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Abstract

at high pressure and low temperature, the IFT
is overestimated by ∼5 mN/m. Literature data
regarding the water contact angle on calcite are
contradictory. Using our new set of force field
parameters, we performed NVT simulations at
323 K and 20 MPa to calculate the contact
angle of a water droplet on the calcite {10.4}
surface in a CO2 atmosphere. We performed
simulations for both spherical and cylindrical
droplet configurations for different initial radii,
to study the size dependence of the water contact angle on calcite in the presence of CO2 .
Our results suggest that the contact angle of a
cylindrical water droplet on calcite {10.4}, in
the presence of CO2 , is independent of droplet
size, for droplets with a radius of 50 Å or more.
On the contrary, spherical droplets make a contact angle that is strongly influenced by their
size. At the largest size explored in this study,
both spherical and cylindrical droplets converge
to the same contact angle, 38◦ , indicating that
calcite is strongly wetted by water.

Assessment of the risks and environmental
impacts of carbon geosequestration requires
knowledge about the wetting behavior of mineral surfaces in the presence of CO2 and the
pore fluids. In this context, the interfacial tension (IFT) between CO2 and the aqueous fluid
and the contact angle, θ, with the pore mineral surfaces are the two key parameters that
control the capillary pressure in the pores of
the candidate host rock. Knowledge of these
two parameters and their dependence on the
local conditions of pressure, temperature and
salinity is essential for the correct prediction
of structural and residual trapping. We have
performed classical molecular dynamics simulations to predict the CO2 –water IFT and the
CO2 –water–calcite contact angle. The IFT results are consistent with previous simulations,
where simple point charge water models have
been shown to underestimate the water surface tension, thus affecting the simulated IFT
values. When combined with the EPM2 CO2
model, the SPC/Fw water model indeed underestimates the IFT in the low pressure region at
all temperatures studied. On the other hand,
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Introduction

Residual trapping takes place when small
CO2 bubbles are left behind in the pores of the
formation. Capillary pressure works on the interface between CO2 bubbles, the pore solution
and the pore surfaces, to prevent the residual
CO2 from migrating upward. The wetting behavior of the solid surfaces controls the ratio of
mobile to residually trapped CO2 . The equilibrium contact angle of a non-reactive liquid
on a smooth, homogeneous, rigid, and insoluble
solid balances the interfacial tensions between
the macroscopic bulk phases, through Young’s
equation; 6

Burning fossil fuels had led to increased atmospheric CO2 and is one of the main drivers
for global climate change and ocean acidification. 1 Carbon geosequestration in deep saline
formations and depleted oil and gas reservoirs
represents a promising option for reducing the
amount of CO2 in the atmosphere 2 but other
porous formations can also be used, such as
basalt, in the successful CarbFix method. 3 Successful carbon sequestration requires that CO2
is trapped in a geological unit with minimum
risk of leakage, while at the same time, environmental impact is minimised. Once injected
into a geological formation, the fate of CO2 depends on the interfacial interactions with the
pore mineral surfaces and the solution that occupies the pores. The dominant parameters
include: interfacial tension (IFT), wettability,
capillarity and mass transfer. 4,5
In the initial stages of CO2 sequestration in
geologic media, structural and residual trapping
provide the highest trapping contribution. 2,4,5
In most rock formations, the pore fluids are
saline and because the injected supercritical
CO2 is typically less dense, it migrates upward
by buoyancy. Structural trapping refers to retention by a low porosity cap rock seal that
prevents CO2 from migrating further upward
and diffusing into the atmosphere. Access to
the cap rock pore network is controlled by the
capillary entry pressure, Pc , which is the difference between the pressure of two immiscible
fluid phases – in this case CO2 and water – in a
tight pore of radius, R. Pc is related to the IFT
between the two phases and the water contact
angle through the Young–Laplace equation;

cos θ∞ =

γMC − γMW
,
γWC

(2)

where γMC and γMW represent the mineral–CO2
and mineral–water interfacial tensions. Low
contact angles indicate good wetting of the solid
by the liquid, whereas large angles indicate poor
wetting. It has been shown that CO2 -wetting
has a negative impact on residual trapping,
with water wet surfaces trapping approximately
240% more CO2 over a period of 10 years than
CO2 -wet minerals. 7
To assess the extent of structural and residual trapping, the interfacial properties of the
CO2 –water–mineral system need to be better
understood. 4,7 Experimental determination of
the CO2 –water (or saline solution) IFT requires
accurate phase density measurements, which
are difficult to make. Published IFT experimental data vary widely and only few studies
have reported high-quality data over the full
range of relevant P and T conditions. 8 Despite
the variability and uncertainties in published
data, especially close to the CO2 critical point
and at high pressure, the experimental consensus is that IFT: i) decreases sharply with
increasing pressure in the CO2 subcritical region and reaches a plateau in the supercritical
region, 9 ii) decreases with increasing temperature at low and high pressures but has a more
complex temperature dependence around the
CO2 critical point 10 and iii) increases linearly
with salt concentration. 11 Contact angle measurements have been performed on a wide variety of mineral substrates, typically quartz and
mica, and these are assumed to be representa-

2γWC cos θ∞
,
(1)
R
where γWC represents the IFT between the
aqueous phase and the CO2 rich phase, θ∞ represents the contact angle formed by the macroscopic bulk phases on the mineral surface and
R, the radius of the largest connected pore
aperture in the cap rock. For trapping to be
effective, the capillary pressure must be higher
than the buoyant force.
Pc = P W − P C =

2

tive of silicate formations. Only a few studies
have reported the contact angle on a calcite substrate that is representative of carbonate formations. 12–18 The experimental results are consistent, in that the calcite system is strongly
water-wet (0◦ <θ<75◦ ), but there is significant
scatter in the reported contact angles, ranging
from ∼2◦ to 60◦ . 7,19 This is not surprising because organic material and adsorbed ions can
dramatically change the wettability of mineral
surfaces 20,21 and calcite is know to be very attractive to organic material even in very dilute
solutions. 22 AFM data and simulation results
suggest this to result from adsorption on the
ordered water layers that are adsorbed on the
calcite surface, rather than direct binding. 23,24
Furthermore, it is known that the surface properties of calcite depend heavily on the history
of its exposure. 22 CO2 speciation changes the
chemistry of the water droplet and calcite reacts with the acidified solution leading to mineral dissolution, thus changing the local surface
morphology. 12,16,17
Classical molecular dynamics (MD) simulation has proven to be a powerful tool for investigating wetting phenomena in CO2 –water–
mineral systems. MD has been used to predict
the interfacial tension between CO2 and water
(or saline solution) 8,25–36 and the contact angle
of CO2 –water–mineral surfaces 27,30,32,35–42 as a
function of pressure, temperature and salinity.
However, while the accuracy of the predicted interfacial tension only depends on the ability of
the force fields to reproduce the interfacial energies, the contact angle determination presents a
few more challenges. Macroscopic fluid droplets
that are measured in experiments have dimensions on the order of mm and even if system
sizes accessible to MD simulations are now close
to the smallest experiments, the amount of simulation that is required to conduct a systematic study limits us to the nanometer scale. A
macroscopic droplet has bulk liquid properties
and a circular contact line large enough that one
can ignore the curvature effects on the contact
angle. On the other hand, surface forces between the solid substrate and liquid modify the
shape of the liquid at the nanometer scale and
the contact angle θ of a spherical nanodroplet

is affected by the curvature of the three-phase
contact line. The size dependence of the contact angle has been characterized both in experiments 43–45 and in molecular simulations 46–50
and it is often rationalized by introducing the
concept of a contact line tension, 51,52 the excess
free energy per unit length of the three-phase
contact line, that results from an imbalance of
forces between molecules existing in and around
the zone at which the three phases meet. 53 This
effect is accounted for by adding a correction
term to Equation 2;
cos θ = cos θ∞ −

κ 1
,
γWC r

(3)

where cos θ∞ is given by Equation 2, κ represents the line tension and 1/r, the curvature
of the three-phase contact line. All the deviations and shortcomings of Young’s Equation
are collected in the value of κ. The line tension effect is weak and its experimental determination is challenging because it requires ideal
surfaces without heterogeneity. In addition, its
influence on contact angle is considered significant only for droplets with a diameter ranging
from one to a few hundred nanometers and it
is difficult to produce and control such droplets
in experiments. As a result, there is no consensus on either the magnitude of κ, which is
in the range from 10−5 to 10−11 N, or its sign,
which can be either positive or negative, depending on the nature of the phases around
the contact line. 53,54 The majority of simulation
studies have solved this problem by adopting a
cylindrical droplet configuration, for which the
three-phase contact line is straight, thus eliminating the contribution of line tension caused
by curvature in Young’s equation. However,
Scocchi et al. 49 found that the contact angle of a
SPC/Fw water cylindrical filament on graphite
also depends on the droplet radius, demonstrating that a cylindrical configuration is also affected by size effects.
Atomistic simulations are barely beginning to
be applied to predict contact angles on mineral
surfaces 55 and all the above reported studies,
apart from the work of Tenney and Cygan 39 on
kaolinite, focused on silica surfaces. One of the
main reasons why calcite has been ignored in
3

modelling studies so far is most likely the lack
of reliable force field parameters for its interaction with CO2 . The purpose of this study was
to use our new set of force field parameters 24
to predict the contact angles in the CO2 –water
IFT and CO2 –water–calcite systems. We have
conducted a comparative investigation by simulating spherical droplets and cylindrical filaments of equivalent size to show the results of
using different configurations and to verify at
which length scales, size effects on the contact
angle become negligible.

monic bond stretching and angle bending potentials into the SPC model. This water model
has been shown to be transferable to high temperatures 58 and supercritical conditions 60 and
it gives good predictions of the water dielectric constant and surface tension. 61 For CO2 , we
used the elementary physical model (EPM2) 62
with the bond stretching and angle bending
terms from Cygan et al. 63 The incorporation of
flexible bonds in water and CO2 potential models does not change the computed phase boundaries appreciably 55 and allows for better predictions of water surface tension. 64 The water–
CO2 cross terms are obtained by applying the
Lorentz–Berthelot mixing rules:

Methods
Molecular models

ij =

A few simplifications were necessary to model
the CO2 –water–carbonate mineral system.
First, real injection site conditions are far too
complex to allow inclusion of all of the details
for modelling so we simplified to a pure calcite
surface of only crystalline CaCO3 , pure CO2
in either gas or supercritical phase and pure
water. Second, including pH effects explicitly
in our simulations is not straightforward because it would require a large number of water
molecules to achieve the appropriate hydrogen
ion concentrations. Gale et al. 56 proposed a reactive force field that allows modelling of speciation in the aqueous calcium carbonate system
but the predicted thermodynamics might not
be accurate enough to reproduce pH observed
in experiments. In addition, at the relatively
high pressure conditions for the simulations,
molecular CO2 is the dominant species. For
these reasons, we decided not to include any
of the products of CO2 speciation in aqueous
solution in our simulations of the CO2 –water
interface. The absence of any chemistry in
our model means that we cannot observe any
change in the calcite surface morphology that
would result from dissolution.
All of the simulations were performed using
the LAMMPS package. 57 For calcite, we used
the thermodynamically consistent force field of
Raiteri et al. 58 Water was modelled with the
SPC/Fw force field, 59 which incorporates har-

√

i j

(4)

and

σi + σj
,
(5)
2
where  and σ represent the Lennard–Jones parameters. The interactions between CO2 and
calcite were described by our new set of force
field parameters. 24 For van der Waals CO2 –
CO2 , water–water and CO2 –water interactions,
we used a cutoff distance of 10 Å, whereas for
the dispersion interactions of calcite with both
CO2 and water, we used the tapering function
of Mei et al.; 65
σij =

x=

r − rt
rc − rt

(6)

and


1
f (x) = (1 + 3x + 6x2 )(1 − x)3


0

if r < rt
if rt ≤ r ≤ rc ,
if r > rc
(7)
where we used 6 Å for rt and 9 Å for rc . Increasing the LJ cutoff leads to no significant improvement in the results (Figure S1, Supporting
Information). A cutoff of 10 Å was used for the
real space contribution to the electrostatic interaction and the reciprocal space electrostatics
were calculated using the PPPM algorithm 66
with an accuracy of 10−5 .

4

Table 1: Initial droplet radius, approximate total number of atoms and water molecules for hemispherical
droplets and hemicylindrical filaments. Half of the distance between the contact lines is used as the radius
for the cylindrical droplet.
Hemisphere

Hemicylinder

Radius (Å)

Total number
of atoms

Water
molecules

Radius (Å)

Total number
of atoms

Water
molecules

25
37
50
63
75

220,000
275,000
286,000
845,000
860,000

1,100
3,450
8,700
17,400
29,400

25
37
50
63
75

70,500
74,000
147,000
154,000
161,000

1,550
3,450
6,300
10,000
14,300

Simulation method

CO2 and water was calculated from the principal components of the MD simulation cell stress
tensor, 69 using the relation:


1
1
(8)
γWC = Lz Pzz − (Pxx + Pyy )
2
2

For all simulations, the cell volume was controlled with the Parrinello–Rahman algorithm, 67 with a relaxation time of 1 ps and
the cell angles were kept at 90◦ . Temperature
was controlled using a Nosé–Hoover chain of
thermostats 68 of length 5 with a relaxation
time of 0.1 ps. Periodic boundary conditions
were applied in all directions for all simulations.
The equations of motion were integrated with a
time step of 1 fs. All systems were energy minimized before starting the molecular dynamics
simulations. Atomic configurations were stored
every 1,000 steps (1 ps) for trajectory analysis.
For the simulation of the CO2 –water interface, we selected P and T conditions covering the range relevant for carbon geosequestration: 10 For temperatures of 308, 323 and 383 K,
we ran simulations for pressures in the range 1–
50 MPa. We used cells with dimensions of 49.32
Å × 48.55 Å in x and y and variable starting dimensions along z, the direction normal to
the interface. The number of water molecules
was chosen to be 3,000, while the number of
CO2 molecules was 2,000 (850–1,000 for systems at p =1 MPa). With these dimensions, the
system achieves bulk phase properties in both
fluid phases and the predicted IFT is not influenced by the size of the simulation cell. 8 We
performed 30 ns long NPzz T simulations at the
chosen pressure and temperature. After equilibration, two thermodynamically stable phases,
separated by an interface normal to the z axis,
were formed. The interfacial tension between

where Lz represents the interface-normal simulation cell length, Pzz represents the interfacenormal pressure component and Pxx and Pyy ,
the interface-parallel pressure components of
the cell stress tensor. The systems reach thermodynamic equilibrium within 2 ns. The first 5
ns of trajectory was excluded from the analysis
and the remaining 25 ns was divided in 5 segments of 5 ns each. The IFT was calculated at
each step and averaged values were determined
for each segment. The reported IFTs and their
statistical errors were obtained by averaging the
results from the five trajectory segments.
Once the force fields had been demonstrated
to provide reliable results for the CO2 –water
interfacial tension, we built further models for
contact angle simulations. We performed a series of MD simulations using water droplets of
different sizes. We used spherical droplets and
cylindrical filaments of equivalent radii that,
apart from the different number of particles,
were studied at otherwise identical conditions.
The simulated cells are summarized in Table 1.
For the largest system, adopting a cylindrical
configuration allowed the number of atoms to
be reduced by a factor of 5. Figure 1 shows
the hemispherical (a) and hemicylindrical (b)
configurations for the largest system studied in
5

this work. The calcite slab was 12 layers thick
and the length of the slab was varied according to the droplet shape and size. Hemispherical and hemicylindrical droplets were extracted
from 3 different average density frames selected
from an NPT equilibrated CO2 –water cell at 20
MPa and 323 K. This was done to generate different starting configurations for each system
and to collect statistics. Droplets with different starting radii were placed ∼2 Å above the
calcite surface at the beginning of the simulations. The remaining cell volume was filled
with a CO2 -rich phase, again extracted from the
above mentioned frames. A cavity was created
in the CO2 -rich phase close to the calcite surface to make space for the droplet. For spherical droplets, we used planes that ranged approximately from 200×200 to 400×300 Å2 . For
cylindrical droplets, we used rectangular planes
with a thickness of ∼48.55 Å and length ranging from 200 to 400 Å, depending on the size of
the hemicylindrical droplet. The length of the
simulation box in the z direction was chosen
to be large enough to prevent any interaction
between periodic images for any of the simulated models. After energy minimization, we
performed 30 ns long NVT simulations for all
systems.
The contact angle was calculated from the water axial-radial density profiles, by averaging
20,000 postequilibrium MD simulation snapshots, distributed over a period of 20 ns. Simulation cells were divided into bins of equal
volume for analysis of the density distribution.
The cylinder axis runs parallel to the y direction, therefore the xz-plane is considered for the
hemicylindrical droplets while both xz- and yzplanes are used for the hemispherical droplets.
From the 2D density profile, we extracted the
water density along the axis of symmetry of the
droplet. Following the procedure of de Ruijter
et al., 70 we located the CO2 –water interface by
fitting the profile with the hyperbolic tangent
function:



z − z0
,
(9)
ρ(z) = ρ0 1 − tanh
d

Figure 1: Hemispherical (a) and hemicylindrical
(b) droplets for the largest system studied. Oxygen
atoms are represented in red, hydrogen in white,
carbonate ions in dark grey and calcium ions in
light gray. CO2 molecules are not included in the
representation for clarity.

value and its value in the CO2 phase and d represents the width of the CO2 –water interface.
Applying the sigmoidal fit, we can uniquely
determine the CO2 –water interface (Figure 2).
Isodensity contours (in g/cm3 ) at ρ = ρ0 − 0.1,
ρ = ρ0 and ρ = ρ0 + 0.1 (Figure 3) were then
plotted. Away from the mineral surface, the
droplet density contours have the shape of a
spherical cap but near the surface, they reflect
water layering adjacent to the surface and their
shape departs from a circle. To avoid the influence of density fluctuations at the water–calcite
interface, the region that extends for about 10
Å from the calcite surface into the droplet was
disregarded. A circular profile was fit to the
droplet contours and the droplet base radius,
b, and height, h, were calculated. The contact
angle was finally determined via:

where z0 represents the point where the water
density, ρ0 , is halfway between its liquid bulk
6

Results and discussion

2hb
θ = arcsin 2
,
(10)
h + b2
For the base of the droplet, we used the position
of the third layer of water out from the calcite
interface. The resulting contact angles differed
only by a few tenths of a degree and we therefore report the value for the isodensity line at
ρ = ρ0 for all of the systems studied.

Density (g/cm3)

2.0

z0
1.5

2

0

1.0

0.0

A survey of the literature suggests that molecular dynamics simulations give inconsistent predictions of water surface tension and that the
discrepancies in the results can be ascribed to
the differences among the water models, such as
the inclusion of flexibility in the O–H bond, and
simulation parameters, e.g. simulation time,
LJ cutoff and the treatment of electrostatic interactions. 61 The most commonly used fixed
charge water models, such as the SPC/E model,
underestimate water surface tension by up to 10
mN/m and this inaccuracy affects the values of
interfacial tension at low CO2 pressure. 8 LópezLemus et al. 64 found that the incorporation of
flexibility to the intramolecular degrees of freedom of the SPC/E model led to a higher value
for the water surface tension, closer to the experimental data. Yuet and Blankschtein 61 compared the results of various flexible water models and observed a difference of approximately
8% in the predicted water surface tension when
the LJ cutoff was changed from 10 to 24.5 Å,
with the longer cutoff giving better agreement
with the experimental results. In their study,
the SPC/Fw model gave a water surface tension that was about 11% lower than that found
in experiments and the best prediction of the
water dielectric constant, which is an important
factor when considering electrolytes in solution.
We explored the effect of changing the LJ cutoff on predicted CO2 –water IFTs at 1 MPa and
323 K. The results are summarized in Figure S1
of the Supporting Information. Increasing the
LJ cutoff from 10 to 24 Å did not improve the
results dramatically, while the longer cutoff increased the computational cost by more than a
factor of two. For this reason, simulations were
run using an LJ cutoff of 10 Å.
Figure 4 show the predicted CO2 –water interfacial tension along with the experimental data
of Chiquet et al. 10 and Kvamme et al. 26 and
the molecular dynamics predictions of Nielsen
et al., 8 Liu et al., 29 Javanbakht et al. 32 and
Liang et al. 36 In general, our results agree well
with previous simulations and give similar er-
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Figure 2: Density profile along the axis passing

Distance from surface (Å)

through the center of the droplet and normal to
the surface as a function of the distance normal to
the surface. The red circles represent the data and
the solid blue line is the fit with the hyperbolic tangent function of Equation 9. The inset shows the
oscillating density profile near the calcite surface,
where the axis labels and units are as in the main
figure.
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Figure 3: Isodensity contours (points) fitted by circles (straight lines) for three layers of water around
the CO2 –water interface. Density is expressed as
g/cm3 .
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rors when compared to experimental data. As
expected, the inability of the force field to reproduce the water surface tension reflects in
the IFT results at low pressure at all temperatures. Still, the EPM2-SPC/Fw combination offers better quantitative agreement with
experiment when compared to the TraPPETIP4P2005 combination and a similar performance to the SPC/E force field. At 323 K, our
simulations predict the IFT plateau to be at
lower pressure and this could be explained by
the fact that using a short LJ cutoff results in
a slight reduction in the critical temperature of
CO2 predicted by the EPM2 model. 27 It is interesting, that previous results for 1 M NaCl
solutions 29 closely follow the experimental data
for pure water, even if the IFT increases linearly
with salt concentration. 11 Our results at 383
K are in good agreement with previous simulations where the SPC/E water model was used.
Nielsen et al. 8 suggested that the results of simulations using the SPC/E water model should
be renormalized to have them correspond with
the measured water surface tension. To this
end, the difference between the experimental
and simulated surface tension of pure water at a
given temperature can be added to the SPC/Esimulated CO2 –water IFTs, to reflect the results
obtained from a water model that reproduces
the experimental water surface tension. However, because this is a renormalization additive correction rather than a scaling factor, this
would result in larger deviations from experiment at high pressure. Indeed, at 308 and 323
K, the predicted IFTs are about 5 mN/m higher
than the experimental data. Iglauer et al. 27
explained that the accuracy of the water force
field is essential for quantitative agreement with
experiment at low to intermediate pressures and
plays a less important role at high pressures.
They explained the overprediction of IFTs by
suggesting that using Lorentz–Berthelot mixing
rules does not consider the non-additive contributions between CO2 and water, that are important at high pressures (high CO2 density).
According to Li et al., 28 the deviation at high
pressures does not result from density deviation
but can be due to other simulation parameters
such as the system size.
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Figure 4: Comparison of predicted IFTs with literature data at 308 K, this study (red pentagons),
experimental data from Chiquet et al. 10 (green
pentagons) and the simulation results of Javanbakht et al. 32 (open blue pentagons) and Liang
et al. 36 (closed blue pentagons), 323 K, this study
(red diamonds), experimental data from Chiquet
et al. 10 (closed green diamonds) and Kvamme et
al. 26 (open green diamonds) and simulation data
from Liu et al. 29 (blue diamonds) and 383 K, this
study (red circles), experimental data from Chiquet et al. 10 (green circles) and simulations results
of Nielsen et al. 8 (open blue circles) and Liang et
al. 36 (closed blue circles). The black symbols represent the water surface tension calculated using
the IAPWS recommended interpolating equation
for the surface tension of ordinary substances 71 at
the given temperature. The dashed vertical line
represents the CO2 critical pressure. Experimental data were fit to an exponential function (green
line).
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ordering by calcite is consistent with experimental data 73,74 and previous MD simulations
of water and ethanol on calcite. 75 The 2D CO2
profile (Figure 7.b) also shows that CO2 density is high close to the calcite surface away
from the droplet. This suggests interaction between the mineral surface and CO2 . We observed a similar but weaker interaction between
CO2 and the {10.4} surface of calcite in our previous simulations 24 where bulk water formed 3
structured layers above the surface, excluding
CO2 from direct interaction with the mineral.
In the present study, the calcite slab was not
completely hydrated and CO2 was able to bind
more strongly to the surface and the first hydration layer. This leads to structuring of the
CO2 on calcite, giving rise to fluctuations in the
density and ordering in the first ∼10 Å.
A typical profile along the axis, passing
through the center of the droplet and normal to
the surface is presented in Figure 2. Close to the
solid, the density oscillates because of the structuring effect of calcite on water. Three layers
away from the surface, water reaches its bulk
density. Figure 3 shows the density contour
lines for three water layers around the CO2 –
water interface. As can be seen from the figure,
the circular fit represents the contour lines very
well, demonstrating that the droplet is shaped
as a spherical cap.
In Figure 8, contact angle is plotted against
the inverse of the initial radius for both spherical droplets and cylindrical filaments. By comparing spherical and cylindrical droplets of the
same initial radius, ri , we observed that spherical droplets are more sensitive to size variations. For N>6,300 water molecules, the contact angle of a cylindrical droplet was insensitive to size variation. The same condition was
reached at N>17,400 water molecules for spherical droplets. The smaller system sizes have
smaller contact angles. Spherical and cylindrical configurations converge to ∼38◦ at the
largest droplet size. This opens the possibility of avoiding time consuming spherical droplet
simulations for future studies of static wetting
properties of water on calcite. However, it
should be noted that cylindrical filaments are
also size-dependent for small numbers of wa-

Figure 5 shows the predicted CO2 –water interfacial tension as a function of pressure at
308, 323 and 383 K. The qualitative trends
of the IFT are correctly predicted: 72 a gradual linear decrease with pressure, a plateau
reached at higher P , decreasing IFT with increasing temperature at low and high pressure
and a crossover region at intermediate pressure
(though more data need to be collected in this
region). Temperature influences the pressure at
which the plateau is reached as well as the value
of IFT at high pressure. We also found that
the difference between the IFTs at low and high
temperatures decrease with increasing pressure.
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Figure 5: CO2 –water interfacial tension as a function of pressure at 308 K (purple pentagons), 323 K
(magenta diamonds) and 383 K (red circles). The
vertical dashed black line marks the CO2 critical
pressure (7.39 MPa).

Contact angle
Figure 6 shows the water droplet configuration
after it spreads into its equilibrium state. Some
of the water molecules manage to escape the
water droplet and adsorb on the other side of
the calcite slab, after having diffused through
the CO2 layer.
The 2D water profile (Figure 7a) shows that
water density is higher at the calcite surface
(red). This is consistent with the non-defective
calcite basal surface being strongly wetted by
water. At least one monolayer of water covers
the calcite {10.4} surface and the ordering influence of the mineral structure produces two
more structured layers in the droplet. Water
9

Figure 6: Water droplet configuration on calcite {10.4}, after 30 ns of NVT simulation at 323 K for the
largest cylindrical droplet. The color code is the same as in Figure 1 but now, CO2 molecules are included
and represented as dots (blue for carbon and red for oxygen).

ter molecules (N<3,500). This effect cannot
be explained in terms of line tension, because
in cylindrical filaments the three-phase contact
line has zero curvature. According to Scocchi
et al., 49 the decreasing contact angle with decreasing droplet size originates from the fact
that molecules near the contact line experience
reduced cohesive forces because of the higher
curvature of the liquid dividing surface and this
results in an increase in the adhesive component of the total force acting on them. This
effect goes in the opposite direction of a line
tension effect and it dominates even in the case
of spherical droplets, where a positive line tension would act by increasing the contact angle
with decreasing droplet size. In general, as the
droplet or filament grows smaller, the number
of molecules that belong to the most superficial
layer of the droplet increases relative to those
in the bulk and this results in the reduction
of the cohesive forces acting on the molecules
near the contact line and in the decrease of
the contact angle. The contact angle for the
largest droplets in this study was about 38◦ ,
which closely follows the experimental results of
Espinoza et al. 12 and Bikkina et al., 13 though
more simulations are needed to study the effects of pressure, temperature and salinity on

the contact angle.

Summary and Conclusions
When combined with the EPM2 CO2 model,
the SPC/Fw water model underestimates the
water surface tension at low pressure and overestimates it at high pressure. This was observed previously in simulations for simple
point charge models of water. We performed
droplet simulations of the CO2 –water–calcite
system at 323 K and 20 MPa, using both spherical and cylindrical droplets. Density profiles
showed that calcite structures both water and
CO2 . Contact angle is affected by droplet size,
but spherical droplets are more sensitive. Contact angle for large droplets converges to ∼38◦ ,
indicating strongly water wetting behavior for
calcite. Spherical configurations require expensive simulations because of the large number
of particles whereas simulations with cylindrical are faster because of the ability to take advantage of periodic boundary conditions and a
shorter box dimension in the direction parallel
to the cylinder axes, which reduces the number
of atoms. This would allow the use of cylindrical droplets of a converged size for future simu-

10

Figure 7: 2D density profile of water (a) and CO2 (b) corresponding to the largest cylindrical droplet.
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Figure 8: Variation of the water contact angle θ
on calcite {1.04} in CO2 at 323 K and 20 MPa with
the inverse of the droplet initial radius ri .

lations. More simulations are needed to determine the effect of pressure and temperature on
contact angle. Finally, a set of force field parameters, for the interaction of CO2 with dissolved Na+ and Cl – , would allow us to simulate
the interface between CO2 and saline solutions
and predict the effect of salinity on the system
IFT and contact angle.
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