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Abstract - Performing experiments in the near-critical region of a system, for accessing accurate dynamical and structural properties, 

pose a great challenge. However, molecular dynamics simulation studies complement experiments by providing access to accurate 

macroscopic properties, virtually at any thermodynamic state, provided a reliable force field (FF) is employed for calculating atomistic 

level interactions. A recent study by Guevara-Carrion et al. (2019) presented an anomaly of the simulated Fick diffusion coefficient in 

the near-critical region around the Widom line for the methane and carbon dioxide fluid mixtures, investigated using FFs calibrated based 

on data obtained at vapour-liquid equilibrium (VLE) conditions. A similar trend for simulated Fick diffusion coefficient of the same 

binary mixture was reported in a study by Higgoda et al. (2019) by employing FFs calibrated using data obtained via ab initio calculations. 

The reason for these anomalous concentration-dependent trends of the Fick diffusivity has not yet clearly been understood. For in-depth 

understanding, equilibrium molecular dynamic simulations were performed, using the most recent ms2 release 4.0 molecular simulation 

engine, for binary fluid mixtures of methane and carbon dioxide at 295 K and 10 MPa, with varying methane concentrations from 5% to 

95%. Fully rigid VLE data-based FFs were employed to calculate Fick diffusivity by calculating Maxwell-Stefan diffusivity and 

thermodynamic factor. Self-diffusion coefficient and viscosity of the same binary mixtures were also calculated for judging the predictive 

capabilities of FFs. The simulated structural and dynamical properties were compared with the few available experimental values in the 

literature and other simulated data obtained via the GROMACS simulation engine. The latter comparison enabled verification of the 

predictive capabilities of the VLE-based FFs in the compressed liquid and supercritical fluid region via ms2 engine, for accessing 

equilibrium and transport properties. The investigations performed in this work revealed that the observed anomalous concentration-

dependent behaviour of Fick diffusivity can be explained by the separate analysis of the thermodynamic and kinetic contributions. 
 
Keywords: Equilibrium Molecular Dynamics, Binary mixtures, Fick diffusion coefficient, Methane, Carbon Dioxide 

 

 

1. Introduction 
Study on natural gas systems is important to make economic and ecological decisions in many industrial applications. 

Binary gas mixtures consisting of methane (CH4) and carbon dioxide (CO2) are important fluid systems since its applications 

are found in Supercritical extraction [1], CO2 capture and storage [2], enhanced oil recovery [3]–[5] and so forth. Since many 

of these applications require separation of CO2 from CH4 to improve the process efficiency [2]–[4] accurate thermophysical 

properties of the fluid mixtures are needed to characterize the mass and momentum transfer processes. 

The mass transfer of binary mixtures is characterized by the Fick diffusion coefficient D11 and the momentum transfer 

by the shear viscosity η. Therefore, the availability of accurate data or models to estimate data of the above-mentioned 

properties is vital. However, the experimental data which characterizes mass and momentum transfer processes in fluid 
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mixtures, especially in the near-critical region, is scarce most likely due to the high cost and complex experimental 

procedures [5], [6]. In corroboration to that, only a limited number of experimental Fick diffusion coefficient data of CH4-

CO2 binary fluid mixtures are reported in the literature [7]–[10]. Therefore, demand for reliable predictive mechanisms of 

transport properties has increased in recent years [6]. 

Molecular dynamics (MD) simulation methods have been widely applied during recent years due to wide accessibility 

to computational resources and the free availability of efficient simulation engines [11], [12]. MD simulations are carried 

out under equilibrium or non-equilibrium conditions to predict the thermophysical properties employing effective potentials, 

also referred to as force fields (FFs). Several researchers have attempted to predict the transport properties of CH4-CO2 

mixtures employing MD simulations over the years. In a recent study by Vella [13] on binary mixtures of CH4 and CO2, D11 

was deduced by combining the Darken relation for accessing Maxwell-Stefan (MS) diffusion coefficient Đ12 using self-

diffusion coefficients simulated with the TraPPE FFs [14], [15] with values for thermodynamic factor Γ11 calculated from an 

Equation of state (EoS). At 0.1 MPa and close to infinite dilution of CO2, deviations of the calculated D11 data from 

experimental results within 13% were found. Guevara-Carrion et al. [16] have evaluated D11 in binary mixtures of CH4 and 

CO2 across the Widom line via separate calculations of the Đ12 and Γ11 by MD simulations. A recent study by Higgoda et al. 

[17] evaluated the performance of the new ab-initio (AI) based FFs in comparison with the TraPPE FFs using CH4 and CO2 

binary mixtures. In their study, MD simulations were carried out at pressures between 0.1 and 12 MPa and temperatures 

between 293 K and 355 K to predict D11 considering separate simulations for the analysis of Đ12 and Γ11 also considering 

system size effects. 

The accuracy of the simulated dynamical properties depends on the quality of the FFs which relates to the underlying 

sources employed for the calibration of the FF parameters. Vapour-liquid equilibrium (VLE) based FFs are known to predict 

dynamical properties accurately over a wide range of system densities [18], [19]. The Transferable Potentials for Phase 

Equilibria widely known as TraPPE [14], [15] is commonly used to model fluid mixtures containing CH4 and CO2 and have 

been shown to predict equilibrium properties accurately. These FF parameters, which can be transferred with a certain class 

of fluid and developed in the form of united atom (UA) nature, provide a convenient approach in performing MD simulations 

by accurately predicting equilibrium properties [20], [21]. However, such FFs can have limitations when used for calculating 

transport properties such as the Fick diffusion coefficient [13] and the viscosity [20]–[22] of fluid mixtures. On the other 

hand, pair-specific VLE-based FFs are shown to have better predictive capabilities for equilibrium and transport properties 

overboard range of fluid states [18]. In this study, we aim to employ such pair-specific FFs to calculate transport properties 

in binary fluid mixtures at large system densities in the supercritical and compressed liquid states. 

According to the previous studies [16], [17] a significant deviation has been observed between experimental and 

simulation data, near the critical point at large system densities of the binary mixture of CH4 and CO2. The reason for these 

anomalous concentration-dependent trends of the Fick diffusion coefficient has not yet been clearly understood. Hence, 

equilibrium molecular dynamic (EMD) simulations were performed, using the recent ms2 release 4.0 molecular simulation 

engine [23], for binary fluid mixtures of CH4 and CO2 at 295 K and 10 MPa, with varying CH4 mole fraction xCH4 from 5% 

to 95%. MD simulations were performed using VLE-based FFs [18], which are expected to have sound predictive capabilities 

in the large system densities, have been used to calculate concentration-dependent mass diffusivity in near the critical point 

of CH4-CO2 mixtures. The results were compared with the few available experimental data [7], [10] and simulated data 

generated by GROMACS [11] simulation engine [17]. 

  
2. Molecular Dynamic Simulations 

This section discusses the molecular FFs used for modelling the binary mixtures, simulation details, and data evaluation 

procedures of the calculated structural and dynamical properties. 
 
2.1. Molecular Force Fields 

Equilibrium MD simulations were performed, using rigid non-polarizable VLE-based FFs [18] characterized by site-

site pairwise-additive potential energy functions. All-atom (AA) model for CO2 [24] and united atom model for CH4 [25] 

was used to model interactions of the CH4 - CO2 binary mixtures. The dispersive and repulsive interactions were modelled 
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via the Lennard-Jones (LJ) 12 - 6 potential [26] while electrostatic interactions for CO2 were considered by placing a 

superimposed point quadrupole moment [24]. The LJ interactions between unlike atoms i and j of pure components are 

described with Lorentz-Berthelot (LB) mixing rules [27], [28] using an arithmetic average for the size parameter, σij and a 

geometric average for the energy parameter εij. The modified LB mixing rule [29] with two additional parameters κ and ξ 

was used for mixtures according to equation (1-2) to describe the interaction between LJ sites. For all MD simulations, κ = 

1.000 and ξ = 0.962 [18] was used. 

 

σij = κ(σi + σj) (1) 

εij = ξ.εi.εj (2) 

2.2 Simulation details 
Equilibrium MD simulations were performed using the ms2 simulation program [23]. A cubic simulation box with 

periodic boundary conditions was employed in all directions. To reduce the computational effort, a cut-off radius of 45% 

from the simulation box length was introduced. For the long-range corrections of LJ interactions, a homogeneous fluid 

beyond the cut-off radius is assumed while the reaction field method [30] was used for the corrections of electrostatic models. 

Newton's equations of motion were solved with a fifth-order Gear predictor-corrector numerical integrator [30]. All EMD 

simulations were performed with an integration time step of 1.16 fs. The statistical uncertainties of the predicted values were 

estimated with a block averaging method [31] while Gaussian error propagation considering the uncertainties of the simulated 

data was used for the derived quantities. 

The densities of the binary gas mixtures were obtained from EMD simulations in the isobaric-isothermal (NpT) 

ensemble, in which N, p and T are defined as number of molecules in the simulation box, pressure, and Temperature, 

respectively. These simulations included 1000 molecules and were equilibrated over 7.5×105 time steps, followed by a 

production run of 2×106 time steps. The transport properties for each composition at 295 K and 10 MPa were predicted in 

the canonical (NVT) ensemble, in which V defines the volume of the simulation box. The NVT simulations were equilibrated 

over 5x105 time steps, followed by a production run of 1x107 time steps.  

 
2.3 Thermophysical Properties 

The Fick diffusion coefficient D11 is used to characterize mass transfer in fluid mixtures. For a binary mixture of species 

1 and 2, D11 can be related to Maxwell-Stefan (MS) diffusion coefficient Đ12 and thermodynamic factor Γ11 which 

demonstrates the kinetic contribution and thermodynamic contribution of the mass transport phenomena, respectively. The 

relation between these three parameters is given using [32] 

 

D11 = Γ11.Đ12 (3) 

In order to sample Đ12, simulations employing Green-Kubo Formalism [33] which functionalizes the time-dependent 

microscopic fluctuations of a system around its equilibrium state with the transport properties is employed. Đ12 is obtained 

from the phenomenological Onsager coefficients in the form of [34], 

Đ12  =
𝑥2

𝑥1
𝛬11  +  

𝑥1

𝑥2
𝛬22 − 𝛬12 − 𝛬21, (4) 

x1 and x2 represent the molecule fractions of species 1 and 2. Coefficients Λ11 and Λ22 include self and cross-correlations 

between molecules of the same species, 1 and 2, while the distinct cross-correlations between molecules of different species 

are denoted by Λ12 and Λ21. Next, the thermodynamic contribution to the Fickian diffusion can be characterized 

via thermodynamic factor Γ11. The more common methods used to extract Γ11 are excess Gibbs energy models and Equation 

of States. However, in this study Kirkwood-Buff (KB) Integrals [35] are combined with molecular simulations to sample Γ11 

[36] which is defined by [37], 
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Γ11  = 1 −
𝑥1𝑥2𝜌(𝐺11+ 𝐺22− 2𝐺12)

1+ 𝑥1𝑥2𝜌(𝐺11+ 𝐺22− 2𝐺12)
, (5) 

where x1 and x2 are mole fractions of species 1 and 2 while ρ is the mixture density. The KB coefficient Gij is accessible by 

the integral of the respective radial distribution functions (RDF) gij(r) which quantifies the centre-of-mass positions as a 

function of the distance r [38]. Since the infinite integration limit in RDF is not possible to reach in the simulation 

environment, the correction proposed by Ganguly and van der Vegt [39] , also referred to as vdV, is used to extrapolate to 

the thermodynamic limit. The method used in the present study for calculating Γ11 depends on the FF parameters. Thus, the 

results can be used to determine the predictive capabilities of the FFs employed in the study. To further investigate the effect 

of the FFs on calculated dynamical properties the self-diffusion coefficient D1 (species 1), D2 (species 2) and the shear 

viscosity η were calculated. The latter characterises the momentum transport within the binary fluid mixture and is defined 

using the time autocorrelation function of the off-diagonal elements of the stress tensor [33]. The equations used for 

calculating these properties and data evaluation procedures are highlighted elsewhere [12], [33]. 

3. Results and Discussion 
The first part of this section summarizes the simulated concentration-dependent D11 of CH4 and CO2 binary fluid 

mixtures obtained in this study by employing VLE-based FFs [18] in the supercritical and compressed liquid states, as a 

function of xCH4. These simulated D11 data are compared with the simulations performed using AI-based FFs [17] and 

experimental data to investigate the predictive performance of the employed VLE-based FFs implemented via the ms2 

simulation engine. Next, the kinetic and thermodynamic contributions of the Fick diffusivity are further analysed by 

considering Đ12 and Γ11, respectively. For obtaining additional insights, simulated self-diffusion coefficient of each species 

in the binary mixtures are also discussed. Finally, the shear viscosity of the CH4 -CO2 binary mixtures are studied to further 

validate the predictive performance of the VLE-based FFs [18] 

Fig. 1-a shows the variation of simulated D11 results obtained using VLE-based FFs [18] compared with the AI-based 

FFs predictions [17], experimental data [7], [10] and a theoretical prediction obtained using the Fuller correlation [40] (see 

fig. 1-b) and GERG EoS [41] (see fig. 1-c). The simulated VLE-based FFs predicted D11 data using the ms2 engine, in this 

study, follows a similar trend to the D11 data calculated via AI-based FFs using GROMACS [11] engine in a previous study  

[17]. The AI-based FFs predicted data [17] are within the statistical uncertainties of simulated VLE-based FFs predictions 

in the present study, except at the xCH4 = 0.25 presenting 62% deviation. The predicted D11 data obtained via VLE-based FFs 

depict 48%, 70% and 43% deviations from the experimental data of Jeffries and Drickamer [7] at xCH4 = 0.25, xCH4 = 0.5, 

and Piszko et. al [10] at xCH4 = 0.5 respectively. For further understanding of the observed concentration dependent simulated 

Fick diffusion coefficient variation, its kinetic and thermodynamic contributions were analysed separately. The MS diffusion 

coefficient calculated via VLE-based FFs in this study is compared with results obtained from AI-based FFs [17] and the 

ones obtained via Fuller correlation [40] in fig. 1-b. The VLE-based FFs predicted Đ12 data underpredicts in comparison to 

the ones obtained via AI-based FFs predictions, however, both datasets follow a similar concentration-dependent trend.  The 

AI-based FFs predictions of Đ12 [17] are within the statistical uncertainties of VLE-based FFs predicted Đ12 data, except at 

xCH4 = 0.1 and xCH4 = 0.25 where the difference is beyond the simulated statistical uncertainties. It should be noted that the 

Fuller correlation [40] provides Đ12 data accurately in the gaseous states, thus, deviates significantly from simulated data in 

the compressed liquid state at low CH4 mole fractions.  
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Fig. 1- Fick diffusion coefficients D11 (a), MS diffusion coefficient Ð12 (b), and thermodynamic factor Γ11 (c) as a function of mole 

fraction of CH4, xCH4, for binary mixtures of CH4 and CO2 at 10 MPa and 295 K. Simulation data (open circles) for D11, Ð12 and Γ11: 

VLE-based FFs (green) and AI-based FFs (purple) [17]. Experimental D11 data (filled squares): Piszko et al. [10] at T = 293.15 K and p 

= 10 MPa (blue); Jeffries and Drickamer [7] at T = 298.15 K and p =10.1 MPa (yellow). Theoretical calculations (red line): D11 

obtained (a) using Fuller correlation (b) [40] and GERG EoS (c) [41], Ð12 using Fuller correlation [40] (b), Γ11 using GERG EoS [41] 

(c). The vertical dashed line shows xCH4 where the thermodynamic state changes from compressed liquid to supercritical conditions 

with increasing xCH4. 

The thermodynamic contribution to the Fick diffusivity can be characterized through the thermodynamic factor Γ11. The 

VLE-based FFs [18] and AI-based FFs [17] simulated Γ11, and theoretical predictions from the GERG-2008 EoS [41] are 

shown in fig. 1-c. The simulation results obtained from the VLE-based FFs show agreement to AI-based FFs predictions 

[17] and the theoretical calculations from GERG-2008 [41] except at few state points. In detail, it is evident that the VLE-

based FFs employed in this study, has over-predicted the thermodynamic factor around the xCH4 = 0.2 and has unable to 

follow the minima of Γ11 variation with concentration which is accurately predicted by AI-based FFs [17]. This limitation to 

predict Γ11 accurately via VLE-based FFs is reported previously as well [17], [42]. The effect of the prediction limitation of 

Γ11 around xCH4 = 0.2 in turn affect D11 predictions, where 61% deviation can be observed in reference to the AI-based FFs 

predictions [17]. Considering experimental reference data [7], [10], both VLE-based FFs and AI-based FFs predictions 
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present significant deviations at xCH4 = 0.5. This may be due to the fact that the challenging nature of the employed 

experimental technique for obtaining mass diffusivities at xCH4 = 0.5 [10]. In this regard, more accurate mass diffusivity data, 

at these thermodynamic states, are preferred by means of other experimental techniques [43] for validating the FFs 

predictions.  

Fig. 2 presents self-diffusion coefficient of CH4 and CO2 species of the binary mixtures against xCH4. As expected, CO2 

shows lower self-diffusivity in comparison to CH4 due to its higher molar mass. Compared to the self-diffusion coefficient 

values predicted via AI-based FFs [17], results from this study follow the same trend but underpredict the ones for both CH4 

and CO2. The reason for the underprediction of self-diffusivities could be mainly due to the UA nature of the molecular 

model of CH4 in VLE-based FFs employed simulations. The statistical uncertainties are within the symbol size of the data 

points, thus, the predicted self-diffusivities from AI-based FFs [17] are given beyond the statistical uncertainties of this study 

considering CH4 rich mixtures.   

     
 

Fig. 2 - Self diffusivities of CO2 (open circles) and CH4 (filled circles) as a function of mole fraction of CH4, xCH4, for binary mixtures 

of CH4 and CO2 at 10 MPa and 295 K. MD simulation data via VLE-based FFs (green) and AI-based FFs (purple) [17]. Experimental 

self-diffusivity data (filled triangles): Groß et al. [44] at T = 298 K and p = 10 MPa (yellow), Harris [45] at T = 298 K and p =10.49 

MPa (blue). 
 

Finally, the momentum transfer effect of the binary fluid mixtures is analysed using shear viscosity η calculations. Fig. 

3 shows η predictions using different FFs and reference data (REFPROP database)  [46], [47] with xCH4. Furthermore, Fig. 3 

includes experimental η data of pure CO2 at 293.15 K and 10.17 MPa [48], and CH4 at 298.15 K and 10.13 MPa [49]. The 

simulated η via VLE-based FFs [18] display a better agreement at lower system densities with the previously reported η via 

AI-based FFs [17], TraPPE FFs [50] and REFPROP database [46], [47]. However, deviations beyond the statistical 

uncertainties can be seen at xCH4 = 0.05 and xCH4 = 0.10 where, 40% and 36% over prediction with the AI-based results [17] 

and 30% and 29% overprediction with REFPROP data [46], [47] are observed. Moreover, this overprediction is confirmed 

by the experimental η of pure CO2 [48] as well. The general trend of overprediction of shear viscosity alongside with 

underprediction of Fick diffusivity, is observed with the VLE-based FFs predictions in this study. 
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Fig. 3 - Shear viscosities η (open circles) as a function of mole fraction of CH4, xCH4, for binary mixtures of CH4 and CO2 at 10 MPa 

and 295 K. MD simulation data via VLE-based FFs (green), AI-based FFs (purple) [50] and TraPPE FFs (red) [50]. Calculated shear 

viscosities (open squares) from REFPROP database (black) [46], [47]. Experimental shear viscosity data (filled triangles): Amar et al. 

[48] at T = 293.15 K and p = 10.17 MPa (yellow), Golubev [49] at T = 298.15 K and p =10.13 MPa (blue). 

 

4. Conclusion 
In the present work, previously reported anomaly of the Fick diffusivity in the near-critical region around the Widom 

line for CH4 and CO2 fluid mixtures was investigated using a vapour-liquid equilibrium (VLE) data-based calibrated force 

fields (FFs) and compared with scarce simulated and experimental data in the literature. The equilibrium molecular dynamic 

simulations were carried out using the ms2 release 4.0 molecular simulation engine at the temperature and pressure of 295 

K and 10 MPa, respectively. The Fick diffusivity D11 of the binary fluid mixtures are analysed in terms of the kinetic and 

thermodynamic contributions via the Maxwell-Stefan (MS) diffusivity Đ12 and thermodynamic factor Γ11, respectively. 

Further, the self-diffusivity of the two species and the shear viscosity η of the binary mixtures were calculated to analyse the 

predictive capabilities of the selected VLE-based FFs and the ms2 molecular simulation engine. 

The Fick diffusivity which was obtained using MS diffusion coefficient and thermodynamic factor, depicts similar trend 

in both VLE-based and ab initio-based FFs predictions. Both FFs show a large deviation from the experimental results at 

equimolar concentrations where the possible causes have been discussed in section 3. The predictions given by the Fuller 

correlation [40] for the MS diffusion coefficient showed better agreement with VLE-based FFs simulated data where the 

predictions obtained via the GERG-EoS [41] for the thermodynamic factor was found to be in better agreement with ab 

initio-based FFs predictions. Overall, the D11, Đ12 and Γ11 results from the equilibrium molecular dynamic simulations 

obtained using VLE-based FFs in this study presents the correct trends in comparison to reference data. In conclusion, the 

mass transfer phenomena of binary fluid mixtures, characterized by the Fick diffusion coefficient, seems to be significantly 

affected by variation of the FF parameters. In fact, the nature of the FFs, characterized by the underlying sources used for 

calibrating them, mainly affects the predictive power in connection with structural properties. However, the predictive 

capabilities for dynamical properties such as MS diffusivity, self-diffusivity, and shear viscosity of the investigated binary 

fluid systems seems to be less sensitive to FF parameter variation or the underlying sources employed for FFs calibration.  

In conclusion, the VLE-based FFs investigated via ms2 simulation engine in this study can be used to obtain reliable 

predictions for mass diffusivities of investigated binary fluid mixtures in the near critical region while GERG-EoS [41] is 

more appropriate for thermodynamic factor calculations. 
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