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Understanding the thermodynamics of interfacial interactions between oil and kerogen is imperative for developing technologies aimed at improving hydrocarbon recovery in reservoirs, especially in unconventional shale, which retains abundant hydrocarbons in a non-porous medium. The temperature effect on the interactions of a light oil molecular cluster with kerogen was investigated using molecular dynamics simulation. Non-polar and polar light oil droplets were modeled with clusters of 30 octane molecules and 30 octanethiol molecules in water, respectively. Kerogen was modeled with a molecular fragment from a mature type II kerogen. The potential of mean force calculations was performed at constant volume and temperature via umbrella sampling at temperatures in 300–500 K range, comparable to the reservoir temperatures of common shale plays. The results show that the free energy of desorption of oil droplets scales linearly with temperature and has a strong negative temperature dependence, suggesting a significant entropic contribution to the free energy and underscoring the fundamental basis of the thermal stimulation technique for improved oil recovery. The simulations suggest that single molecules cannot represent the interactions of an oil droplet with the kerogen surface. The internal dynamics within the droplets play an important role in the strong temperature dependence of the free energy. The calculated free energy, contact angle, and surface tension of oil droplets are comparable with observations and provide an improved understanding of the interfacial interactions between the multicomponent fluid and kerogen. Such agreement demonstrates the reliability of the method and molecular models for modeling the complex interfacial interaction system. The results present a thermodynamic understanding and molecular details of the temperature effect on the oil interactions with kerogen, providing valuable insight into strategies for unconventional oil recovery.
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1 INTRODUCTION
Petroleum is a major energy source, and crude oil is a strategic resource (Blackwill et al., 2014; Belu Mănescu and Nuño, 2015; Behar and Ritz, 2017). Current technology can yield up to 30%–60% of the original oil in place, leaving up to 70% of crude oil in a reservoir (Thomas, 2008; Lake et al., 2014). For unconventional reservoirs, the fraction of oil recovered is even lower. A large fraction of unrecovered oil is retained in the porous media of minerals and organic materials in the rock, especially for formations where most unrecovered oil is adsorbed at the surfaces of the nanoporous network of materials such as kerogen (Curtis, 2002; Zhang et al., 2012; Mastalerz et al., 2012; Psarras et al., 2017). The intermolecular interactions at the interfaces play an important role in confining the oil-containing fluid and preventing the oil molecules from being recoverable (Kirby, 2010; Wang, 2014). Thus, the thermodynamics of fluid-surface interactions is critical for understanding how the physical conditions and fluid composition impact oil properties, which are essential for developing strategies for recovering unconventional shale oil (Javadpour et al., 2007; Anovitz and Cole, 2015; Salahshoor et al., 2018).
Oil recovery technologies have used heat to enhance recovery, including steam injection, hot water flooding, and in situ combustion (Butler, 1991). The temperature effect induced by thermal stimulation on the properties of the fluid and the interfaces may play a critical role in unconventional oil recovery. These techniques were originally designed to recover conventional hydrocarbons, especially heavy oil, by reducing viscosity. Recent studies based on reservoir modeling and laboratory observations show that thermal stimulation can be economically viable in improving oil recovery from unconventional shale (Egboga et al., 2017; Chen et al., 2018). In these models, fluid properties, such as viscosity, density, and compressibility, are based on experimental values (Chen et al., 2013; Sanchez-Rivera et al., 2015). Fluid properties influenced by fluid-surface interactions at the molecular scale are not explicitly included in the models used to describe fluid transport. It is not clear how the thermal stimulations alter the fluid-surface interactions that dominate oil recovery efficiency. As a result, this simplified treatment of fluid properties in reservoir modeling could affect model accuracy by not explicitly including interfacial interactions, especially for fluid in the abundant nanopores of kerogen-rich shale, where the fraction of the fluid affected by surfaces increases as pore size decreases (Zhang et al., 2020). Interfacial interactions within nanopores necessitate an atomistic-scale treatment. Using molecular dynamics simulation, Wang et al. (2015) evaluated the temperature effect on the density distribution of octane in a kerogen slit (with graphene surface used as a model for the kerogen surface) at temperatures ranging from 333 K to 393 K (Wang et al., 2015). They observed up to a 2% reduction in the number of adsorbed octane molecules at elevated temperatures. Recently, using similar methods, Yang et al. (2020) examined the temperature effect on the adsorption of hydrocarbon mixtures at the surfaces of a kerogen slit (with a functionalized surface as the model) at temperatures ranging from 280 K to 400 K. They observed a linear reduction in the number of oil molecules confined within the slit as a function of temperature (Yang et al., 2020). Although both findings support the reduction of oil adsorption in confined spaces, they were based on phenomenological observations using molecular dynamics simulations, and the thermodynamics of the interfacial interactions and the energetics contributing to increased recovery by thermal stimulation remain unexplored.
Desorption of oil molecules from the surfaces of shale is a thermodynamic process. Knowledge of free energy is essential for understanding both the equilibrium and the kinetics of the process. Although a thermal stimulus for improving oil recovery is well-known and long-practiced, fundamental questions remain. For instance, how does temperature affect the free energy of desorption? What are the enthalpy and entropy contributions to the free energy? Answers to questions like these can provide a fundamental understanding of thermal stimulation techniques. It has been shown that the entropic contribution to the adsorption free energy is important for understanding the adsorption kinetics of organic molecules on oxide and metal surfaces (Campbell and Sellers, 2012). The entropy of adsorption for alkane and alcohol molecules on several metal oxide surfaces can be predicted from their gas-phase entropy. For zeolite framework structures, the entropy of adsorption can be predicted from a single material descriptor, the occupiable volume available for hydrocarbon molecules (Campbell and Sellers, 2012; Dauenhauer and Abdelrahman, 2018). Given the similarity between molecular adsorption at solid surfaces and oil adsorption at kerogen surfaces, we hypothesized that the entropic contribution to the free energy of oil adsorption at kerogen surfaces is significant in influencing the temperature effect on the free energy of the desorption of oil molecules from the kerogen surface.
In the present study, we focus on the temperature effect on the free energy of interactions between light oil molecules and kerogen surfaces over the temperature range of 300 K–500 K. The enthalpy and entropy contributions to the free energy are estimated. The effect of molecular polarity (polar vs. non-polar oil) and molecular clustering (oil droplet vs. single oil molecule) on desorption free energy is taken into consideration. In addition, the correlation between the free energy and contact angles of oil droplets is explored to understand the wettability of kerogen surfaces by oil droplets. Quantifying the relationships between free energy, temperature, and contact angle provides a thermodynamic basis for understanding the wettability of kerogen by oil and the effect of thermal stimulations for recovering hydrocarbon fluid confined in the nanoporous medium of shale.
2 COMPUTATIONAL METHODS
2.1 Molecular models
Two types of interfacial systems were investigated: a single oil molecule and an oil droplet (modeled as a cluster of 30 molecules) in water at the kerogen surface (Figure 1). The size of the simulation box, the number of water molecules, and the kerogen slab thickness are tabulated in Table 1. The input structures of water, the oil molecules, the oil clusters, and the kerogen surface were taken from our previous study on modeling adsorption at the kerogen surface (Zhang et al., 2020). Preparations of the interfacial systems are described in the next section. Crude oil is a complex mixture primarily composed of hydrocarbons and can vary significantly in composition depending on its source. The major component in light crude oil is typically alkanes. Hydrocarbons with eight carbon atoms are one of the most abundant compounds in crude oil (Furimsky, 2015), especially in the Bakken formation, primarily located in North Dakota and Montana (Han and Gu, 2014). Therefore, n-octane (C8H18) was selected to model a light oil compound. Given that sulfur is among the most abundant elements in crude oil aside from carbon and hydrogen (Liu et al., 2010; Demirbas et al., 2015), octanethiol (C8H17SH) was used as a model for sulfur-containing oil (a polar oil molecule) to study the effect of molecular polarity on desorption. The oil droplets were prepared using 30 molecules of octane and octanethiol to model the non-polar and polar oil droplets, respectively. For kerogen, there are four basic types in shale, including algal kerogen (type I), mixed kerogen (type II), terrestrial kerogen (type III), and inertinite kerogen (type IV), defined by their origin and composition, including their H/C ratio. The most commonly found kerogen in sedimentary rock is mixed kerogen (type II kerogen), which forms in marine environments and is associated with productive source rocks for oil and gas. For this study, a simplified molecular fragment (C22H13ON) was employed to model thermally mature type II kerogen (Collell et al., 2014). More complex and realistic oil molecular models and different types of kerogen models will be the subject of future study. A kerogen slab was built with 511 molecules of the kerogen fragment. The assembled kerogen slab has an H/C ratio of 0.59 and an O/C ratio of 0.05, which is consistent with the definition of type II kerogen. The density of the final prepared model after an extended equilibration process for kerogen is 1.15 g/cm3, close to the low end of the experimental data: 1.18–1.89 g/cm3 (Nwachukwu and Barker, 1985; Okiongbo et al., 2005; Ward, 2010; Jagadisan et al., 2017).
[image: Figure 1]FIGURE 1 | Simulation snapshot of a polar oil droplet (left) and a single polar oil molecule (right) in water on kerogen surfaces. Each simulation box contains water, oil, and kerogen molecules. Different types of molecules are depicted with different styles for visual clarity. White represents hydrogen; green, carbon; yellow, sulfur; blue nitrogen; and red, oxygen.
TABLE 1 | Specification of simulation systems: box size, number of water molecules, kerogen slab thickness, total number of atoms, number of configurations for umbrella sampling, the spacing between windows, harmonic potential, and production time.
[image: Table 1]Because the kerogen surface is an aperiodic system and structurally flexible during molecular dynamics, an increase in temperature can roughen the surface. High roughness can lead to technical difficulties in locating the surface plane and constraining the distance between the molecules and the surface in umbrella sampling, which creates challenges in reliably calculating the potential of mean force for desorption. Thus, the kerogen surfaces were fixed by constraining the positions of all kerogen atoms in all directions (X, Y, and Z). However, the rigid surfaces may introduce an artificial effect on the dynamics of interfacial interactions by altering momentum transfer across the interface, which can induce a systematic error in the calculated desorption free energy. To estimate the error caused by using a rigid kerogen surface, we compared the free energy of desorption of a single polar oil molecule calculated without fixing the kerogen surface at relatively low temperatures (200 K–400 K) to values calculated with a fixed kerogen surface at the same temperatures. As shown in Supplementary Figure S1, the free energies calculated with a fixed kerogen surface are consistently overestimated by a constant, ∼3–6 kJ/mol, independent of temperature across the investigated range. This result suggests that a rigid surface can be used to calculate the temperature dependence of the free energy of adsorption, with the absolute free energy shifted by approximately +4.5 kJ/mol.
For water molecules, there is a collection of molecular models. Although there is not a single water model that can produce all water properties accurately (Guillot, 2002; Jorgensen and Tirado-Rives, 2005), most water models can produce water properties qualitatively well (Guillot, 2002). Nonetheless, we compared several common water models by replicating the calculation of the free energy profile for the desorption of a single polar oil molecule in water at the kerogen surface. Some of the common water models we tested include simple point charge models (SPC, SPC/F, and SPC/E) and the transferable intermolecular potential series (TIP3P, TIP4P-Ew, and TIP5P-E). The calculated results and performance details are compared in Supplementary Figure S2 and Supplementary Table S1. Different water models produced noticeable differences in the free energy profile, with the desorption free energy ranging from ∼19 to 30 kJ/mol. The highest desorption energy was produced by the TIP4P-Ew model and the lowest desorption energy by SPC/F (López-Lemus et al., 2008). However, they all share qualitatively similar profiles., This study used the SPC/F water model for its simplicity and computational efficiency (Toukan and Rahman, 1985; Dang and Pettitt, 1987; Lobaugh and Voth, 1997; Wu et al., 2006). The SPC/F model is also adopted in the CLAYFF force field (Cygan et al., 2004), which has been extensively used to describe aqueous solution interactions with mineral surfaces (Cygan et al., 2021; Kalinichev et al., 2007; Wang et al., 2006). The parameters of the SPC/F potential used in this study are listed in Supporting Text 1. We anticipate that using different water models will not alter how the desorption free energy responds to temperature change, although the absolute values of free energy may change.
The OPLS-AA force field was employed to describe the organic molecules, including octane, octanethiol, and kerogen (Jorgensen et al., 1996), which is compactible with the water model used in this study. The molecular geometries and dipole moments described by this force field are in agreement with results from density functional theory calculations, as shown in Supplementary Tables S1, S2. The density, diffusion coefficient, and interfacial energy between octane and water at ambient conditions using the OPLS-AA potentials are consistent with the literature (Jorgensen et al., 1996; Ghahremanpour et al., 2022). While the potentials for the individual subsystems have been developed and well-tested, the interactions between them have yet to be fully developed. Following the practice in molecular dynamics simulations of complex systems (Yang et al., 2020) for the present study, the short-range non-bonded interaction parameters between the oil molecules, kerogen, and water were calculated using the combination rule based on geometric averages. Using the combination rule has produced reasonable results, as demonstrated recently by our previous study and other computational studies in the literature (Zhang et al., 2020; Yang et al., 2020), and consistent with experimental observations.
2.2 Preparation of the interfacial system
Procedures for the preparation of the interfacial systems were reported in our previous publication (Zhang et al., 2020) and are summarized here with additional details. Before the potential of mean force calculations using umbrella sampling were carried out, the systems were carefully prepared and extensively equilibrated in multiple stages, with each steps carefully monitored for equilibration. The entire interfacial system consists of two subsystems: the fluid subsystem of oil and water and the surface subsystem of kerogen. Each subsystem was equilibrated separately before they were merged. After merging, the entire system was equilibrated again. For the kerogen surface subsystem, 511 model kerogen molecules were initially randomly inserted into a simulation supercell with a targeted density of 1.25 g/cm3. The system was run for about 0.5 ns in the NVT ensemble at 3000 K, then gradually quenched from 3000 K to 500 K in NVT ensemble about 0.5 nsThis was followed by an NPT run to adjust the system stress at temperatures from 500K to 300 K and pressures set to 1 bar in multiple steps, for a total of more than 1.0 ns The resulting density is 1.15 g/cm3 at 300 K and 1 bar. Finally, the kerogen surface was created by inserting a space between two kerogen slabs, followed by a stabilization and relaxation at 300 K for about 0.5 ns in the NVT ensemble. For the water and oil subsystem, oil molecules were equilibrated for up to 0.25 ns in the NVT ensemble before being immersed in water. After immersion in water, the oil and water subsystem was equilibrated in the NPT ensemble at 300 K and 1 bar for about 0.5 ns, followed by equilibration in the NVT ensemble at 300 K for about 0.5 ns After two subsystems were merged, as shown in Figure 1, additional equilibration simulations were performed in the NVT ensemble for up to 1–2 ns in multiple steps, depending on the temperature. All equilibration processes were closely monitored at each step by tracking instantaneous properties and their fluctuations, including temperature, stress tensor, density, potential energy, and kinetic energy. If at any point the system behaved abnormally, preparation would be started from the beginning. Equilibrium was observed once the instantaneous properties converged with reasonable fluctuations around their means. After the entire system was equilibrated, simulations were carried out in the NVE ensemble for 0.5–1.0 ns while the center of mass of the oil molecules or molecular clusters constrained at different distances along the desorption path, normal to the kerogen surface, to generate the independent initial configurations for each of the umbrella sampling windows.
2.3 Molecular dynamics simulation
Molecular dynamics (MD) simulations were carried out with GROMACS (Berendsen et al., 1995; Lindahl et al., 2001; Van Der Spoel et al., 2005; Hess et al., 2008; Pronk et al., 2013; Páll et al., 2015; Abraham et al., 2015). The potential of mean force profile of oil desorption was computed using umbrella sampling. All MD simulations were performed in the canonical ensembles (NVT) with the following settings: periodic boundary conditions, a time step of 1.0 fs, fast smooth particle-mesh Ewald (SPME) for electrostatic interactions with an interpolation order of 4, a relative strength of the Ewald-shifted direct potential of 10−5, a 0.12 nm fourierspacing, the Verlet cutoff-scheme, and the Nosé–Hoover extended ensemble for temperature coupling. Five different temperatures were investigated: 300 K, 350 K, 400 K, 450 K, and 500 K. This temperature range was based on the reported data of common shale reservoir temperature ranging from 305 K to 436 K (Yu and Sepehrnoori, 2014). As shown in Figure 1, slab models were used, with a single molecule and molecular cluster fully immersed in water molecules, and with a sufficient gap between the other kerogen surface and water to prevent the surface effect from another surface (Figure 1). Despite the presence of the gap, oil molecules and droplets in all simulations remained fully submerged in water. No phase changes were observed during these simulations. The pressure of the system remained approximately constant (Supplementary Table S4).
2.4 Umbrella sampling and weighted histogram analysis method (WHAM)
All systems were initially equilibrated in multiple steps with extensive equilibration before the free energy calculation, as described in the previous section, “Preparation of the interfacial system”. For umbrella sampling, the center of mass of the oil molecules (droplets) or the oil molecule (single molecule) was constrained at a distance along the reaction coordinate. However, they were not constrained to the surface and could freely interact with various surface sites. Thus, different surface sites on the kerogen surface were sampled, according to the nature of each site. The energies obtained represent statistical averages of the interactions across all the surface sites. Umbrella sampling can be conducted with different numbers of windows, leading to two different approaches: a large number of narrow windows with a short simulation for each window, or a smaller number of wider windows with a long simulation for each window. We extensively tested the effect of the window count, ranging from 20 to over 500, and the umbrella sampling length ranging, from 0.2 ns to 5.0 ns, on statistical errors and the computational efficiency. Our test simulations showed that shorter umbrella sampling simulations with a larger number of narrow windows were more computationally efficient and produced acceptable errors compared to longer simulations with fewer, wider windows. Umbrella sampling with 261 and 361 windows, each with an independent initial configuration, was used for the single molecule and molecular clusters, respectively (Table 1). The large number of windows significantly reduced the equilibration time for the umbrella sampling, as each window was spaced only 0.01 nm from its neighboring windows along the desorption path. Each simulation was run for an additional 0.1 ns in the NVT ensemble to allow the system to relax and reach equilibrium. Data were then collected for 0.2 ns and 0.1 ns in the NVT ensemble for a single molecule and the molecular cluster, respectively, for analysis. The umbrella sampling simulation settings for each system were carefully tested before production runs, and the parameters are shown in Table 1. Upon the completion of the umbrella sampling simulations, WHAM analysis was performed to compute the potential of mean force and to estimate errors. The errors were calculated using Bayesian bootstrapping, with each bootstrapping consisting of 10 bootstraps. Examination of the errors and convergence in the WHAM analysis confirmed that the 0.1 ns equilibration and 0.1–0.2 ns umbrella sampling duration were adequate to produce a reliable free energy profile with acceptable errors.
2.5 Data visualization and analysis
The simulation data was visualized by VMD (Humphrey et al., 1996). VMD was also used to analyze the surface area of interfaces and the quantity of adsorbed atoms on the surface through Tcl/tk scripting (Supporting Text 2). The surface area was calculated using both the geometric and solvent-accessible surface area (SASA) algorithms with different probe radii. Oil atoms within 0.36 nm of the kerogen surface were counted as the first layer adsorbate atoms, considering the maximum range of short-range non-bonded interactions is approximately 0.36 nm in these simulations. The contact angles of oil droplets were measured from MD snapshots by Fiji ImageJ (version 1.52p, open source) (Rueden et al., 2017) using the contact angle plugin developed by Marco Brugnara. The circle best-fit algorithm was applied. The reported surface areas and contact angles are averages over the trajectories from the simulations at the free energy minimum or in the adsorbed state. The contact angle measurements are listed in Supplementary Table S3 of the supporting information, with additional information in Supplementary Figures S3, S4.
3 RESULTS AND DISCUSSION
3.1 Effect of temperature on the free energy of desorption
The free energy of desorption of oil droplets is shown in Figure 2 and Table 2, and it was calculated as the energy difference between the adsorbed state at the minimum of the potential of mean force profile and the desorbed state at the plateau of the profile. As temperature increases, the desorption free energy decreases in an approximately linear fashion for both the polar and non-polar oil droplets. The free energy is related to the enthalpy (heat of desorption) and entropy by:
[image: image]
where ∆G (kJ/mol) is the free energy of desorption, ∆H (kJ/mol) is the enthalpy, T is the temperature (K), and ∆S (kJ/mol/K) is the entropic contribution to free energy. Both the heat and entropy of adsorption are insensitive to temperature over a moderate temperature range, as suggested by a recent study. (Bhan et al., 2008) Since the temperature ranges in this study and those in the reservoirs are small (less than a factor of 2)53, Equation 1 can then be used to calculate ∆H and ∆S by linear fitting of the calculated free energy. Although in general such an assumption of constant enthalpy and entropy is an approximation for a small temperature range, the estimated values provide interesting insights into the interplay between enthalpy and entropy.
[image: Figure 2]FIGURE 2 | Temperature effect on the free energy of oil droplets on kerogen surfaces. The orange triangles (pointing upwards) represent the free energy per molecule of a polar oil droplet, while the blue triangles (pointing downwards) denote the free energy of a non-polar droplet. Standard errors are illustrated with error bars. Lines are guides for the eyes.
TABLE 2 | Free energy of desorption (∆G), enthalpy (∆H), and entropy (∆S) at different temperatures. Numbers in parentheses are estimated errors. * The ∆G, ∆H, and ∆S of oil droplets are normalized as per molecule for comparison.
[image: Table 2]As listed in Table 2, the estimated enthalpy of desorption ∆H is +14.3 ± 0.5 kJ/mol and +15.0 ± 1.3 kJ/mol per molecule for polar and non-polar droplets, respectively. The entropy of desorption ∆S is + 22.7 ± 1.4 J/mol/K and + 26.3 ± 3.2 J/mol/K per molecule for the polar and non-polar oil droplets, respectively. The positive enthalpy suggests that oil droplet desorption from kerogen is an endothermic process. The magnitude of ΔH is a quantitative measure of the strength of the binding between the adsorbate (i.e., oil) and the adsorbent (i.e., kerogen surface) (Myers, 2002; Karavias and Myers, 1991). In comparison with the molecular adsorption of hydrocarbon molecules in zeolite framework structures, the calculated ΔH values are at the lower end of the adsorption enthalpy range, from +15 kJ/mol for alkanes in chabazite zeolite to +80 kJ/mol in Ferrierite zeolite, (Dauenhauer and Abdelrahman, 2018), suggesting a weaker interaction between the oil droplets and kerogen surface compared to the alkanes adsorption in the zeolite framework. The comparable ΔH values between polar and non-polar droplets suggest a similar strength of binding with the kerogen surface. This is largely because the kerogen surface exhibits both hydrophobic and hydrophilic molecular groups that have similar interactions with either octane or octanethiol droplets.
The positive ΔS values suggest that the oil molecules gain entropy upon desorption, indicating that the oil molecules are less constrained with increased randomness and disorder in the desorbed state than in the adsorbed state. As suggested in a previous study, for a short-chain alkane with fewer than ten carbons, surface adsorption has no impact on the vibrational freedom of the molecules (Campbell and Sellers, 2012). Since the oil molecules octane and octanethiol have eight carbons, it is expected that the change in the entropy of desorption can be mostly attributed to the translational and rotational freedom. The small but statistically significant difference in ΔS between octane (26.3 J/mol/k) and octanethiol (22.7 J/mol/K) suggests that the octane droplet gains more entropy after desorption than octanethiol, largely because of the more hydrophobic nature of the molecule in water. It is interesting to note that the calculated ∆H and ∆S values for the oil droplets follow the trend of the relationship between enthalpy and entropy in other molecular adsorption processes, which is established for alkanes in zeolite framework structures (Dauenhauer and Abdelrahman, 2018). This result implies that the surface adsorption process of the oil droplets at the kerogen surface behaves similarly to molecular adsorptions confined within the internal structure of zeolites (Dauenhauer and Abdelrahman, 2018).
As Figure 2 and Table 2 suggest, increasing temperature reduces the desorption free energy and promotes the release of oil molecules from the surface. Such an understanding highlights the fundamental basis for oil recovery technologies that apply thermal stimulations such as steam injection, hot water flooding, and in situ combustion (Butler, 1991). Because ΔS exerts a temperature effect on the desorption free energy, understanding the entropy associated with the desorption of oil molecules in water or brine at reservoir conditions may provide important clues for improving the effectiveness of the thermal stimulation in oil recovery. In addition, as demonstrated in a previous study, there is a strong positive correlation between the adsorption entropy of molecules at the MgO surface and the entropy of the gas-phase molecule (Butler, 1991); therefore, exploring the gas-phase entropy of oil molecules may provide valuable insight into developing thermal oil recovery technology.
3.2 Effect of molecular clustering on the interfacial interactions
To understand how a molecular cluster affects the desorption free energy, the desorption of a single oil molecule in water at the kerogen surface was investigated for comparison. The free energy is plotted in Figure 3, and the enthalpy and entropy are listed in Table 2. ∆H and ∆S were calculated by linear fitting using Equation 1. The enthalpy of desorption, ∆H, is 21.6 (1.5) kJ/mol and 20.6 (4.8) kJ/mol for polar and non-polar molecules, respectively, which is approximately 40% higher than the ΔH of oil droplets. The entropy of desorption, ∆S, is 6.6 (3.7) J/mol/K and 8.2 (11.4) J/mol/K for the polar and non-polar oil molecules, respectively, which is about three times lower than the ΔS of oil droplets. The errors in entropy and enthalpy are relatively large because the small system of a single oil molecule is more susceptible to statistical errors than the larger system of an oil droplet (30 oil molecules) (Frenkel and Berend, 2002). Considering the errors in the calculations, both ∆H and ∆S are statistically indistinguishable between the polar and non-polar molecules.
[image: Figure 3]FIGURE 3 | Temperature effect on the free energy of single oil molecules on kerogen surfaces. The orange triangles (pointing upwards) represent the polar oil, while the blue triangles (pointing downwards) denote the non-polar oil. Standard errors are illustrated with error bars. Lines are guides for the eyes.
The positive ∆H indicates that the desorption of oil molecules is endothermic, similar to that of oil droplets. The higher ∆H value for the single oil molecules compared to oil droplets per molecule is largely due to the fact that a fraction of the oil molecules in a droplet do not interact directly with the kerogen surface, leading to a lower ∆H value per molecule. This result suggests that the desorption free energy of a single molecule cannot be linearly scaled to a cluster of molecules or a droplet. The reduction in desorption enthalpy for oil droplets indicates that they are easier to desorb than single oil molecules.
As shown in Figure 3, the free energy of a single oil molecule is less sensitive to temperature with smaller ∆S values (7–8 J/mol/K) than those of the droplets (23–26 J/mol/K) (Figure 2; Table 2). The calculated ∆S values for single oil molecules are about 1 R (gas constant, 8.314 J/mol/K), whereas the ∆S values for oil droplets are about 3 R. This significant difference highlights a dramatic gain in entropy for the oil droplets after being desorbed from the kerogen surface, which is largely attributed to the increased degree of freedom of the oil molecules in the cluster. This result suggests that the thermodynamics of the desorption of a single oil molecule cannot be used to describe the desorption of an oil droplet. In addition, the result emphasizes that the entropic contribution to the free energy is significant for the desorption of oil droplets, which supports the hypothesis of this study that temperature significantly affects on the free energy because of the high entropy associated with the desorption.
3.3 Effect of polarity of oil molecules on the interfacial interactions
Overall, the molecular polarity makes no significant difference in desorption free energy, entropy, or enthalpy except for a moderate difference in the desorption entropy of oil droplets (26.3 ± 3.2 J/mol/K for octane vs 22.7 ± 1.4 J/mol/K for octanethiol). This difference is related to the less directional interactions (less restriction in translational and rotational mobility) due to the more hydrophobic nature of octane molecules compared to the dipole-dipole interaction in octanethiol molecules. This similarity in the desorption enthalpy originates from that fact that the kerogen surface is heterogeneous and contains both polar (e.g., hydroxyl -OH and amine -NH) and non-polar functional groups. In addition, water molecules (hydrophilic) at the interface compete with the oil molecules to interact with the kerogen surface. As a result, the interactions of octane and octanethiol molecules with the surface are similar. Our previous simulations of the adsorption of a single oil molecule on wet and dry kerogen surfaces show that water alters the energetics of oil-kerogen interactions (Zhang et al., 2020). On dry kerogen, a polar oil molecule requires nearly twice as much free energy to desorb from the kerogen surface as a non-polar one. On kerogen with water, water molecules take part in the surface interactions, suppressing the interaction energetics of both polar and non-polar oil (Zhang et al., 2020). This result indicates that fluid composition can complicate the oil-surface interactions. This complexity suggests that the interactions between different components need to be reasonably described in molecular models to reliably simulate more realistic hydrocarbon systems with multiple chemical components (oil, water, and electrolyte), a subject of future studies.
3.4 Contact angle, free energy, and surface tension
The calculated contact angles of the polar and non-polar oil clusters on the kerogen surfaces are plotted in Figure 4. All the values are less than 90°. Therefore, the kerogen surface can be considered oil-wet at temperatures ranging from 300 K to 500 K. As temperature increases, the contact angles increase (Figure 4), which is consistent with the decrease in desorption free energy as a function of temperature as shown in Figure 2. This is a result of the positive entropy of desorption of the droplets from the kerogen surface (Table 2). The calculated contact angle of the polar oil droplet is systematically smaller than that of the non-polar oil by an average of ∼4° over the temperature range, from 48° to 64° for the polar oil and 50°–74° for the non-polar oil. This difference suggests that the kerogen surface is slightly more wettable by the polar oil droplet than by the non-polar oil droplet. Note that the kerogen wettability depends on its type, as the surface properties are largely controlled by its composition. Special attention has been paid to ensuring that the configurations used to calculate contact angles correspond to the free energy minimum of the system (Drelich, 2019). The reported contact angles should be free from the complications often caused by contact angle hysteresis in experimental observations, i.e., the difference between advancing and receding contact angles due to the presence of metastable states (Drelich, 2019; Makkonen, 2017).
[image: Figure 4]FIGURE 4 | Temperature effect on the contact angle of polar and non-polar oil droplets in water on kerogen surfaces. The orange triangles (pointing upwards) represent the polar oil, while the blue triangles (pointing downwards) denote non-polar oil. Standard errors are illustrated with error bars. Lines are guides for the eyes.
Because interfacial free energy and contact angle are closely related, it would be interesting to connect interfacial free energy and contact angle with surface tension. Note that interfacial free energy and contact angle are calculated independently in our simulations. Surface tension (γ) is the surface free energy (F) per surface area (a), defined by Equation 2 as (Zisman and Fowkes, 1964; Ip and Toguri, 1994; Hung et al., 2015):
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where i and j denote the 2 contacting phases in the simulations, including water, kerogen surface, and oil.
It is reasonable to assume that the surface area of kerogen remains constant since all the umbrella sampling simulations were performed at equilibrium. The contact angle (θ) of the oil droplet on the kerogen surface in the three-phase system can be described by Young’s equation (Das and Binder, 2010; Seveno et al., 2013).
[image: image]
By applying Equation 3 to each of the subsystems of the interfacial system, recognizing the two states (desorbed and adsorbed) of the system with different interfacial areas between water and oil while conserving the surface area, and combining them with Equation 4, the desorption energy (∆F) can then be expressed as:
[image: image]
where ai-j is the surface area. A detailed description of the derivation of Equation 5 is provided in Supporting Text 3. At a given temperature, using the calculated free energy (∆F, Table 2); the calculated contact angle (θ, Supplementary Table S3); and the estimated interfacial areas (ai-j, Supplementary Table S5) from the MD simulations, Equation 5 can be used to estimate the surface tension of the oil-water interface. However, estimating the surface area of a molecular cluster is not straightforward. Since the contact angle is directly measured based on the geometry of the molecular cluster adsorbed at the surface, it is reasonable to use the geometric surface area, which can be calculated based on the geometry of the adsorbed droplet. The geometric area has indeed been used in molecular modeling of surface wettability (Yan et al., 2011; Hung et al., 2015). However, due to the relatively small number of molecules (∼800 atoms) in the clusters, the surface of the oil droplets in this study is not smooth, especially at elevated temperatures. Increasing temperature leads to noticeable changes in the surface morphology as a result of deviations from an ideal spherical shape. Therefore, the surface areas (Supplementary Table S5) were estimated based on both the geometric area and solvent-accessible surface area (SASA). As a result, the averages as well as the upper and lower bounds were calculated and plotted in Figure 5.
[image: Figure 5]FIGURE 5 | Calculated surface tension of water-oil as a function of temperature. The orange triangles (pointing upwards) represent the surface tension of water/polar oil; the blue triangles (pointing downwards) denote the surface tension of water/non-polar oil; and the hollow blue triangles (pointing downwards) stand for experiments at atmospheric pressure (Zeppieri et al., 2001). Estimated upper and lower bounds mark the high and low surface tensions calculated with different methods of surface area estimation. Lines are guides for the eyes.
As shown in Figure 5, the calculated surface tension decreases as a function of temperature, in agreement with the experimental results regarding temperature dependence (Zeppieri et al., 2001). However, the calculated interfacial tension value between the droplets and water (∼18 mN/m) is about 33 mN/m lower than, or about a third of the experimental result (51.0 mN/m) at 300 K (Zeppieri et al., 2001), or computational results from our simulation (55.4 ± 0.5 mN/m) and from the literature (53.45 ± 0.34) (Jorgensen et al., 1996). If the flat interface measured in the experiment is the same as the curved interface between the droplet and water examined in this study, the interfacial tension values should match. The difference is likely caused by the nanometer-size geometry of the droplets (∼2 nm, 30 molecules). It is well documented that the surface tension of a liquid depends on the radius of the droplet (de Miguel and Rubí, 2021; Lu and Jiang, 2005; Xue et al., 2011; Wang et al., 2016). Since the oil droplets are relatively small and their size is only about 2 nm (1 nm in radius), the curvature has a significant effect on the surface tension. For microdroplets, as the radius of a droplet falls below 30–50 nm, especially below 10 nm (Lu and Jiang, 2005; Xue et al., 2011; Wang et al., 2016), the surface tension shows a major drop from the value of a flat interface. For instance, the estimated surface tension of n-C8H18 is reduced by ∼32% (∼7 mN/m) for a ∼1 nm radius droplet from the bulk value (∼21.6 mN/m, Figure 6 in reference 71, regarding surface tension of octane). (Wang et al., 2016) Considering this size effect and using the same magnitude of reduction by radius, the surface tension calculated from the MD simulations for the 1 nm radius droplet at 300 K is scaled to be ∼56 mN/m for a flat interface, which is in good agreement with the experimentally measured surface tension of ∼51.0 mN/m at 300 K (Figure 5). It is interesting to note that the slope of the calculated surface tension as a function of temperature for nanometer droplets is similar to that of bulk surface tension from the experimental data (Figure 5).
3.5 Concluding remarks and implications
Molecular dynamics simulations were applied to investigate the temperature effects on the interactions of light oil molecules in water with the kerogen surface. The free energy, enthalpy, and entropy of desorption, the contact angle of oil droplets, and surface tension were calculated. The results show that the desorption free energy of oil molecules from the kerogen surface is a negative linear function of temperature. This relationship provides a thermodynamic basis for understanding thermal stimulation techniques for improved oil recovery. The simulations show that single molecules cannot represent an oil droplet in the process of oil desorption from the kerogen surface. The free energy of desorption of the droplets is strongly dependent on temperature, while the free energy of the individual molecules is only slightly dependent on temperature. The main driver for the temperature effect on the desorption free energy is the entropy of desorption of oil molecules from the kerogen surface. The internal dynamics and interactions between oil molecules within the droplets play an important role in the strong temperature dependence of the free energy. As part of the internal dynamics, the shape of the droplets in water changes dynamically and the magnitude of these changes depends on the temperature, reflecting the entropic contribution to the desorption free energy. In general, because the entropy of molecular adsorption is closely related to the molecular gas-phase entropy, exploring the gas-phase entropy of oil molecules found in a given reservoir may provide important clues to tailor technologies for thermally induced oil recovery.
Surface wettability of reservoir rock materials by oil molecules is important for oil recovery. The results on the correlation between the free energy and contact angles of oil droplets improve the understanding of the wettability of the kerogen surface. The calculated contact angle of octane on a mature type II kerogen model is ∼50°–75°, which is considered moderately wetting. However, the surface properties of kerogen depend on its composition and different types of kerogens are expected to have different wettability. As the H/C ratio decreases from type II to type III, the surface hydrophobicity decreases. It is expected that type III kerogen will have a larger contact angle and the surface will become poorly wetting, especially in high-maturity samples. In addition to organic matter like kerogen, there are minerals such as clays, carbonate, quartz and feldspar. These inorganic materials are considered hydrophilic and have poor wettability by oil molecules unless the surfaces are altered. As demonstrated in this study, quantifying the relationships between free energy, temperature, and contact angle provides a thermodynamic basis to understand the wettability of kerogen by oil and the effects of thermal stimulation for recovering hydrocarbon fluid confined in the nanoporous medium of shale.
Reasonable predictions of oil-water interfacial tension and its temperature dependence from the simulations show that our molecular models are reasonable and the methods are robust. With future development of models for kerogen (and different types) and oil molecules, the methodology is capable of modeling multiphase hydrocarbon-bearing fluid interactions with reservoir rock materials. The results will provide a fundamental understanding of the thermodynamics of the fluid in nanoconfined spaces in shale.
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