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The influence of CO2 and CH4 mixture on water wettability in organic rich 
shale nanopore 
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A B S T R A C T   

CO2 has been considered as an effective fluid to replace CH4 in shale rock. Wetting behavior of water in CO2/CH4 
mixtures in organic nanopores is a key parameter influencing CO2 based enhanced gas recovery processes in 
shale. However, there is lack of fundamental understanding of water wetting in such systems. We perform 
Molecular Dynamics (MD) simulations of nanoscopic liquid water drops on a graphite substrate mimicking an 
organic-rich shale pore in the presence of CH4/CO2 mixtures at temperatures in the range 300 K–400 K. The 
equilibrium contact angle of the water droplets on graphite is a pronounced function of CH4 as well as CO2 
pressure with the water droplet lifting-off, that is reaching a 180◦ contact angle, at a threshold pressure of 12 
MPa for CO2 and 78 MPa for CH4. The contact angles recovered from simulations match well with experimental 
literature via the modified Young’s equation. The line tension in our studied systems does not show a specific 
dependence on temperature. As compared to methane, CO2 exhibits a stronger interaction with organic-rich 
surfaces, which has strong impact on wettability. For CH4/CO2 mixtures, this translates in an approximately 
linear increase of the contact angle with the CO2 mole fraction.   
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1. Introduction 

As an alternative to other conventional geo-energy resources, such as 
coal and oil, shale gas (primary CH4) has attracted increasing attention 
due to its lower CO2 emission after burning (Vedachalam et al., 2015). 
Shale gas usually exists in the fine-grained sedimentary reservoirs with a 
very low permeability. The improved hydraulic fracturing and horizonal 
well technologies have made it possible to produce gas economically 
from tight shale reservoirs (He et al., 2019; Iddphonce et al., 2020). 
Capturing carbon dioxide and using it to replace hydrocarbons in 
geological formations therefore has become a route for mitigating the 
problem of atmospheric CO2 and – at the same time – enhancing gas 

recovery (EGR) from shale (Fathi et al., 2014; Pei et al., 2015; Arif et al., 
2017; Louk et al., 2017). 

For CO2 based EGR in shale, water wetting behavior plays a very 
important role as it determines fluid distribution, spreading and fluid 
dynamics in the reservoir (Liang et al., 2016; Roshan et al., 2016; Pan 
et al., 2018; Zhou et al., 2016). The design and operation of CO2–based 
EGR benefits from an understanding of the interactions of the various 
components and associated transport processes at the pore scale. With 
this in mind, there is an extensive body of experimental literature on 
multi-component and multi-phase systems in narrow pores. It is beyond 
the scope of the current paper to review this literature. Experimental 
methods vary from micro scale to centimeter scale. At the microscale 
they include microcomputed tomography imaging of pore geometries 
for the investigation of flooding (Gunde et al., 2010) as well as visual-
izations of fluids distributions in transparent microfluidic chips (Park 
et al., 2017). Examples at the centimeter scale are core-flooding exper-
iments probing relative permeability in two-phase porous media flow 
(Perrin et al., 2009). 

From an experimental perspective it is, however, very challenging to 
realistically replicate the conditions in pores of actual formations, in 
particular when it comes to tight reservoirs – such as shale – that have 
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pore sizes of the order of tens of nanometers. The nanoscopic length 
scales make direct visualization of pore-scale processes virtually 
impossible, specifically at the high pressures (of the order of up to 80 
MPa) representative for reservoir conditions. Artificially increasing pore 
widths in an experiment to allow for flow visualization is a viable 
approach that has been reported in (Park, G. et al., 2017). However, 
physical and chemical processes may not be invariant under scaling up 
from the nanoscale given the prominence of the molecular nature of 
matter at this scale. 

Additionally, there are properties relevant to wetting that are 
negligible in macroscopic systems but play a significant role at the 
molecular level. An example is line tension, which is - by analogy with 
surface tension - excess free energy associated with unit length of a 
contact line where three distinct phases coexist (Weijs et al., 2011). The 
line tension of a three-phase contact line manifests itself at the nanoscale 
where it has impact on wetting characteristics (Wang, J. Y. et al., 2001), 
most notable the contact angle. For example around fibers (Bauer and 
Dietrich, 2000), at liquid (oil lenses/water/air) (Aveyard et al., 1999) 
and at solid surfaces (Widom, 1995). 

Although the line tension is well-defined in thermodynamics long 
time ago (Gibbs, 1948), line tension studies have often proven contro-
versial over its magnitude, sign, and some substantial issues, such as 
what leads to line tension (Amirfazli and Neumann, 2004; Schimmele 
et al., 2007). Descriptions of line tension usually involve density func-
tional theory given its origin in intermolecular forces (Weijs et al., 
2011). 

Experimentally, the most direct way to determine line tension is to 
measure the contact angle as a function of contact line curvature (i.e. 
droplet size). Then line tension can be calculated by using the modified 
Young’s equation (Pethica, 1977). There is, however, significant un-
certainty in line tension measurements with estimates ranging over 
many orders of magnitude: from 10− 11 to 10− 5 J/m (Bresme and Oettel, 
2007). This uncertainty is attributed to difficulties in determining con-
tact angles, for instance as a result of contact angle hysteresis caused by 
surface inhomogeneities (Drelich, 1996). 

Simulation of pore scale processes – if properly verified and validated 
– is an approach that complements experimentation. Given that the 
molecular nature of matter clearly manifests itself at length scales we are 
interested in, Molecular Dynamics (MD) simulations are an appropriate 
tool. There is an extensive literature on MD simulations of (nano) pore 
scale processes as well as on interfacial phenomena. Given our interest in 
surface phenomena and wetting behavior, relevant work has been re-
ported on interfacial tension and phase equilibrium properties (Miguez 
et al., 2014; Sakamaki et al., 2011; Yang et al., 2017) and fluid-solid 
interactions (Iglauer et al., 2012; Khan and Singh, 2014; Werder et al., 
2003) including the effects of substrate roughness (Park, J. et al., 2011; 
Yaghoubi and Foroutan, 2018). Derksen (2015) conducted MD simula-
tions on the deformation and mobility of a droplet attached to a solid 
substrate as the result of a shear flow. 

The aim of this paper is to quantify wettability of (connate) water on 
surfaces consisting of stacks of graphene sheets mimicking organic-rich 
shale pores in the presence of methane and carbon dioxide; and thus to 
better understand the mechanism of the CO2-based EGR in shale gas 
exploitation. Stacks of graphene sheets have been extensively reported 
to accurately mimic actual organic rich pores for a wide range of tem-
perature and pressure in MD simulations. Examples includes water 
contact angle simulation over organic surface (Werder et al., 2003), 
methane flow transport in organic shale pores (He et al., 2019; Kazemi 
and Takbiri-Borujeni, 2016), hydrocarbon adsorption onto organic pore 
surface (Wang, S. et al., 2016). MD simulation results with organic pores 
represented by stacks of graphene sheets are consistent with other 
simulation results and available experimental data (Jin and Firoozabadi, 
2015, 2016; Li et al., 2013; Pan et al., 2018). We do this by determining 
the contact angle of nanoscopic water droplets as a function of pressure 
and composition of the ambient CH4/CO2 mixture. The concept of line 
tension along with the modified Young’s equation allows to extrapolate 

our findings at the nanoscale to macroscopic contact angles that are 
amenable to experimental validation. 

This paper has been fully studied through MD simulations and is 
organized in the following manner. In the next section we summarize the 
simulation methodology as well as the force field parameters used in the 
MD simulations. We then explain how data have been collected and 
analyzed. In the Results section, we study the relationship between the 
microscopic and macroscopic contact angle of liquid water on graphite 
in a water vapour, methane and carbon dioxide environment. We then 
report results on the microscopic contact angle of liquid water in 
methane and mixed methane/carbon dioxide environments over a range 
of pressures, compositions and temperatures and we compare our results 
with the experimental and computational literature. The final section 
reiterates the main conclusions of our work and suggests future research 
directions. 

2. Molecular dynamics simulation setup 

2.1. Governing equations 

In classical MD simulations, forces on an atom are derived from 
interaction potentials with surrounding atoms. The position and velocity 
of each atom are then determined by numerically solving Newton’s 
equation of motion 

Fi =mi
dvi

dt
(1)  

where vi =
dri
dt is the velocity of atom i, ri its position and mi its mass. The 

force Fi it feels is the sum of interaction forces due to atoms surrounding 
atom i. One distinguishes between inter and intramolecular forces. For 
intermolecular forces (forces between atoms being part of different 
molecules) only pairwise interactions are considered. Intramolecular 
forces (forces between atoms in the same molecule) also involve triple 
and quadruple interactions. Interaction forces are derived from inter-
action potentials that only depend on the relative position of the atoms 
taking part in the interaction. For pairwise interactions the potential U 
only depends on the distance between the atom pair i and j rij =

⃒
⃒rij

⃒
⃒ =

⃒
⃒ri − rj

⃒
⃒. The force on atom i due to a pairwise interaction with atom j is 

fij = −
dU

(
rij
)

drij

ri − rj

rij
(2) 

For pairwise interactions we have been using the Lennard-Jones (LJ) 
potential plus the electrostatic (“Coulombic”) potential: 

U
(
rij
)
= 4εij

[(
σij

rij

)12

−

(
σij

rij

)6]

+
qiqj

4πε0rij
(3)  

with εijand σijthe strength and the length scale of the LJ interaction 
respectively, qi and qj the charges of sites i and j, and ε0 the dielectric 
permittivity of the vacuum. Each atom type α has been given its own size 
σα and strength εα. The cross interaction LJ parameters between atoms of 
different type (αand β) are deduced from the Lorentz− Berthelot mixing 
rules (Hudson and McCoubrey, 1960): σαβ = (σα +σβ)/2 andεαβ =
̅̅̅̅̅̅̅̅̅εαεβ

√ . 

2.2. Model systems 

Our simulation systems involve water, CO2, CH4 and graphite sub-
strates. A typical situation is given in Fig. 1 with a droplet of liquid water 
on graphite immersed in a CO2/CH4 mixture. The graphite substrate is 
represented by two graphene sheets at a distance of 3.35 Å (Saito et al., 
2001). Due to the periodic boundary condition applied, this two-layer 
graphene sheet substrate is acting like a symmetric solid surface at the 
top of system. Hence, the whole system – consisting of water, methane 
and carbon dioxide – is closed off at the top. 
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For the intramolecular interactions we have been using the SPC/E 
model for water (Wu et al., 2006), the OPLS models for CH4 (Aimoli 
et al., 2014), the Cygan model for CO2 (Cygan et al., 2012) and a force 
field proposed by (Stuart et al., 2000) for graphene. These force-fields 
have been extensively used and validated in a wide body of MD 
studies. Their results – for example phase thermodynamic properties 
(Aimoli et al., 2014; Wu et al., 2006), flow transport characteristic 
(Aimoli et al., 2014) and adsorption behaviour (Suk and Aluru, 2013)– 
have been reported with reasonable accuracy. All simulations were 
performed with the open-source molecular dynamic simulation code 
LAMMPS (Plimpton, 1995). The LJ interaction potential has been 
consistently truncated at 10 Å. The long-range electrostatic interactions 
were computed using the particle-particle-particle-mesh (PPPM) 
method with the transition between particle-particle to particle-mesh at 
10 Å and the relative error set to 10− 5 (Darden et al., 1993). The velocity 

Verlet algorithm (Swope et al., 1982) has been used to achieve position 
and velocity updates with a time step of 2 fs. The complete set of pa-
rameters used in the simulations in this paper is given in Table 1. 

2.3. Data post-processing 

For estimating the contact angle of water on a graphite substrate, a 
water droplet is placed on the substrate and allowed to equilibrate for 1 
ns after which it has reached a dynamically steady shape. Over the 
subsequent 2 ns an axisymmetric average concentration field is deter-
mined through a cylindrical binning procedure (De Ruijter et al., 1999). 
An example of such an average concentration field is shown in Fig. 2 (left 
panel). A circular arc is then fitted through the points of the field that has 
a water molecule concentration of 0.02 (1/Å3), i.e. half the bulk water 
density. In this fitting process points closely above the substrate (i.e. 
below Z = Z0̃10 Å) are discarded given the layering that occurs there 
(Werder et al., 2003), see Fig. 2 (right). The angle between the fitted arc 
and the line Z = 3.35Å (the topmost layer of graphene sheets) is our 
estimate of the contact angle θ. In the example of Fig. 2, θ =

83.6◦ ± 1.1◦. The uncertainty in the contact angle – which is a result of 
the statistical nature of molecular processes – has been estimated by 
repeating the process above a number of times (10 times in the example 
in Fig. 2). The uncertainty of 1.1◦ is the standard deviation of the 10 
realizations. 

The pressure in MD simulations is usually derived from the pressure 
tensor pαβ that can be related to velocities and interaction forces ac-
cording to a virial expression (Iglauer et al., 2012) 

pαβV = 〈
∑N

i=1
mivα,ivβ,i +

∑N− 1

i=1

∑N

j>1
rα,ijfβ,ij〉 (4)  

with V the volume of the simulation domain, N the total number of 
atoms, vα,i the velocity component in the α direction of atom i and 
rα,ijand fα,ij the α component of vectors rij and fij respectively. The angled 
brackets represent ensemble averaging. The pressure p is the average of 
the three diagonal pressure tensor components: p = (pxx + pyy + pzz) /3. 

In order to relate contact angles measured from nanoscopic droplets 
– as in the current study – to macroscopic contact angles for which 
experimental data are available we apply the concept of the modified 
Young’s equation (Pethica, 1977; Veselovsky and Pertsev, 1936) 

γSC = γSL + γLC cos θ +
τ
rB

(5)  

with τ the line tension, rB the droplet base radius and γSC, γSL and γLC the 

Fig. 1. A three-dimensional view of the configuration of a Water–CH4–CO2- 
Carbon system at T = 300K and P = 5.36 MPa. Green is graphite surface, Yellow 
and blue are C and O in CO2, Orange and olive are C and H in methane, Red and 
white represent O and H in water. 

Table 1 
Interaction potential functions and their parameters for the chemical species considered.  

un-bonded atom type mass g/mol σ &  rcoÅ  εkcal/mol  q e 

ULJ = 4ε
(

σ12

r12 −
σ6

r6

)

UC =
e2

ε0

qiqj

rij  

C graphitea 12.01 3.400 10 0.0684 0.000 
C CH4

b 12.01 3.500 10 0.0660 − 0.240 
H CH4

b 1.008 2.500 10 0.0300 0.060 
Cc CO2

c 12.01 2.800 10 0.0559 0.6512 
O CO2

c 16.00 3.028 10 0.1597 − 0.3256 
O H2Od 15.99 3.166 10 0.1560 − 0.8476 
H H2Od 1.008 0.000 10 0.0000 0.4238 

bonds bond type k kcal/mol⋅Å2 r0 Å    

Ub = k(rij − r0)
2  C–H CH4 340 1.09   

C=O CO2 1008.24 1.16 
H–O H2O ∞ 1.00 

angles angle type ka kcal/mol⋅rad2  θ0 rad    

Ua = ka(θijk − θ0)
2  H–C–H CH4 33.0 1.88   

O=C––O CO2 53.965 π 
H–O–H H2O ∞ 1.91  

a [Graphite] [31]. 
b [OPLS methane] [29]. 
c [Cygan CO2] [30]. 
d [SPC/E H2O] [28]. 
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solid-continuous phase, solid-liquid and liquid-continuous phase surface 
tension, respectively. We note that if 1/rB→0, the macroscopic contact 
angle θ∞is recovered according to cos θ∞ = (γSC − γSL)/ γLC. As a result, 
Eq. (5) can be written as 

cos θ= cos θ∞ −
τ

γLC

1
rB

(6) 

The latter representation will be used to determine θ∞ through 
extrapolation of data for θ as a function of rB. 

3. Results & discussion 

Simulations have been conducted in an NVT ensemble, mostly at a 
temperature of 300 K. The base-case situation consists of two graphene 
sheets at a distance 3.35 Å and of size 80 × 80 Å2. At the centre of this 
substrate we place a water droplet consisting of 995 molecules in a semi- 
spherical shape with a radius of approximately 24.2 Å, i.e. significantly 
smaller than the side lengths of the substrate. Any additional graphene 
sheets would not make any difference, as the distance between water 
molecules and the graphene sheet (more than three sheets) will be larger 
than the cut-off distance for the LJ potential (10 Å). The size of the – fully 
periodic – domain in the direction normal to the substrate is 90 Å. In this 
domain we place CH4 and/or CO2 molecules. By varying the number of 
molecules surrounding the water droplet we vary the pressure. As an 
example, with the number of CH4 molecules ranging from 0 to 7390 zero 
the pressure ranges from around 0.0014 MPa–80 MPa, where the pres-
sure in the absence of CH4 is due to water vapour. The force field pa-
rameters of all constituents (water, CH4, CO2 and carbon in the graphene 
sheets) are listed in Table 1. While the AIREBO potential (Stuart et al., 
2000) is adopted to include the thermal motion of the carbon atoms in 
graphene. 

We compared the PVT behaviour of CH4, CO2, and CH4/CO2 mixture 
(Xco2 = 40%) in confined and unconfined systems. For unconfined 
system, the solid substrate was not included in the simulations and pe-
riodic boundary condition was applied to act as an infinite unconfirmed 
system. Both corresponding confined and unconfined systems have a 
same phase density and temperature. Our results find the pressure in 
unconfined systems matches well with that in confined system – with a 
difference less than 4% – specifically for pure CH4 and CO2 systems. A 
6.6% pressure difference is noticed in CH4/CO2 mixture system. Addi-
tionally, we compared simulated pressures to experimental PVT data 
(Esper et al., 1989) that shows the experimental value would be up to 
~9% higher than unconfined pressure and ~16% higher than confined 
pressure. 

We start by investigating the effects of thermal motion of the 

graphene sheet on the contact angle in a water-only simulation. In the 
literature thermal motion of a solid substrate is often discarded in MD 
simulations (Sedghi et al., 2014; Stukan et al., 2010; Supple and Quirke, 
2004). We are interested in the strength of this thermal motion and if it 
impacts the dynamics of a three-phase contact line and thus the contact 
angle. We then study effects of the size of the water droplet and − by 
means of the modified Young’s equation (Eq. (5)) extrapolate −
extrapolate to macroscopic contact angles that can be compared to 
experimental data from the literature. Next, the line tension – a 
non-negligible property in microscopic wetting – is investigated in water 
only, carbon dioxide and methane environments. Finally, the impact of 
the composition of the CH4/CO2 on the contact angle is investigated. 

Fig. 3 summarizes the results regarding thermal motion of the 
graphite substrate. As can be seen from the left panel, its thermal motion 
− quantified by the root-mean-square of displacement of carbon atoms 
in the wall-normal direction − is weak. It is of the order of 0.1 Å which is 
more than one order of magnitude smaller than the size of the carbon 
atoms constituting the substrate. There is an obvious but only slight 
dependence on temperature. It is interesting to note the effect of the 
number of graphene sheets constituting the graphite surface with a 
significant transition from 2 to 3 sheets, a transition that consists of two 
phenomena: reduction of RMS displacement and a weakening of the 
effect of temperature. This is the result of a smaller thermal motion for 
carbon atoms located in the middle sheet(s) as compared to the outer 
sheets for substrates with three or more layers. As an example, at 300 K 
the two-layer substrate shows an RMS displacement of 0.167 Å for both 
sheets. At the same temperature a three-layer substrate has RMS dis-
placements of 0.131 Å for the outer sheets and 0.122 Å for the middle 
sheet. 

The right panel of Fig. 3 shows contact angles for water-only systems 
as a function of temperature for fixed and thermally excited graphite. 
Given the error bars there is no significant difference between the two 
modi of graphite, except perhaps for 350 K that shows a 2◦ difference. 
The above observations are in line with MD simulations of Werder at el 
(Werder et al., 2003) – their work has been done using the parallel 
molecular dynamics code FASTTUBE – for water droplets on a 2-layer 
graphite substrate. According to the simulation results obtained, we 
conclude that the thermal motion of carbon atoms has very limited in-
fluence on contact angle and thus from here on graphite is represented 
by two graphene sheets at a distance of 3.35 Å consisting of fixed carbon 
atoms. 

3.1. Macroscopic contact angle 

The water droplets simulated using molecular dynamic simulation in 

Fig. 2. Left: an example of extracting the contact angle θ from an average axisymmetric water concentration field. The red curve is a circular arc fitted through points 
with concentration 0.02 (1/Å3) and Z > Z0 ~10 Å to exclude the near wall region. The purple line denotes to top surface of the graphite substrate. The droplet has a 
base radius rB. Right: vertical time-average concentration profile along the centreline of the droplet. 
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the current study are of nanoscopic size. Given the modified Young’s 
equation (Eq. (5)) we thus expect a dependency of the contact angle on 
the droplet size. To investigate this, the size of the water droplet has 
been varied in the range of approximately 15–40 Å. The smallest droplet 
consists of 530 molecules; the largest consist of 5000 molecules. In order 
to avoid interaction of the droplet with itself over the periodic bound-
aries, the simulations dealing with droplet size effects have an extended 
domain volume of 120 × 120 × 120 Å3. We consider three sets of sit-
uations: the liquid water droplet is surrounded by water vapour; the 
droplet is surrounded by CH4 (3249 molecules which amounts to a 
pressure of 3.0 MPa); the droplet is surrounded by CO2 (3249 molecules 
which amounts to a pressure of 3.5 MPa). The temperature has been 
fixed to 300 K. 

The results of all 15 simulations (5 droplet sizes times 3 situations) 
have been summarized in Fig. 4. They confirm the behaviour anticipated 
by Eq. (6): a decrease of cos θ with increasing 1/rB. By fitting straight 
lines to the data and determining the intercept with the vertical axis 
cos θ∞ has been estimated. This leads to θ∞ estimates of 78.9 ± 2.9◦, 
99.6 ± 2.1◦ and 111.3 ± 2.3◦ for H2O-only, H2O/CH4, and H2O/CO2 
respectively. The uncertainty in cos θ∞is a result of a weighted least 
squares straight line fitting based on the uncertainties in the individual 
data points. 

The water-only value at T = 300K and 350 K is quantified in Fig. 5 
and is well in line with experimental data on the water contact angle on 
chemically pure graphene: 79.3◦ at room temperature and atmospheric 
pressure (Li et al., 2013). Siemons et al. (2006) experimentally studied 
the pressure dependence of the contact angle in CO2–water–coal sys-
tems. From their work an angle of 117.0◦ can be estimated at P = 3.5 
MPa and T = 318 K. Sakurovs et al. (Sakurovs and Lavrencic, 2011) 
measured a 109◦ contact angle of water on a carbon-rich coal sample 
(88.4% carbon content) in an environment of CO2 at P = 3.5 MPa and T 
= 313 K. These two experimental values agree fairly well with our 
simulated angle of approximately 111.3◦. As of yet we have not found 
experimental data of water on carbon-rich substrates in a methane 
environment. 

3.2. Line tension 

As pointed above, given the realistic length scale of pore in shale 
formation, the line tension of a three-phase contact line plays a impor-

tant role in wetting behavior during EGR process in shale (Wang, J. Y. 
et al., 2001). As shown in Equation (6), it allows to determine the line 
tension τ from the slope of the fitted lines in Fig. 4 along with the surface 
tension between the water droplet and its surroundings. For the water 
only system we have a surface tension of 72 mN/m (Speight, 2019) for 
water-air interface at 293K. Then the resulting line tension is τ = (1.51 
± 1.1) × 10− 11 J/m with the significant uncertainties due to the un-
certainties in the data points in Fig. 4. This is in line with the results from 
Mugele et al.’s atomic microscopic experiments (Mugele et al., 2002) 
and theoretical predictions using statistical mechanics (Dobbs and 
Indekeu, 1993; Getta and Dietrich, 1998) that report values in a range of 
10− 12 to 10− 10 J/m. Mugele et al. combined atomic force microscopy 
data to determine the contact angle of micrometre size droplets and the 
conventional optical method for millimetre size droplets, all on homo-
geneous substrates. They were able to estimate an upper limit of line 
tension as τ̃10− 10 J/m. 

H2O/CH4 has a surface tension of γLC = 68.32 mN/m at T = 298.15K 
and P = 5 MPa (Ren et al., 2000); H2O/CO2 has γLC = 55.42 mN/m at T 
= 297.9K and P = 3 MPa (Georgiadis et al., 2010). Given the slopes of 
the fits in Fig. 4 we then estimate τ = (1.49 ± 0.64) × 10− 11 J/m and τ =

(0.71 ± 0.5) × 10− 11 J/m for H2O/CH4 and H2O/CO2 respectively. 
The sensitivity of line tension with respect to temperature has been 

assessed by performing the same set of simulations but now at 350 K 
with surface tension data at this temperature also from (Georgiadis 
et al., 2010; Ren et al., 2000). All line tension data points are presented 
in Fig. 6. Given the relatively large uncertainties we cannot discern a 
trend with temperature. We can say with some certainty, however, that 
the H2O/CO2 systems – that are more hydrophobic compared to the 
other two systems – have a lower line tension. This phenomenon – a 
decrease of line tension with increasing contact angle – is in line with 
other authors’ MD results for line tension (Werder et al., 2003; Włoch 
et al., 2017; Zhang et al., 2018), as shown in Fig. 7. Wloch et al. (Włoch 
et al., 2017) studied water droplets on graphene and Zhang et al. (2018) 
probed the interaction between water and a platinum surface. As already 
noted above, Werder et al. (2003) dealt with water on graphene. These 
authors adjusted the water-solid interaction strength to achieve different 
levels of hydrophobicity. The line tension is then calculated via the same 
procedure as in the current study. Uncertainties in line tension values 
were not reported in (Werder et al., 2003; Włoch et al., 2017; Zhang 
et al., 2018). 

Fig. 3. Left: RMS displacement of all substrate carbon atoms in the wall-normal direction as a function of the number N of graphene sheets for two temperatures as 
indicated. Right: contact angle of water against water vapour on a two-layer graphite substrate as a function of temperature for fixed and thermally excited graphite. 
On data points without error bars, the uncertainty is less than the symbol size. 
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3.3. Contact angle as a function of CH4–CO2 mixture composition 

We now turn to a systematic study of water on graphene in CH4, CO2 
as well as in CH4–CO2 mixture environments under the base-case con-
ditions (NVT ensemble at 300 K; two graphene sheets at a distance 3.35 
Å and of size 80 × 80 Å2; a water droplet consisting of 995 molecules; a 
domain size normal to the substrate is 90 Å). The main variables are the 
pressure and the composition of the mixture. 

Fig. 8 qualitatively shows wetting behaviour in pure CH4 and CO2 
environments as a function of pressure. It is clear that at the substrate 
CH4 as well as CO2 molecules tend to displace water molecules leading 
to de-wetting and eventually – at sufficiently high pressure – detachment 
of the droplet. This has been quantified in Fig. 9. The contact angle of 
water increases significantly for both background fluids, consistent with 
experimental literature data (Pan et al., 2018). For CO2 the contact angle 
increases approximately linearly with pressure – including the 
cross-over of CO2 from vapour to liquid – until the droplet detaches at a 
pressure of 12 MPa. This phenomenon has also been observed in the 
experimental work presented in (Pan et al., 2018; Saghafi et al., 2014). 
For CH4 the relationship between pressure and contact angle is clearly 
non-linear, specifically for pressures beyond the critical pressure (4.6 
MPa at 300 K). The trend shows a levelling off of the contact angle with 
pressure – only a 2.5% increase from around 45 to 78 MPa – until the 
droplet detaches. 

It is noteworthy that in our simulations a water droplet detaches 
from a graphite surface at sufficiently high pressure in a CH4 as well as in 
a CO2 environment. The fully hydrophobic state in a CO2 environment 
has also been found in the literature (Liu et al., 2010; Pan et al., 2018). A 
sudden detachment happens in a CH4 environment at a high pressure of 
approximately 78 MPa. For pressures relevant to storing carbon dioxide, 
a non-water wetting (high pressure) condition is not favourable to 
consider safe CO2 geological storage as it may leads to potential leakage 
(Naylor et al., 2011), and thus the pressure needs to be assessed carefully 
when determining CO2 geological storage site. 

As reported in the literature (Iglauer et al., 2012; Xu et al., 2017), 
CO2 injection is considered to be as an efficient approach to improve 
CH4 recovery in tight formations, such as shale or coal bed methane 
reservoirs. One of the essential properties in this respect is the wetta-
bility as it influences the nano-pore conductivity and fluid configuration 
(Roshan et al., 2016). We now report on MD simulations to estimate the 
impact of adding CO2 to CH4 on the contact angle of water on a graphite 
surface. The mole fraction XCO2 has been varied between 0% and 100% 
at further base-case conditions (most importantly a fixed temperature of 

Fig. 4. Cosinus of the contact angle versus inverse droplet radius. Top: water 
only at a pressure of 0.0014 MPa. Middle: water in CH4 at a pressure of 3.0 
MPa. Bottom: water in CO2 at a pressure of 3.5 MPa. The red line is a least- 
squares linear fit through our data points. In all cases: T = 300 K. 

Fig. 5. Macroscopic contact angle for H2O only, H2O/CH4 and H2O/CO2 sys-
tems at T = 300K and 350K. 
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300 K). We consider situations with CO2 in the vapour state and in the 
liquid state by simulating a total of 1872 molecules of CO2 plus CH4 and 
3744 molecules of CO2 plus CH4 respectively. The respective pressures 
are 5.36 ± 0.1 MPa and 10.70 ± 0.2 MPa. 

Contact angle versus XCO2 is shown in Fig. 10. Clearly the contact 
angle increases with increasing XCO2 , tentatively in a linear fashion. The 
slopes of the two lines in Fig. 10 are 0.180◦ per %CO2 (vapour) and 
0.247◦ per %CO2 (liquid). These results show that CO2 changes the 
wettability of organic-rich surface to a significant extent dependent on 
mole fraction, pressure and (possibly) temperature. This change is 
attributed to the stronger interaction between CO2 – as compared to CH4 
– with the graphene sheets. This can be appreciated from the concen-
tration profiles in the direction normal to the substrate as presented in 
Fig. 11. The displacement of CH4 by CO2 is a well-known phenomenon 
that – for instance – has been reported in (Klewiah et al., 2020; Merey 
and Sinayuc, 2016; Perera et al., 2012). 

4. Summary & conclusions 

In this article, we have presented a systematic study of the in-
teractions between water, methane and carbon dioxide in organic-rich 
shale nanopores over a range of pressures, compositions and tempera-
tures with MD simulations based on a full-atoms approach. The con-
clusions of our simulation are:  

● Consistent with available data from the literature, we find that line 
tension is positive and of the order of 10− 11 J/m. Statistical un-
certainties make it not possible to discern a trend of line tension with 
temperature (in the range 300–350 K). Line tension does exhibit a 
decrease with increasing contact angle, something reported earlier in 
MD-based studies.  

● The microscopic equilibrium contact angle of a water droplet on 
graphite and immersed in CH4 or CO2 is a pronounced function of the 
absolute pressure. This behavior is mainly attributed to the strong 
fluids interactions with the organic surface when CO2 or CH4 pres-
sure rapidly increased. The droplet lifts off beyond a pressure of 12 
MPa and 78 MPa for CO2 and CH4, respectively.  

● A water droplet in organic-rich nanopores immersed in a CH4/CO2 
mixture has a contact angle that increases linearly with the CO2 mole 
fraction. The slope of the linear trend line depends on pressure. 

Fig. 6. Line tension for H2O only, H2O/CH4 and H2O/CO2 systems at T = 300K 
and 350K. 

Fig. 7. Comparison of the relationship between line tension and water droplets 
contact angles on a variety of surfaces, at T = 300K. 
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Fig. 8. The impact of CH4 and CO2 on averaged water molecular concentration at T = 300K. Top: CH4 as continuous phases, from left to right, P (CH4) equals to 0, 
5.56, 11.2, 44.6, 78.7 MPa; bottom: CO2 as continuous phase, CO2 molecules equals to 0, 5.14, 8.0, 10.7, 12 MPa. Red horizontal line represents the top 
graphite surface. 

Fig. 9. Contact angle of water on graphite in a CH4 and CO2 environment as a 
function of pressure at 300 K. The black vertical dashed line is the critical 
pressure of CH4; the red dashed line is the saturation pressure of CO2. Filled 
symbols indicate the droplet has detached from the surface. 

X
Fig. 10. Mole fraction CO2 versus contact angle of a water droplet on graphite 
in a CH4/CO2 mixture at 300 K at a pressure of 10.70 MPa (liquid) and 5.36 
MPa (vapour). The lines are a linear function that best fit the data points. 
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● In relation to EGR in shale gas exploitation, CO2 exhibits a stronger 
interaction with organic-rich surface and thus could replace the 
methane adsorbed on the organic rich solid walls to improve the 
methane production, while simultaneously store CO2 at subsurface. 

In this paper we have been studying water wettability in ideal, 
atomically smooth shale nanopores. In the future we will be working on 
wettability on heterogeneous and nano-scale rough surfaces to account 
for more complicated situations and investigate the methane and 
methane-water flow transport. 
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