of the Pickering emulsion were investigated using an etched glass micromodel and artificial cores as complex porous media of the reservoir. The major conclusions are drawn as follows:
(1) Fe3O4@PDA@Si nanoparticles have an obvious core-shell structure, with a particle size of about 30 nm and a shell thickness of approximately 8 nm, with a water contact angle of 125.9°. The stability of the Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles enhances with the increasing oil-water ratio. The Pickering emulsion at the oil-water ratio of 5: 5 has the best stability with the water separating proportion of only 6% and uniform distribution of the emulsion droplets with a particle size of about 15 μm.
(2) The Pickering emulsion stabilized by Fe3O4@PDA@Si nanoparticles can greatly reduce the residual oil in large pores by emulsification denudation. Meanwhile, the Pickering emulsion can plug the large pores and decrease the residual oil in small pores by the profile control to enhance oil recovery. The Pickering emulsion can achieve an enhanced oil recovery of 10.18% in the micro model.
(3) The incremental oil recovery of the Pickering emulsion increases with a decrease of core permeability. The incremental oil recovery increases from 12.36% to 17.39% when the core permeability decreases from 834.86 to 219.34 × 10−3 μm2. The plugging and profile control effect of the Pickering emulsion has a greater role in improving oil recovery in low permeability core, compared with the emulsification denudation.
(4) In this work the Pickering emulsion system stabilized by Fe3O4@PDA@Si nanoparticles has high stability and excellent ability to improve oil recovery in both core and micro experiments. However, The preparation process of Fe3O4@PDA@Si nanoparticles cannot be achieved through one-step synthesis, future researchers can explore their synthesis process.
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