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Introduction:  Besides earth, Saturn’s giant moon Titan 
is the only other planetary body in our solar system that 
has stable and accessible liquid on its surface, an active 
hydrologic cycle similar to Earth, and a dense 
atmosphere with a pressure of about 1.5 times that of 
Earth [1–3]. Early interest in a methane cycle on Titan 
[4, 5] was motivated by Voyager 1’s discovery of a 
thick, nitrogen-based atmosphere with a significant 
methane abundance. Ethane clouds in the Stratosphere 
were later identified by the Cassini at high northern 
latitudes [6, 7]. Cassini mission to Saturn has further 
revealed many features of this moon including the 
existence of large liquid hydrocarbon lakes and seas 
composed primarily of methane and ethane in different 
ratios [8]. With the low surface-temperature of about 
90K and the pressure about 1.5 atm, both methane and 
ethane condense out of the atmosphere and exist in the 
stable liquid phases on the surface in dynamic 
equilibrium with its atmosphere [2].  

 

Figure 1 A snapshot of the nitrogen-methane binary 
mixture at T = 90K (Top). Average number density 
profile, ρ(z), for ethane and nitrogen along the z-
direction (Bottom). The blue shaded region represents 
the liquid phase and the green shaded region represents 
the vapor phase. 

While thermodynamic models have been developed 
and experiments have been performed, a microscopic 
picture of the dissolution of nitrogen in liquid 
hydrocarbon bodies on the surface of Titan is still 
lacking.  

We have performed molecular dynamics vapor-liquid-
equilibrium (VLE) simulations [9-10] of binary 
mixtures of methane and nitrogen, and ethane and 
nitrogen to investigate the solubility and surface 
adsorption of nitrogen in methane and ethane at Titan-
like conditions. The simulations were performed in a 
range of temperature between 90K and 110K and at a 
pressure of 1.5 atm. The trappe-UA force field [11] was 
used to model methane, and ethane was modeled using 
an improved parameterization of ethane, trappe-UA2 
[12]. Trappe-small parameterization was used to model 
nitrogen. All the simulations were performed in 
Gromacs 4.6.5 [13]. The equations of motion are 
integrated with a time step of 2 fs and velocity rescaling 
is used to attain constant temperature and anisotropic 
Berendsen barostat for constant pressure. A typical 
configuration of the nitrogen-methane binary system is 
shown in Figure 1. The dimension of the final 
simulation box was Lx = Ly = 5.0nm<< Lz. In such a 
box, the liquid-vapor interface is stable and forms along 
the smallest surface area in the xy-plane, perpendicular 
to the long-axis.  

 

Figure 2 (A) Mole-fraction, χN, of the nitrogen in 
methane as a function of temperature. To compare with 
experiments, we also show the data from Refs. [14, 15]. 
Simulation results are in reasonable agreement with the 
experimental data with a slight overestimation of 
solubility at low temperatures. (B) Nitrogen in ethane 
exhibits a decrease of solubility with temperature and is 
in quantitative agreement with experimental values in 
Ref. [14]. 

Solubility of nitrogen in methane and ethane:  To 
compute the solubility, we measure the mole-fraction of 
nitrogen in the liquid phase of methane/ethane in the 
nitrogen-methane and nitrogen-ethane binary mixtures 
at equilibrium. To avoid the interface, we define the 
liquid phase (or the gas phase) as the region where the 
z-derivative of the density of methane/ethane and 
nitrogen is zero (see Fig. 1). In Fig. 2(A), we show the 
solubility of nitrogen in methane for temperatures T = 
90, 95, 100, 105, and 110K respectively. Consistent 
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with the experimental results, we find that the solubility 
decreases upon increasing temperature. To compare the 
simulation results with experiments, we also show the 
data from two different experiments [14, 15]. The 
solubility values calculated in our simulations are very 
close to experimental values with small deviations at 
lower temperatures. In Fig. 2(B), we show the mole-
fraction, χN, of the nitrogen in ethane as a function of 
temperature. For a comparison, we also plot the data 
from Ref. [14]. Nitrogen in ethane exhibits a decrease 
of solubility with temperature and is in quantitative 
agreement with experimental values.  

 

Figure 3 Number density, ρ(z), of nitrogen (solid red 
curve) and methane/ethane (solid black curve) for the 
nitrogen-methane and nitrogen-ethane system for two 
different temperatures T = 90 K and T = 95 K. A strong 
temperature-dependent surface adsorption of nitrogen 
is observed in both systems. 

Surface Adsorption of Nitrogen:  We next 
investigated the adsorption of nitrogen at the nitrogen-
methane and the nitrogen-ethane interface. In Fig. 3, we 
show the density profile of nitrogen and methane/ethane 
as a function of temperature for both nitrogen-methane 
and nitrogen- ethane systems at two different 
temperatures T = 90K and T = 95K. We find that 
adsorption of nitrogen at the interface between vapor 
and liquid phase is very high and increases upon 
decreasing temperature. Furthermore, the degree of 
adsorption of nitrogen at the nitrogen-ethane interface is 
much higher as compared to the nitrogen-methane 
interface whereas the number density of nitrogen 
reaches approximately the number density of liquid 
ethane.  

Summary:	 We have studied the temperature 
dependence of the solubility of nitrogen in methane, 
ethane by performing extensive vapor-liquid 

equilibrium simulations of binary mixtures of 
nitrogen+methane and nitrogen+ethane for a range of 
temperatures between 90K and 110K at a pressure of 1.5 
atm, thermodynamic conditions that may exist on the 
Saturn’s giant moon, Titan. We find that the solubility 
of nitrogen in both methane and ethane decreases with 
increasing temperature. Moreover, solubility of nitrogen 
in methane is much larger compared to that in ethane at 
lower temperatures. Furthermore, we find a strong 
temperature-dependent surface adsorption of nitrogen at 
the nitrogen-hydrocarbon interface, previously 
unknown. Such adsorption of nitrogen might affect 
other processes like dissolution of atmospheric 
compounds in Titan lakes.  

Acknowledgments: Authors would like to thank 
University of Arkansas High Performance Computing 
Center for providing computational time. V. F. Chevrier 
acknowledges funding from NASA Cassini Data 
Analysis Program grant no. NNX15AL48G.  

References: [1] Lunine J. I. and  Atreya S.K.  (2008) 
Nature Geoscience, 1(3), 159. [2] Lorenz R. and Milton 
J. (2010), Princeton University Press. [3] Hayes A. G., 
Lorenz R. D. and Lunine J. I. (2018), Nature 
Geoscience, 11(5), 306-313. [4] Flasar F. M. (1983), 
Science, 221, 55-57. [5] Toon O. B., McKay C. P., 
Courtin R., and Ackerman T. A. (1988), Icarus, 75, 255-
284. [6] Lunine J. I., Stevenson D. J., and Yung Y. L. 
(1983) Science, 222, 1229-1230. [7] Brown H. R. et. al. 
(2008) Nature, 454, 607-610. [8] Cordier D. et. al. 
(2009) The Astrophysical Journal, 707, L128-L131. [9] 
Buldyrev S. V., Kumar P., Debenedetti P. G., Rossky P. 
J., and Stanley, H. E. (2007), Proc. Natl. Acad. Sci., 104, 
20177-20182. [10] Potoff J. J. and Siepmann J. I. 
(2001), AIChE journal, 47, 1676-1682. [11] Keasler S. 
J. Charan S. M., Wick C. D., Economou I. G., and 
Siepmann, J. I (2012) Molecular modeling annual, 7, 
306-317. [12] Shah M. S., Siepmann J. I., and Tsaptsis 
M. (2017), AICheE Journal, 63, 5098-5110. [13] 
Berendsen H. J. C., Spoel D. V., and Drunen R. V. 
(1995), Computer Physics Communications, 91, 43-56. 
[14] Malaska M. J. et. al. (2017), Icarus, 289, 94-105. 
[15] Farnsworth K. et. al. (2017), AGU Fall Meeting 
Abstracts; Chevrier V. and Farnsworth K. (2018), LPSC 
XLIX Abstract # 3014.  

 
 
 

2647.pdf51st Lunar and Planetary Science Conference (2020)


