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Shale oil has recently received considerable attention as a promising energy source due to its substantial reserves. However, the recovery of shale oil presents numerous challenges due to the low-porosity and low-permeability characteristics of shale reservoirs. To tackle this challenge, the introduction of surfactants capable of modifying wettability has been employed to enhance shale oil recovery. In this study, we perform molecular dynamics simulations to investigate the influence of surfactants on the alteration of wettability in shale reservoirs. Firstly, surfaces of kaolinite, graphene, and kerogen are constructed to represent the inorganic and organic constituents of shale reservoirs. The impact and underlying mechanisms of two types of ionic surfactants, namely, the anionic surfactant sodium dodecylbenzene sulfonate (SDBS) and cationic surfactant dodecyltrimethylammonium bromide (DTAB), on the wettability between oil droplets and surfaces are investigated. The wettability are analyzed from different aspects, including contact angle, centroid ordinates, and self-diffusion coefficient. Simulation results show that the presence of surfactants can modify the wetting characteristics of crude oil within shale reservoirs. Notably, a reversal of wettability has been observed for oil-wet kaolinite surfaces. As for kerogen surfaces, it is found that an optimal surfactant concentration exists, beyond which the further addition of surfactant may not enhance the efficiency of wettability alteration.
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1 INTRODUCTION
With the rapid advancement of society and economy, traditional oil and gas resources cannot meet the increasing demand (Zheng et al., 2022; Sun et al., 2023). Hence, it is of great significance to enhance oil and gas production through advanced technologies. Despite recent great breakthroughs in untraditional oil exploration, a substantial amount of shale oil remains trapped within shale reservoirs due to their low-porosity and low-permeability characteristics, resulting in relatively low recovery rates (Zou et al., 2019; Tang et al., 2020; Sun C. et al., 2021). During oil extraction operations, residual oil gets trapped in the nanopores of shale reservoirs after water injection, presenting a significant challenge to the oil recovery process (Dang et al., 2022; Guo et al., 2022). In recent years, several enhanced oil recovery (EOR) techniques have been developed (Rezaei et al., 2018; Zhao et al., 2021; Yang et al., 2023), with surfactant flooding emerging as one of the most effective technologies for oil recovery enhancement (Liu et al., 2019a; Sun Y.-P. et al., 2021; Larestani et al., 2022). Surfactants exhibit diverse and unique physical and chemical properties, thereby offering considerable potential for optimizing oil recovery under varying conditions, including geological conditions, reservoir compositions, brine salinities, etc. (Tang et al., 2019)
From a macroscopic perspective, the deformability and mobility of oil droplets play a crucial role in determining the ease of detaching oil droplets from the rock surface of oil reservoirs, ultimately leading to enhanced oil recovery (Zhang et al., 2010; Pei et al., 2012). A Previous researchers have conducted extensive experimental and theoretical studies, which have elucidated two primary mechanisms through which surfactants enhance oil recovery. Firstly, surfactants reduce the interfacial tension between oil and water, thereby improving the fluidity of crude oil (Liu et al., 2022; Zhou et al., 2022). Secondly, they alter the wettability of reservoirs from lipophilic to hydrophilic, facilitating the release of more residual oil and enhancing oil recovery (Mirchi et al., 2015; Kubelka et al., 2021; Okunade et al., 2021). Currently, research on the influence of different wettability conditions on the adsorption and diffusion behaviors of shale reservoirs is still in its early stages. Scholars hold different views on shale wettability due to differences in tectonic features and mineral compositions. Shale surface wettability is a critical factor in shale oil recovery as it directly affects the distribution of oil within shale reservoirs, the injection of oil displacement agents into the formation, and the effectiveness of oil displacement (Zhao and Jin, 2021; Shi et al., 2022).
The wettability of reservoir rocks can be influenced by external conditions. Despite extensive research efforts made by scholars worldwide to understand the mechanisms underlying reservoir wettability, a consensus has not yet been reached. Since reservoir rocks are formed in water environments, most of the component minerals are hydrophilic (Guo et al., 2012). Consequently, the initial state of the reservoir rock surface is hydrophilic, characterized by the presence of a water film on the surface. However, the generation and migration of oil and gas within the reservoir typically result in a transition from hydrophilic to lipophilic wettability (Su et al., 2018; Zhang et al., 2020). Furthermore, the wettability of reservoirs can be further modified by drilling fluids and various oil displacement agents such as water, chemicals, and CO2 (Al Mahrouqi et al., 2017; Yao et al., 2021; Deng et al., 2020; Zhang et al., 2022; Afekare et al., 2021; Qin et al. 2022). These modifications in wettability are often desirable since altering the distribution of reservoir fluids within the pore network through the introduction of oil displacement agents can enhance shale oil recovery.
Researchers have conducted experimental investigations to study the impact of surfactants on enhancing shale oil recovery. Mirchi et al. (Mirchi et al., 2015) investigated the dynamic interfacial tensions and contact angles in two brine/oil/shale systems in the presence of surfactants using the rising/captive bubble technique. They reported that anionic surfactants exhibit higher adsorption on shale compared to nonionic surfactants. SalahEldin Hussien et al. (SalahEldin Hussien et al., 2019) studied the effects of surfactants on fracturing fluid performance by measuring surface tension using the pendant drop technique. Their results revealed that surfactants significantly influenced the wettability of shale rock, rendering it more water-wet. Liu et al. (Liu et al., 2019b) utilized nuclear magnetic resonance (NMR) to evaluate the wettability of shales. Their results indicated that anionic surfactants are more effective compared to nonionic and cationic surfactants in altering the wettability of clay surfaces. Although certain quantitative results can be obtained, it remains challenging to observe the underlying mechanisms and microscopic processes solely through macroscopic experiments (Roshan et al., 2016).
With the rapid development of computer technology, molecular dynamic (MD) simulation is becoming an effective tool for unravelling the underlying mechanisms governing complex processes and behaviors at the microscale level (Zhou et al., 2019a; Zhou et al., 2019b; Zhou et al., 2020; Chen et al., 2023). Researchers have applied extensive MD simulations on investigating the wettability behaviors of shale reservoir for EOR. Chai et al. (2009) examined the wettabilities of surfaces of hydroxylated and silylated amorphous silica. They claimed that the fully silylated silica surface exhibit higher hydrophobicity, while the fully hydroxylated amorphous silica surface display greater hydrophilicity. Jagadisan and Heidari. (2022) conducted MD simulations to explore the influences of thermal maturity and reservoir temperature on the wettability performances of organic kerogen surfaces. Their simulation results indicated that the formed air/water/kerogen contact angle is maximal on type III and minimal on type II kerogen surfaces.Bai et al. (2020) utilized MD simulation to examine the correlation between molecular charge distribution and the efficiency of wettability reversal of quaternary ammonium type cationic surfactants on calcite surfaces. Their results revealed that the charge distribution on the hydrogen atoms within the methylene group of the quaternary ammonium moiety plays a critical role in determining the surfactants’ ability to modify wettability. By employing MD simulations, Chen et al. (2015) studied various functional groups on the silica surface. Their results suggested that the presence of different functional groups exhibit a significant impact on the surface contact angle of silica, leading to substantial changes in wettability. Kubelka and his co-workers (Kubelka et al., 2021) investigated the altered wettability of oil-wet calcite by surfactants through MD simulations. They claimed that cationic surfactants demonstrated greater efficiency in separating organic carboxylates and wettability alteration compared to brine.
Although many efforts have been devoted on investigating wettability alteration of oil reservoirs, studies on insightful mechanism and the effects of surfactant type, concentration, and surface properties on wettability of shale reservoirs are still limited. In the present work, we perform MD simulations to investigate the effects of different surfactants and reservoir properties on wettability alteration of shale reservoirs, taking into account their diverse constituents. The obtained results are expected to provide valuable insights and guidance for the development of effective surfactant flooding strategies for enhancing shale oil recovery.
2 MODELS AND SIMULATION METHODS
2.1 Physical models and force field
In this study, three types of surfaces, i.e., kaolinite, graphene, and kerogen surfaces are constructed to characterize the structures of inorganic, simplified organic, and organic surfaces in shale reservoirs, respectively. The Silica-Face-to-Gibbsite-Face (SG-FF) manner is used to construct the {0 0 1} octahedral surface model with dimensions of 81 × 78 × 14 Å3 of kaolinite, as shown in Figure 1A (Šolc et al., 2011; Tenney and Cygan, 2014; Sun H.-m. et al., 2021). A 33 × 18 × 2 supercell of the graphene unit cell structure with the size of 74 × 77 × 4 Å3 is built for the graphene surface model, as displayed in Figure 1B. The kerogen surface model is developed based on the relaxation process proposed by Michalec and Lisaĺ (Michalec and Lísal, 2017) and the modification by Yu et al. (2021) Firstly, 40 III-A type kerogen molecules are randomly inserted into a cuboid simulation box with an initial system density of approximately 0.05 g/cm3. Subsequently, the annealing process is performed following the relaxation protocol outlined in Table 1. After 12 cycles, a kerogen surface model with the size of 63.6 × 63.6 × 22.7 Å3 is obtained, as presented in Figure 1C. The final density of the model is 1.259 g/cm3, which is in good agreement with the experimental result of 1.28 ± 0.3 g/cm3 (Stankiewicz et al., 2015).
[image: Figure 1]FIGURE 1 | Different surface models: (A) kaolinite; (B) graphene; (C) kerogen. Red, white, yellow, purple, grey, and blue atoms represent oxygen, hydrogen, silicon, aluminium, carbon, and nitrogen, respectively.
TABLE 1 | Annealing process for developing kerogen surface model.
[image: Table 1]In this study, the shale oil model is simplified with n-hexane, as depicted in Figure 2A. The oil molecules are parameterized using the polymer consistent force field (PCFF) (Sun et al., 1994; Plimpton, 1995; Chen et al., 2006; Cui et al., 2022), which has proven to be capable to accurately predict the structural and thermodynamic properties of oil components (Tang et al., 2019). The surfactants utilized in this study are the anionic surfactant sodium dodecylbenzene sulfonate (SDBS) and the cationic surfactant dodecyltrimethylammonium bromide (DTAB), as illustrated in Figures 2B,C. These surfactants are widely used in oil recovery experiments due to their commonality and ready availability. In this study, all molecular models are constructed using the Materials Studio package (version 2017).
[image: Figure 2]FIGURE 2 | Molecular models of (A) n-hexane, (B) sodium dodecylbenzene sulfonate, and (C) dodecyltrimethylammonium bromide. Grey, white, red, yellow, purple, earthy yellow, and blue represent carbon, hydrogen, oxygen, sulphur, sodium, bromine, and nitrogen, respectively.
2.2 Simulation details
Firstly, 120 n-hexane molecules are randomly placed onto a surface within a simulation box. Following geometrical optimization, the alkane molecules are superimposed on the surface forming an oil droplet. The system is then immersed in water and equilibrated in a canonical (NVT) ensemble at 330 K for 1 ns (Tang et al., 2019). This equilibration stage allows for the determination of the competitive adsorption of oil and water on the surfaces, resulting in different wettability behaviors. After equilibration, water is removed and surfactants are placed on the left side of the system. The water in the simulation is controlled to redissolve the generated shale surface/oil/water/surfactant system. Finally, the shale surface/oil/water/surfactant system is simulated at 330 K for 1 ns, as illustrated in Figure 3. In this work, the time step for the simulations is 1 fs and periodic boundary conditions are adopted (Kubelka et al., 2021). The extended simple point charge (SPC/E) model is used for characterizing water molecules (Taylor et al., 1996). All molecular dynamics simulations in this study are performed on the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (Plimpton, 1995). The simulation results are visualized using OVITO software.
[image: Figure 3]FIGURE 3 | Snapshots of the surface/oil/water/surfactant system.
3 RESULTS AND DISCUSSION
3.1 Model validation
In this study, the contact angles of water droplets on the kaolinite and graphite surfaces are first simulated to validate the accuracy of the physical model and force field, as displayed in Figure 4. The simulation results demonstrate that the droplet spreads on the kaolinite surface, forming an incomplete monomolecular layer with a contact angle close to zero. This indicates an extremely hydrophilic nature of kaolinite surface, which is consistent with the results obtained by Šolc et al. (Šolc et al., 2011) The simulated contact angle of water droplet on the graphene surface is 94.2°, which is in good agreement with the simulation result of 99.1° obtained by Xiong et al. (Xiong et al., 2022) In this work, the contact angles of droplets are determined by:
[image: image]
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where θ denotes the wetting contact angle, h is the droplet height, r is the radius of the circular contact surface between the droplet and the surface, and R is the radius of the droplet.
[image: Figure 4]FIGURE 4 | Wetting behaviors of water droplet on the (A) kaolinite and (B) graphene surfaces.
3.2 Effect of surfactants on the wettability of inorganic kaolinite surfaces
In order to examine the effects of different types and concentrations of surfactants on the wettability of n-hexane oil droplets on a kaolinite surface, a series of MD simulations are performed. Specifically, two sets surfactants, namely, SDBS-1/DTAB-1 (consisting of 25 surfactant molecules) and SDBS-2/DTAB-2 (consisting of 40 surfactant molecules) are examined.
3.2.1 Comparison of contact angle
To quantitatively describe the contact angles of oil droplets composed of 120 n-hexane molecules on the shale surface, we assume that the oil mass in equilibrium is a part of an ideal sphere. It should be noted that the mentioned contact angles hereinafter are measured with oil droplet on different surfaces. Figure 5 presents the variations in contact angle for the kaolinite/oil/water/surfactant system with different concentrations of SDBS and DTAB. In the SDBS-1 model group, the contact angle of n-hexane oil droplets increases from 84.55° to 94.09° after 1 ns of simulation calculations, while 93.92° for SDBS-2 system. The contact angle increase from 84.55° to 93.54° in DTAB-1 system, while 93.75° for DTAB-2 system. It is concluded that wettability alteration from intermediate-oleophilic to intermediate-oleophobic can be observed for both SDBS and DTAB. However, the concentration of surfactants indicates slight influences on the degree of wettability alteration.
[image: Figure 5]FIGURE 5 | Comparison of contact angles on kaolinite surfaces with different surfactants.
3.2.2 Comparison of centroid ordinates
The vertical distance between the centroid of the oil droplet and kaolinite surface, i.e., the centroid ordinates of the oil droplet, is calculated by the COM (centre of mass) command in LAMMPS, and the centroid ordinates of the oil droplets in the Z direction are recorded every 2000 steps to observe the trend of oil droplets. Figure 6 shows the comparison of centroid ordinate differences in kaolinite system. The rise in the centroid ordinates indicates that the oil droplets have a tendency to move upwards away from the kaolinite surface due to the action of the surfactant. After 1 ns of simulation, the centroid ordinates of n-hexane oil droplets in SDBS-1 system increases by 1.15 Å, while 1.09 Å for SDBS-2 system. The COM trajectory of DTAB-1 system with the cationic surfactant also shows that the volume of oil droplet increases after the addition of DTAB, and the centroid ordinate in the Z direction rises by 0.84 Å. The centroid ordinates increase by 0.98 Å in the DTAB-2 system, as can be seen in Figure 7. It can be observed that n-hexane aggregates move much faster in the Z direction due to the interaction with SDBS. However, this effect decreases with the increasing concentration. Under the action of DTAB, the aggregates move faster with higher concentrations.
[image: Figure 6]FIGURE 6 | Variations of centroid ordinates in different systems: (A) SDBS-1; (B) SDBS-2; (C) DTAB-1; (D) DTAB-2.
[image: Figure 7]FIGURE 7 | Comparison of centroid ordinate differences in different kaolinite systems with different surfactants.
3.2.3 Comparison of self-diffusion coefficients
The self-diffusion coefficient can fully reflect the diffusion and migration ability of n-hexane molecules on the shale surface. The self-diffusion coefficient of n-hexane molecules needs to be calculated to describe their movement and changes on the shale surface. The calculation formula can be written as:
[image: image]
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where D is the self-diffusion coefficient of the n-hexane molecule, [image: image] is the position of the n-hexane molecule at time t, and [image: image] is the initial position of the n-hexane molecule. First, the mean square displacement of n-hexane molecules is obtained using the MSD command in LAMMPS. Then, the self-diffusion coefficient can be calculated.
Figure 8 shows the comparison of self-diffusion coefficients of the oil droplets. The self-diffusion coefficient of oil droplets in the SDBS-1 and SDBS-2 model are 8.61 × 10−9 and 7.11 × 10−9 m2 [image: image] s-1, respectively. The self-diffusion coefficients in the DTAB-1 and DTAB-2systems are 5.13 × 10−9 and 5.31 × 10−9 m2 [image: image] s-1, respectively. It indicates that the n-hexane aggregates diffuse to a greater extent due to the action of SDBS. Higher SDBS concentrations lead to smaller self-diffusion coefficients of n-hexane molecules. In contrast, the higher concentration in the DTAB group corresponds to a greater self-diffusion coefficient. With higher self-diffusion coefficients, oil molecules have greater movement speed, stronger escape ability, and easier detachment from the kaolinite surface.
[image: Figure 8]FIGURE 8 | Comparison of self-diffusion coefficients in different kaolinite systems with different surfactants.
The magnitudes of contact angle and self-diffusion coefficient and the centroid position variation of the oil droplets clearly indicate the different effects of different surfactants on the oil adsorption onto the kaolinite surface. According to the simulation results, SDBS has better oil displacement performance than DTAB. This difference in oil displacement performance of the two surfactants was attributed to the head group effect. The groups in SDBS have a stronger attraction for water molecules. As a result, the SDBS migrates faster over the oil aggregation surface, and the oil molecule deformation separation is faster.
Although the data are somewhat scattered, a clear correlation between the wettability index and surfactant concentration can be observed. At higher concentrations, SDBS has less effect on the wettability variation of oil droplets on the kaolinite surface and less wettability inversion effect. Meanwhile, DTAB shows the opposite trend. Therefore, the effect of DTAB is opposite to that of SDBS. At higher concentrations, DTAB has a better effect on the wettability variation of oil droplets on the kaolinite surface and a better wettability inversion effect.
3.3 Effect of surfactants on the wettability of graphene surfaces
In the section, the effects of surfactant on the wettability on the simplified graphene surfaces are focused. We develop the system models containing 25 surfactant molecules, denoted as SDBS-1 and DTAB-1, respectively. After 1 ns of simulation, the contact angle of n-hexane oil droplets in SDBS-1 increases from 80.22° to 91.02°, while that in DTAB-1 increases to 89.96°, as shown in Figure 9. The vertical distances between the centroid of the oil droplet and the graphene surface, i.e., the centroid ordinates of the oil droplet, are recorded every 2000 steps to observe the trend of the oil droplets, as shown in Figure 10.
[image: Figure 9]FIGURE 9 | Comparison of contact angle on different graphene surfaces with different surfactants.
[image: Figure 10]FIGURE 10 | Variations of centroid ordinates in the systems: (A) SDBS-1; (B) DTAB-1.
After 1 ns of simulation calculation, the centroid ordinate of n-hexane oil droplets rises by 1.14 Å in SDBS-1 and 0.86 Å in DTSB-1, as shown in Figure 11. The diffusion coefficient can fully reflect the diffusion and migration ability of n-hexane molecules on the shale surface. The diffusion coefficient of n-hexane molecules needs to be calculated to describe their movement and changes on the shale surface. As shown in Figure 12, the diffusion coefficient is 6.91 × 10−9 m2 [image: image] s-1 in SDBS-1 and 6.11 × 10−9 m2 [image: image] s-1 in DTAB-1. The magnitudes of contact angle and diffusion coefficient and the centroid position variation of the oil droplets clearly indicate that the surfactants can alter the wettability of oil adsorbed onto the graphene surface. Meanwhile, the effect of SDBS is better than DTAB, which is consistent with the findings in the previous section. The reason may be that groups in SDBS have a stronger attraction for water molecules. As a result, the SDBS migrates faster over the oil aggregation surface, and the oil molecule deformation separation is faster. We can all see that SDBS is more effective than DTAB when compared to kaolinite systems with the same number of surfactants, but SDBS is slightly less effective in changing wettability in the graphene system than in the kaolinite system. DTAB, on the other hand, demonstrated the inverse trend, with a slightly better effect in the graphene system than in the kaolinite system. This could be due to the various properties of the shale surface.
[image: Figure 11]FIGURE 11 | Comparison of centroid ordinate variations in different graphene systems with different surfactants.
[image: Figure 12]FIGURE 12 | Comparison of self-diffusion coefficients in different graphene systems with different surfactants.
3.4 Effect of surfactants on the wettability of kerogen surfaces
To examine the effects of surfactant on wettability alteration of organic matter in shale reservoirs, a realistic kerogen surface is also developed. Different surfactant concentrations of SDBS-1 and DTAB-1 to SDBS-5 and DTAB-5 (20, 25, 30, 35, 40 surfactant molecules) are further designed.
3.4.1 Comparison of contact angles
Figure 13 shows the contact angle variation of the kerogen/oil/water/surfactant system with different concentrations of SDBS or DTAB. Without surfactant, the contact angle of the equilibrated oil droplet is 104.05°on the kerogen surface. With the increase of SDBS concentration, the contact angle of oil droplet increases from 114.91° to 119.67° and then shows a slight decrease to 118.87°. While for DTAB, a similar tendency is observed, with the contact angle increasing from 117.73° to 122.58° and declining to 110.23°. It indicates that there is an optimal concentration of surfactant for wettability alteration. It can be observed from Figure 13 that with 25 surfactant molecules, the interaction between DTAB and the oil/water interface is more intense, and the contact angle of n-hexane oil droplets changes more rapidly. While for SDBS, the contact angle changes more drastically with 35 surfactant molecules.
[image: Figure 13]FIGURE 13 | Comparison of contact angles on kerogen surfaces with different surfactants.
3.4.2 Comparison of centroid ordinates
Figure 14 shows the comparison of centroid ordinate differences in all kerogen systems. After 1 ns of calculation, the centroid ordinates of oil droplets in the system with SDBS increase by 0.98, 1.09, 1.01, 1.48 and 1.37 Å, respectively. The trajectory of the DTAB system also shows that the centroid ordinates in the Z direction increase by 1.46, 1.64, 1.31, 1.21 and 1.33 Å, respectively. Figure 15 shows a comparison of oil droplet centroid ordinate variations along the vertical direction. It is observed that the droplet move much faster in Z direction due to the interaction with DTAB. It is clear from the figure that there are optimal concentrations for both SDBS and DTAB in altering wettability of kerogen surface. The variation pattern of oil droplet centroid is consistent with that of contact angle.
[image: Figure 14]FIGURE 14 | Variations of centroid ordinates in different systems: (A) SDBS-1; (B) SDBS-2; (C) SDBS-3; (D) SDBS-4; (E) SDBS-5; (F) DTAB-1; (G) DTAB-2; (H) DTAB-3; (I) DTAB-4; (J) DTAB-5.
[image: Figure 15]FIGURE 15 | Comparison of centroid ordinate differences in different kerogen systems with different surfactants.
3.4.3 Comparison of self-diffusion coefficients
Figure 16 shows the comparison of self-diffusion coefficients of oil droplets. It is found that the self-diffusion coefficients of oil molecules increases and then decreases with the increment of the concentrations of SDBS and DTAB, which are consistent with earlier findings. It is observed that the effects of surfactant on the wettability of organic kerogen surfaces is significantly different from that on inorganic kaolinite surfaces. The difference is due to the different nature of the substrate. Different types of surfactants have different effects on the solution surface/interfacial tension. Surfactants significantly decrease the interfacial tension, but the extents of the decreases vary. As a water-bearing aluminosilicate, kaolinite is a clay mineral. Kerogen is a dispersed organic matter in sedimentary rocks insoluble in alkalis, non-oxidizing acids, and organic solvents. The differences in the structure and properties of kaolinite and kerogen lead to different effects of surfactants on their surfaces.
[image: Figure 16]FIGURE 16 | Comparison of self-diffusion coefficients in different kerogen systems with different surfactants.
4 CONCLUSION
In the present work, molecular dynamics simulations have been adopted to investigate the effects of surfactant on wettability alterations on kaolinite, graphene, and kerogen surfaces in shale reservoirs. The following conclusions can be drawn.
(1) The changes of contact angle, centroid ordinates, and self-diffusion coefficients in the simulations indicate that surfactants can alter the wettability of oil droplets on the surfaces of kaolinite, graphene, and kerogen.
(2) For oil-wet kaolinite surfaces with contact angle of 84.55°, the wettability reversals have been observed for both SDBS and DTAB. However, compared with graphene and kerogen surfaces, the degree of wettability alteration is less sensitive to surfactant concentration.
(3) For organic graphene and kerogen surfaces, surfactants are found to be able to further improve the contact angels of oil droplets. However, for kerogen surfaces, there is an optimal surfactant concentration for both SDBS and DTAB, beyond which the further addition of surfactant could decrease the contact angel.
(4) The obtained results suggest that the effects of SDBS and DTAB on the surfaces of kaolinite, graphene, and kerogen are obviously different, which is due to the interactions between headgroups of surfactants and surfaces.
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