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A B S T R A C T

Structural characteristics, interfacial distribution and molecular interactions of the components of the CO2(gas)/
SDS/water/SDS/CO2(gas) systems as a function of the CO2(gas)/water interface coverage by the SDS surfactant
to different amounts of the CO2 were studied with molecular dynamics simulations and the NVT ensemble.
Initially, the repulsive nonbonding parameter between the water oxygen and CO2 oxygen was adjusted to im-
prove the prediction of the solvation free energy, solubility of the CO2 gas in water and the behavior of the
CO2(gas)/SDS/water/SDS/CO2(gas) systems at molecular level. Our results show that the stability of the studied
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foams can be improved incrementing of the vapor/water interface coverage with the SDS surfactant and the
amount of CO2 in the system. With the highest interface coverage, the sulfate group has a molecular array more
compact at the interface. Furthermore, CO2 gas have a reduction of the diffusion across of the hydrocarbon
chains to the water layer with an increment of the number of CO2 molecules in the system, indicating a behavior
more hydrophobic of the CO2 gas. The tendencies obtained of the simulations are consistent with the reported
experimental results.

1. Introduction

Foams are dispersed systems of a gas in a liquid, which are ther-
modynamically unstable, however, they can be kinetically stabilized by
surfactants, nanoparticles and polymers [1–3]. These systems present
different self-destructive processes such as liquid drainage, Ostwald
ripening and bubble coalescence [2,3]. Foams have been used in several
industrial applications such as mineral flotation [4], enhanced oil re-
covery (EOR) technique [5] and detergency [6]. For instance, in pet-
roleum industry, EOR techniques use carbon dioxide (CO2) as foaming
agent with different types of surfactants to design CO2-in-water (C/W)
foams in extraction process [7–11]. Generally, due to the high viscosity
of the CO2-in-water (C/W) foams, gas mobility is reduced by improving
sweep efficiency in oil reservoirs [12–14].

In these studies, there are several factors that could affect foams
stability such as concentration and types of surfactants, presence of
additives, temperature and pressure among others. All these features
have been evaluated to explain their effects on the behavior of the CO2-
in-water (C/W) foams [10–16].

Surfactants are responsible of foamability and foam stability when
they are absorbed at the gas/liquid interface [3,17]. In particular, the
Sodium Dodecyl Sulfate (CH3(CH2)11OSO3

−Na+, SDS) has been used in
the preparation of CO2-in-water (C/W) foams due to its high capacity to
reduce the surface tension and produce high volume of foams that are
widely used in oil reservoirs [18–21]. However, it has been observed
that CO2-in-water (C/W) foams prepared with SDS are less stable
compared with those foams prepared with the same surfactant and with
other gases such as N2 and O2 [20,22]. Therefore, studying the factors
that affect the stability of the CO2-in-water (C/W) foams is a topic that
needs to be addressed.

At the molecular level, Molecular Dynamic (MD) simulations have
been employed to explore the behavior of SDS surfactant at the water/
oil interface, the properties of CO2-in-water (C/W) foams and surfactant
films located at the air/water interface using different force field types
[19,22–26]. Also, in other investigations, the interfacial behavior of the
CO2 in water and brine have been evaluated by means of MD simula-
tions [27–29]. At the same time, the determination of the solubility and
diffusivity properties of CO2 in water have been carried out using the
combination of different force field with MD simulations [30].

Also, MD simulations have been used to study foams prepared with
SDS where gas concentration and surface coverage (surface area per
molecule) are constant. For instance, Li et al. [22] studied the behavior
of the foam as function of the molecular array of the surfactant
monolayer at the interfacial region, the molecular interaction between
the gases and the hydrophilic group, and gas diffusion across the
monolayer.

Furthermore, experimentally, SDS presents the capacity to generate
high volume of CO2-in-water foams [21]. However, these foams have
poor stability and very short lifetime, where the phenomena of liquid
drainage, coalescence of bubbles, and rupture of the films have been
observed widely when these systems are used in petroleum industry
applications [7–11]. Therefore, to understand at molecular level the
behavior of the CO2-in-water foams prepared with the SDS surfactant,
and to determine the factors that can improve their stability, we have
deeply studied, the interfacial distribution, structural properties and
molecular interactions of the components of the CO2(gas)/SDS/water/
SDS/CO2(gas) systems using MD simulations. Herein, the properties
were determined as function of the CO2(gas)/water interface coverage
by the SDS surfactant and also as function of the amount of CO2 in the
system.

2. Potential energy models and computational details

The GROMOS53A6 force field [31] was applied for describing the
CO2 and SDS molecules in the MD simulations. The total energy, Etotal,
includes the valence terms and nonbonding interaction terms, which
are defined by the Eqs. 1 and 2 [31]:
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In the Eq. 1, Kb, Kθ and Kφ terms are the parameters associated to
the bond distances (r and ro), angles between atoms (θ and θo) and
torsional dihedral angle (φn), respectively. The δn and mn terms are
phase shift and multiplicity of the torsional dihedral angle. In the Eq. 2,
the C12ij and C6ij terms are the parameters of the van der Waals in-
teractions that depend on the atom types separated by a rij distance. The
C12ij and C6ij parameters are obtained from C12ii, C12jj, C6ii and C6jj
parameters of each atom type, with the following combination rule
[31]:

= =C C C C C12 12 12 ,C6 6 6ij ii jj ij ii jj (3)

In the electrostatic interactions, the εo and ε1 terms are the dielectric
permittivity of vacuum and relative permittivity of the medium in
which the atoms are embedded. Finally, qi and qj are the charges of the
atoms separated by a rij distance.

The bonded parameters of SDS and CO2 molecules were generated

Table 1
Bonding and nonbonding parameters of the GROMOS53A6 force field for the CO2 used in the simulations.

Nonbonding Bonding

C6ij (carbon) 2.3582×10−3 kJ mol-1 nm6 KCO 3.2508×107 kJ mol−1 nm-4

C12ij (carbon) 4.9743×10−6 kJ mol-1 nm12 rCO 0.1170 nm
C6ij (oxygen) 2.2789×10−3 kJ mol-1 nm6 KOCO 500 kJ mol−1

C12ij (oxygen) 7.4705×10−7 kJ mol-1 nm12 θOCO 180.0°
qCarbon +0.752e
qOxygen −0.376e
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from the Automated Force Field Topology Builder server (ATB, http://
compbio.biosci.uq.edu.au/atb) [33]. Nonbonding parameters were
taken from the GROMOS53A6 parameter set [31] contained in the
Gromacs software (version 5.0.2) [34,35]. Final charges of the mole-
cules were obtained by the method described in the ATB paper [33].
Table 1 shows the bonding and nonbonding parameters of the GRO-
MOS53A6 force field for the CO2 molecule obtained from the ATB
server [33].

Water was described with the Single Point Charge (SPC) model
[32], which is a very good model to assess the solvent properties such as
density and self-diffusivity in the bulk phase. In the SPC model, the
OeH distance is 0.100 nm and the HeOeH angle is 109.47 degrees
with a unique nonbonding interaction between the oxygen sites. Non-
bonding parameters and atomic charges in SPC model are
σ(O)= 0.317 nm, ε(O)= 0.650 kJ/mol, qhydrogen = +0.4100e and
qoxygen = −0.8200e.

The initial molecular geometries of the SDS, CO2 and water mole-
cules were constructed using the Avogadro software [36] and the mo-
lecular geometries are shown in Figure S4 in the supporting informa-
tion. Afterwards, all the systems were constructed using the genbox,
genconf and editconf tools of the GROMACS software (version 4.5.4)
[34,35].

To calculate the solvation free energy of CO2 in water, the system
was constructed placing a CO2 molecule in the center of a periodic box
of dimensions 3.098 nm x 3.098 nm x 3.098 nm with 999 water mole-
cules. At the same time, the bilayer model was used in the construction
of the CO2(gas)/water/CO2(gas) and CO2(gas)/SDS/water/SDS/
CO2(gas) systems, which is based on the Jang and Goddard [22,37] and
Zhao et al. [26] methods. In this part, a box of dimensions 3 nm x 3 nm x
5 nm with 1500 water molecules was constructed with the genbox tool.
Then, this water layer was located in the middle of a box in the z axis
with dimensions 3 nm x 3 nm x 120 nm based in the same procedure
used by Boek et al. [27]. Afterwards, for the construction of the
CO2(gas)/water/CO2(gas) system, CO2 layers were placed on both sides
of the water layer. A total of 11, 16, 22, 30 and 44 CO2 molecules were
used for the construction of the layers. In turn, CO2(gas)/SDS/water/
SDS/CO2(gas) systems were constructed using SDS monolayers with a
hexagonal close packing with 14, 18 and 23 molecules which corre-
spond to interface coverages of 64, 50 and 39 Å2/molecule (occupied
area per molecule of SDS surfactant). These correspond to unsaturated,
saturated and oversaturated interface with SDS molecules, respectively.
The gas vapor pressure was calculated using the ideal gas equation,
vacuum volume of the box and temperature of 300 K. In the systems,
the CO2 layers contain 11, 44 and 80 molecules, which represent CO2

pressures equivalent to 0.10MPa, 0.35MPa and 0.64MPa. The con-
tribution to the pressure due to the water molecules present in the
vapor phase was not considered.

A total of nine CO2(gas)/SDS/water/SDS/CO2(gas) systems were
simulated with periodic boxes whose dimensions were 3 nm x 3 nm x
120 nm using the same procedure used by Boek et al. [27]. An example

of the initial and final configurations of the CO2(gas)/SDS/water/SDS/
CO2(gas) systems are shown in Fig. 1. SDS molecules are located per-
pendicular to the interface along the z axis. The hydrophilic group is in
contact with the water and the CO2 molecules are located in the ex-
tremes of the hydrocarbon chains. The molecular construction of the
systems is based in the schematic representation suggested by Johnston
et al. [11a] and Li et al. [11c] that show a structural array of the CO2-in-
water (C/W) foams obtained of experimental results, where the CO2

molecules are being encapsulated by an interfacial layer of SDS sur-
factants.

Previously, the repulsive nonbonding interaction parameter be-
tween the water oxygen and CO2 oxygen were reparametrized using the
solvation free energy of the CO2 in water. This was performed to im-
prove the combination of the SPC and GROMOS53A6 force fields in the
description of the CO2(gas)/SDS/water/SDS/CO2(gas) systems and the
affinity of the CO2 in water. In this case, solvation free energy of the
CO2 in water was computed by means of MD simulations in the NPT
ensemble with the GROMACS software (version 5.0.2) [34,35] using
the thermodynamic integration approach [38,39]. In this approach, the
free energy difference between two states A and B, ΔGAB, is defined by
the Eq. 4:

∫=
=

=
λΔG dH( )

dλAB
λ 0

λ 1

(4)

Where the H term is the energy of the system between neighboring
λ values and λ term is the parameter of coupling between two states A
and B. In the state A (λ=0), the solute is decoupled to the solvent. On
the other hand, in the state B (λ=1), the solute is completely em-
bedded in the solvent. In GROMACS, the Bennett's Acceptance Ratio
(BAR) method [40] was used for the estimation of the free energy of
solvation. Initially, the system was minimized with the steepest descent
algorithm [41] and the final configuration was equilibrated with a MD
simulation of 2 ns in the NPT ensemble at 300 K and 1 atm. Afterwards,
the system was split with different points of λ (λ equal 0.0, 0.2, 0.4, 0.6,
0.7, 0.8, 0.9, 1.0). Then, MD simulations of 5 ns in the NPT ensemble by
each value of λ was carried out employing the accurate leap-frog sto-
chastic dynamics integrator [42] at 300 K y 1 atm. The temperature was
controlled with the v-rescale thermostat [43] with a relaxation time
constant of 0.2 ps and the pressure with the Parinello-Rahman barostat
[44,45] with a time constant for coupling equal to 5 ps. In the system,
the bond lengths were constrained using the LINCS algorithm [46].
Periodic boundary conditions were applied in all directions. The leap-
frog algorithm [47] was used with a time step of 2 fs and the energies
were obtained every 1.0 ps. The van der Waals potential was performed
with a soft-core potential [48]. The parameters for the soft-core po-
tential were: sc-power equal 1, sc-sigma equal to 0.34 and sc-alpha
equal to 0.5. The Particle Mesh Ewald (PME) method [49] was em-
ployed for the electrostatic interactions. Finally, trajectories were
stored each 1000 fs. These simulations were carried out by triplicate.

Fig. 1. Snapshot of the CO2(gas)/SDS/water/SDS/CO2(gas) system. (a) Initial configuration of the system and (b) final configuration obtained after the simulation.
The system has SDS monolayers and CO2 layers in the extremes. The length of the box in the z axis was of 120 nm.
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The results of the reparameterization of the repulsive nonbonding term
between the water oxygen and CO2 oxygen using the solvation free
energy of the CO2 in water are shown and discussed in the section S1 of
the supporting information. The new repulsive nonbonding parameter
between the water oxygen and CO2 oxygen is used in the description of
the CO2(gas)/SDS/water/SDS/CO2(gas) systems and the determination
of the affinity of the CO2 in water.

At the same time, the interfacial and structural properties of the
CO2(gas)/water/CO2(gas) and CO2(gas)/SDS/H2O/SDS/CO2(gas) sys-
tems were determined using MD simulations and the NVT ensemble
with a time step of 1 fs. First, a process of minimization using the
steepest descent algorithm [41] was carried out and then, a 25 ns of MD
simulation were performed to obtain the used trajectories in the ana-
lysis. In these simulations, the temperature was controlled with the v-
rescale thermostat [43] with a relaxation time constant of 0.1 ps. The
bond lengths were constrained using the LINCS algorithm [46]. Peri-
odic boundary conditions were used in the xyz directions. The leapfrog
algorithm [47] was used with a time step of 1 fs and the coordinates,
velocities and energies were obtained every 1.0 ps. The non-bonded
potential was performed with a cutoff distance at 1.25 nm for the
Lennard-Jones interactions. The Particle Mesh Ewald (PME) method
[49] was employed for the long-range electrostatic interactions. Tra-
jectories were stored each 1000 fs. Graphs were plotted using GRACE
software [50] and the images were created using PyMOL [51] and VMD
[52]. To verify that the studied CO2(gas)/SDS/water/SDS/CO2(gas)
systems are in equilibrium, the variance of the total energy of the
systems was monitored along the simulations being invariable after of
the 5 ns. The simulations were carried out by triplicate.

3. Results and discussion

3.1. Structural properties of the SDS surfactant, CO2 and water

With the density profiles along the Z axis of the components present
in the system is possible to evaluate the distribution of molecules in the
normal direction to the interface. The number densities of water, CO2

and the different components of the SDS surfactant (sulfate hydrophilic
group, carbon chains and Na+ ion) were separately determined. In all
cases, density profiles were determined with the number density sym-
metrized over the two interfaces along the z axis with respect to the
center of the system, where solely an interface is shown for better vi-
sualization. Fig. 2 shows the concentration profiles of the SDS, CO2 and
water species present in the systems for interface coverage equal to
0.64 nm2 by part of the SDS to different CO2 pressures. The rest of the
density profiles obtained using different occupied area per molecule of
SDS surfactant equals to 0.64 nm2, 0.50 nm2 and 0.39 nm2 (these

correspond to unsaturated, saturated and oversaturated interface) to
different CO2 pressure are shown in Figure S5 in the supporting in-
formation.

The position of the GDS in the CO2(gas)/SDS/water/SDS/CO2(gas)
systems was determined fitting the values of the interfacial density
profile of the water to the hyperbolic tangent function defined by the
Eq. 5. In all systems, the interfacial region is well-defined. Indeed, we
consider that the interfacial region begin when the water density is a 90
per cent of the bulk density and finalize in the position of the GDS in the
axis Z (see Fig. 2).

At the same time, the distribution of the SDS surfactant is in good
agreement with the array of the anionic surfactants at the vapor/water
interface and also obtained in other investigations [22,25]. The sulfate
hydrophilic group penetrates the water layer and the hydrocarbon
chains are located in the vapor phase. The Na+ ions are located in the
water layer very close to the sulfate hydrophilic groups. Also, The Na+

ions are good solvated by the water molecules and the number density
profiles demonstrate that the sulfate hydrophilic groups and Na+ are
preferentially closer at the interfacial region of the water layer.

In all systems, the water molecules are distributed in the bulk phase,
interfacial region and vapor phase. At the interfacial region, water
molecules solvate the sulfate hydrophilic groups and the Na+ ions of
the SDS surfactants.

Afterwards, in order to characterize the interfacial region, we de-
termine the interfacial width of the interface of the studied systems
applying the 10–90 criteria [22,37] on the water density profiles. Fig. 3
shows interfacial width of the CO2(g)/SDS/water/SDS/CO2(g) systems
as function of the CO2 pressure to different interfacial coverages of the
SDS surfactant. Herein, the variation of the interfacial width as function
of the CO2 pressure allows evaluating the effect of the CO2 on the in-
terfacial film.

Without the presence of CO2 molecules, the interfacial width of the
vacuum/SDS/water/SDS/vacuum systems with interfacial coverages
equal to 0.64 nm2, 0.50 nm2 and 0.39 nm2 were 9.40 Å, 9.52 Å and
10.69 Å, respectively. These magnitudes indicate that the increment of
the interfacial width is due to an increase of the concentration of the
sulfate hydrophilic groups and Na+ ions of the SDS surfactant present
at the vapor/water interface. This same behavior was observed also by
Jedlovszky et al. [53] when they studied the variation of interfacial
width as function of SDS surface concentration at the vacuum/water
interface.

In presence of CO2 molecules and with the lower interface coverages
(occupied area per molecule of SDS surfactant equal to 0.64 nm2 and
0.50 nm2), the interfacial width of the CO2(gas)/SDS/water/SDS/
CO2(gas) systems increase considerably with the CO2 pressures of
0.10MPa and 0.35MPa. However, with a CO2 pressure equivalent to

Fig. 2. Number density profiles of the SDS, water and CO2 species in the systems with an interface coverage of 0.64 nm2. The CO2 pressure is equal to (a) 0.10MPa
and (b) 0.64MPa. The Gibbs Dividing Surface (GDS) is located in the water density profile at the half of its value in the bulk phase.
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0.64MPa, the interfacial widths with lower interface coverages suffer a
slight reduction. On the other hand, with the higher interface coverage
(occupied area per molecule of SDS surfactant equal to 0.39 nm2), the
interfacial width increases slightly with the CO2 pressure in comparison
with the other two interface coverage. Also, this property with the
highest interface coverage varies very few with an increment of CO2

pressure (from 12.41 Å to 13.32 Å when the pressure varies from
0.10MPa to 0.35MPa).

These tendencies suggest that the CO2 molecules are located at the
interface to low interface coverages (occupied area per molecule of SDS
surfactant equal to 0.64 nm2 and 0.50 nm2). In this case, the sulfate
hydrophilic groups are more separated from each other at the interface
allowing that the CO2 molecules coexist with a higher number of water
molecules at the interface, which generate an increment of the inter-
facial width as result of the CO2 pressure. This behavior indicates that
CO2 molecules can migrate from the interface toward the water bulk.
Instead, when the CO2 pressure is equivalent to 0.64MPa, CO2 mole-
cules coexist preferentially with the hydrocarbon chains of the SDS
surfactants present in the monolayer, which produce a reduction of the
interfacial width. This suggests that an increment of the pressure re-
duces the liquid water drainage and increase the lifetime of the CO2-in-
water foam prepared with the SDS surfactant. Experimentally, Wang
et al. [20] found that the foaming volume and half-life for CO2 foams
prepared with SDS increase as function of the pressure.

In the system with the high interface coverage (occupied area per
molecule of SDS surfactant equal to 0.39 nm2) and CO2 pressure of
0.35MPa and 0.64MPa (Figs. 4(b) and 4(c)), the tendency of the in-
terfacial width indicate that the CO2 molecules have difficulty to coexist
within the ordering compact and rigid of the hydrophilic part of the
SDS surfactant at the vapor/water interface, and therefore, the inter-
facial width is affected very little with an increment of CO2 pressure
(see Fig. 3).

Here, CO2 molecules are concentrating in the hydrocarbon chains of
the surfactant monolayer (see Figures S5(g), S5(h) and S5(i) in the
supporting information). Based on this behavior, we suggest that the
stability of a CO2-in-water foam prepared with SDS surfactant can be
favored with a high concentration of surfactant located at the inter-
facial region of the system (oversaturated interface with SDS surfac-
tant). At the same time, the concentration of CO2 molecules that coexist
with the hydrocarbon chains of the SDS surfactants in the vapor phase
increment with the CO2 pressure (see Fig. 4(c) and Figure S5(i) in the
supporting information). This same behavior was found for the rest of
the interface coverage (see figures S6(a)-(c) and S7(a)-(c) in the sup-
porting information).

Additionally, making a comparison between the systems with the
same interface coverage but different CO2 pressure, we observe that the
hydrocarbon chains density profiles are most affected to the highest and
lowest interface coverage (0.39 nm2 and0.64 nm2, respectively). This
can be visualized in Figures S5(a)-(c) and S5(g)-(i) of the supporting
information. These density profiles are more expanded along of the z
axis with the increment of the CO2 pressure, which indicate that the
hydrocarbon chains of the SDS monolayer are more extended in the
normal direction to the interface. Instead, for the interface coverage
equal to 0.50 nm2, the system with the CO2 pressure of 0.35MPa has
the density profile more expanded along of the z axis (see Figure S3(e)
in the supporting information). In all cases, these results suggest that an
increment of the CO2 pressure favor the formation of channels between
the extended hydrocarbon chains of the SDS surfactant that allow mi-
gration of the CO2 molecules toward the interface.

To verify the SDS tail extension, the average molecular orientation
of the hydrocarbon chains of the SDS surfactants was determined using
the order parameter [54]. Order parameter along the z axis (Sz) is de-
fined by Eq. 5:

=S θ1
2

(3cos ( )-1)z
2

(5)

In this Eq. 5, the θ term is the angle between the vector parallel to

Fig. 3. Interfacial width of the CO2(g)/SDS/water/SDS/CO2(g) systems ob-
tained in function of the variation of the CO2 pressure.

Fig. 4. Snapshots of the final configuration of the water/SDS/CO2 systems for an occupied area per molecule of SDS equal to 0.39 nm2. The CO2 pressure in the
systems were (a) 0.10MPa, (b) 0.35MPa and (c) 0.64MPa, respectively.
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the z axis and the molecular axis associate to the hydrocarbon chains of
the SDS surfactants, which is defined as the vector from the carbon
linked to the hydrophilic group (Cn-1) and Cn+1. Sz order parameter is
equal to -1/2 when the hydrocarbon chain of the surfactant is parallel
to the interface, 1 when the chain is perpendicular to the interface and
zero in the case of an isotropic orientation [55,56]. Fig. 5 shows the
molecular orientation along the z axis of the hydrocarbon chains of the
SDS surfactants as a function of the CO2 pressure and interface cov-
erage. In circles, the Sz order parameter of the hydrocarbon chains of
the SDS surfactants without the presence of CO2 molecules in the sys-
tems are shown in Figs. 5(a)-5(c). Herein, the carbon atom C1 of the
hydrocarbon chain is linked to the sulfate group. The tendency of the
graphs suggest that the hydrocarbon chains present a vertical disposi-
tion in the carbon atoms that are closer to the interfacial region (from
carbon atom C1 to C4, from carbon atom C1 to C7 and from carbon
atom C1 to C9 for the surface coverage equal to 0.64 nm2, 0.50 nm2 and
0.39 nm2, respectively). Instead, the last carbon atoms located in the
extreme of the hydrocarbon chains have an isotropic orientation, in-
dicating that SDS surfactant molecules do not have the same tilt angle.

Also, we have observed that the Sz order parameter is increasing
with an increment of the interface coverage (values of 0.1915, 0.2504
and 0.3611 for the surface coverage equal to 0.64 nm2, 0.50 nm2 and
0.39 nm2 in the carbon atom C1, respectively), which suggest that the
hydrocarbon chains of the SDS surfactants is more vertical in the
monolayer with the higher interface coverage equal to 0.39 nm2.
Furthermore, the values of the Sz order parameter of the hydrocarbon
chain of the SDS surfactant without the presence of CO2 molecules are
lower than 0.2. These values are similar to the reported in other systems
with the SDS surfactant [55–58].

The studied systems with the presence of CO2 molecules, the Sz
order parameter of the hydrocarbon chains of the SDS surfactants is
widely affected (see Figs. 5(a), 5(b) and 5(c)). With an increment of the
CO2 pressure, the Sz order parameter is increasing in the same order,
which indicate that the presence of CO2 molecules help to the vertical
orientation with respect to the interface of the hydrocarbon chains of
the SDS surfactants. This effect is much more visible when the CO2

pressure is equivalent to 0.64MPa and for the surface coverages that
correspond to the values of 0.50 nm2 and 0.39 nm2. These results cor-
roborate that in the saturated and oversaturated interface with a SDS
monolayer, the hydrocarbon chain of this surfactant have an orienta-
tion almost perpendicular with respect to the interfacial region, which
generate the formation of channels that can allow the migration of the
CO2 molecules from the vapor phase to the interfacial region. This
behavior has been obtained in other work [19,59]. At the same time,

these results are consistent with those obtained using the density pro-
files mentioned above, where the hydrocarbons chains are more ex-
tended with an increment of the CO2 pressure.

Finally, the stability of the CO2-in-water (C/W) foams prepared with
SDS surfactant depend of the compact packing of the surfactant film
that reduce the liquid drainage and the CO2 diffusion from the vapor
phase toward the water bulk. In this case, above results suggest that the
system with the highest interface coverage and CO2 pressure (occupied
area per molecule of SDS surfactant equal to 0.39 nm2 and pressure of
0.64MPa) can have the highest stability, where the CO2 molecules
coexist with the hydrocarbon chains of the SDS monolayer. However,
with the highest interface coverage of 0.39 nm2, CO2 molecules have
difficulty to go through the ordering compact and rigid of the hydro-
philic part of the SDS surfactant at the vapor/water interface. To
complement these phenomena, the molecular interaction between the
sulfate hydrophilic group with the water and CO2 molecules is dis-
cussed in the section 3.3.

3.2. Molecular interaction between the sulfate group, water and CO2

To analyze the water-sulfate group, CO2-sulfate group and
water−CO2 interactions, the Radial Distribution Functions (RDFs, g(r))
of these pairs were determined over the last 10 ns of the simulations
using certain atom in specific.

For the water-sulfate group interaction, the RDFs between the three
oxygens (OM) linked to the sulfur of the sulfate group and water oxygen
(OW) were determined as function of the interface coverage and CO2

pressure (see Fig. 6).
In Figs. 6(a)-(c), RDFs of the OMeOW pair shows three peaks lo-

cated at 0.188 nm (first peak), 0.332 nm (second peak) and 0.412 nm
(third peak). The intensity and position of the first peak indicate the
strong hydrogen bond interaction that exist between the sulfate group
and water in the first hydration shell, whose thickness is taken at the
distance of the position of the first minimum in the RDFs, which is
located at 0.260 nm. Furthermore, the heights of the first peak suggest
that the sulfate hydrophilic group have a high influence on the water
molecules that are around them in the interfacial region. The second
peaks at 0.332 nm suggest the formation of a second hydration shell due
to the electrostatic interaction between the hydrated sulfate group and
water molecules near of the first hydration shell. Here, the second hy-
dration shell has an extension from 0.260 nm to 0.378 nm. Finally, the
third peaks located at the position 0.412 nm show the formation of a
third hydration shell generated by a weak molecular interaction, which
is extended to 0.488 nm. The formation of these hydration shells allows

Fig. 5. The Order parameter of the hydrocarbon chain of SDS with occupied areas per molecule equal to (a) 0.64 nm2, (b) 0.50 nm2 and (c) 0.39 nm2.
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predicting that the sulfate group can be extended into the water layer,
which is consistent with the hydrophilic nature of the SDS surfactant.
This behavior has been reported in other investigations [24,25].

Afterwards, the effect of CO2 pressure on the molecular interaction
between the sulfate group and water was evaluated (see Figs. 6(a), 6(b)
and 6(c)). In all cases, for a given interface coverage, the increment of
CO2 pressure reduce very little the height of the three peaks present in
the RDFs of the OMeOW pair (For example, for the surface coverage
equal to 0.39 nm2, intensities of the first peak were 31.55, 30.04 and
28.84 for the CO2 pressure of 0.10MPa, 0.35MPa and 0.64MPa, re-
spectively). The rest of the values can be observed in the Table S4 in the
supporting information. This indicate that the interaction between the
sulfate hydrophilic group and water in the interfacial region is slightly
affected by the presence of CO2 molecules located at the interface and
therefore CO2 pressure reduce the number of hydrated water molecules
around the sulfate hydrophilic group.

Also, sulfate group−CO2 interaction was evaluated using the RDFs.
In this case, RDFs between the oxygen atom (OM) of the sulfate group
and CO2 carbon atom was determined in all the studied systems (see
Fig. 7(a)-7(c)).

In Fig. 7(a)-(c), RDFs of the OMeC pair shows two peaks located at
0.294 nm (first peak) and 0.518 nm (second peak), where these values
correspond to average positions. The position of the first peak located at
0.294 nm means that the CO2 molecules interact with the sulfate group
previously hydrated with the water molecules. Therefore, the CO2

molecules can be located between the first and the second hydration
shell of water that are around the sulfate hydrophilic group. Instead, the
position of the second peak located at 0.518 nm indicate that a group of
CO2 molecules are located after the third hydration shell of water that is
around the sulfate hydrophilic group.

At the same time, the height of the first peak of the RDFs associate to
the OMeC pair change with the CO2 pressure for the different interface
coverages (see Fig. 7(a)-(c) and Table S5 in the supporting informa-
tion). For the interface coverages whose values are 0.50 nm2 and
0.39 nm2, the height of the first peak decrease with an increment of the
CO2 pressure, so the interaction between the sulfate group and CO2 is
weaker with an increment of the CO2 pressure. However, for the in-
terface coverage equivalent to 0.64 nm2, where the sulfate group are
more separated each other at the interfacial region, the variation of the
height of the first peak with respect to the CO2 pressure was anomalous.
In this case, the interaction more favorable between the sulfate group
and CO2 was obtained for the CO2 pressure equal to 0.35MPa.

Also, to a given CO2 pressure, the height of the first peak decrease
with an increment of the interface coverage, which means that the
compact packing and rigid of the sulfate groups at the interfacial region
increment the repulsion between the sulfate groups and CO2 molecules.

Here, the sulfate groups are closer at the interface and these phenomena
reduce the migration of the CO2 molecules from the vapor phase to the
interfacial region.

Additionally, molecular interaction between the water and CO2 was
determined using the RDFs between the CO2 carbon atom (C) and water
oxygen (OW) as function of the interface coverage and CO2 pressure
(see Fig. 8). In all the systems, RDFs of the CeOW pair show a peak
located at 0.410 nm with a minimum located at 0.540 nm, which is
consistent with the value of 0.380 nm that was obtained by Panhuis
et al. [60] using a nonpolarizable force field for the CO2 in combination
with the water SPC-E model. The height of this peak suggests that exist
a weak nonbonding interaction between the CO2 and water molecules.

Furthermore, the height of the peak of the C-OW pair decrease with
an increment of the CO2 pressure for all the interface coverages, which
indicate a reduction of the interaction between the CO2 and water.
Instead, for the interface coverage equivalent to 0.64 nm2, the max-
imum peak has almost the same value when the CO2 pressures are
0.35MPa and 0.64MPa, respectively.

Experimentally, the CO2 becomes more lipophilic with an increment
of the pressure [20,22]. Therefore, the reduction of the intensity of the
peak with an increment of the CO2 pressure suggests that CO2 mole-
cules show a behavior more hydrophobic with an increment of the CO2

pressure. Because of that, CO2 molecules are concentrating in the hy-
drocarbon chains of the SDS monolayer (see Figs. 5(b) and 5(c)), which
suggest that the interaction of CO2 molecules with water decrease when
the CO2 pressure increase (see Fig. 8).

Fig. 6. RDFs between the sulfate group and water as function of the CO2 pressure and interface coverage of the SDS. Occupied areas per molecule of SDS surfactant
are equal to (a) 0.39 nm2, (b) 0.50 nm2 and (c) 0.64 nm2.

Fig. 7. RDFs between the sulfate group and CO2 as function of the CO2 pressure
and interface coverage by the SDS surfactant. Occupied areas per molecule of
SDS surfactant correspond to (a) 0.39 nm2, (b) 0.50 nm2 and (c) 0.64 nm2.
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These results demonstrate that the CO2-in-water foams prepared
with SDS surfactant have an increment in the lifetime when the inter-
face coverage is high (occupied area per molecule of SDS surfactant
equal to 0.39 nm2 and 0.50 nm2) and the surfactant film has a mole-
cular array more rigid and compact of the hydrophilic part at the in-
terfacial region, which avoid that the CO2 molecules migrate from the
vapor phase towards the water bulk. Moreover, an increment of the CO2

pressure can help to the stability of CO2-in-water foams, as result of the
increment of the hydrophobic nature of the CO2. This tendency at level
molecular is consistent with the behavior experimental obtained by
Wang et al. [20] in the study of the stability of CO2 foams at high
pressure. In this case, molecular interaction of the hydrocarbon chain of
the SDS with the CO2 in the surfactant film is more favorable (see
Fig. 4(b) and 4(c)). Also, the results suggest that the CO2-in-water foams
prepared with SDS surfactant at low surface coverage have the lowest
lifetime and stability.

3.3. Diffusion of the CO2 in the studied CO2(gas)/SDS/water/SDS/
CO2(gas) systems

Dynamics properties of the CO2 were determined using the mean
square displacements (MSD) in the studied systems. In GROMACS, the
MSD can be determined using Eq. 6 [34,35]:

∑= −
=

t
N

r t rMSD( ) 1 | ( ) (0)|
N

i i
i 1

2

(6)

In this equation, N corresponds to the number of molecules or
particles, and ri(t) is the position of the particles at time t. In this case, N
varies as function of the number of CO2 molecules present in the sys-
tems and MSD was determined along the z axis of the simulated system.
Figure 10 shows the MSD of the CO2 for different interface coverages
and CO2 pressures.

The dynamics of the diffusion of the CO2 from the vapor phase to-
wards the bulk water play a fundamental role in the lifetime of CO2-in-
water foams prepared with SDS. Consequently, we have discussed that
the CO2 molecules coexist in the region of the hydrocarbons chains
when the CO2 pressure increase. Results of MSD are consistent with
those obtained with the molecular interaction between the CO2 and
water pair, and between the sulfate group and CO2 pair. Here, CO2

molecules have a reduction of the diffusion and mobility across of the
hydrocarbon chains towards the water bulk with an increment of the
CO2 pressure and surface coverage (see Figs. 9(a), 9(b) and 9(c)). In
fact, in all interface coverages, the mobility of the CO2 molecules is
more favorable for the pressure of 0.10MPa, and therefore, these mo-
lecules have a high diffusion towards the bulk water.

At the same time, these results suggest that the reduction of the MSD
with the increment of the CO2 pressure is due to the increase of the
molecular interaction between the hydrocarbon chains and CO2 mole-
cules, which indicate an increment of the hydrophobic nature of the
CO2 molecules with the increase of the gas pressure in all the systems.
As result of this, the MSD complement the factors mentioned above that
help to improve the stability of the CO2-in-water foams prepared with
SDS surfactant.

4. Conclusions

Interfacial distribution, structural characteristics and molecular in-
teractions of the components present at the CO2(gas)/SDS/water/SDS/
CO2(gas) systems were determined as function of the interface coverage
by the SDS surfactant for different CO2 pressures by means of molecular
dynamics simulation. The density profiles demonstrate that the sulfate
hydrophilic group penetrate the water layer and the hydrocarbon
chains are located in the vapor phase. In fact, the hydrocarbon chains
are more extended with an increment of the CO2 pressure. In other
context, CO2 molecules coexist in high proportion with the hydro-
carbons chains with an increment of the CO2 pressure in the CO2(gas)/
SDS/water/SDS/CO2(gas) systems.

The RDFs of the sulfate hydrophilic group-water pair suggest that
the sulfate hydrophilic group increment the molecular interaction with
the water as function of the interface coverage presenting three hy-
dration shell. At the same time, the RDFs of the sulfate group−CO2 pair

Fig. 8. RDFs between the water and CO2 as function of the CO2 pressure and
interface coverage by the SDS surfactant. Occupied areas per molecule of SDS
surfactant correspond to (a) 0.39 nm2, (b) 0.50 nm2 and (c) 0.64 nm2.

Fig. 9. Mean square displacement of the CO2 molecule for different surface coverages. Occupied areas per molecule of SDS surfactant are (a) 0.64 nm2, (b) 0.50 nm2

and (c) 0.39 nm2.
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indicate that the molecular interaction between the sulfate hydrophilic
group and CO2 is reduced with an increment of the CO2 pressure.
Moreover, RDFs of water−CO2 pair demonstrate that the molecular
interaction between the water and CO2 is reduced with the increment of
the CO2 pressure, which means that the CO2 is more hydrophobic with
an increase of the pressure.

The CO2-in-water foams prepared with SDS surfactant can improve
its stability with a high interface coverage (occupied area per molecule
of SDS surfactant of 0.39 nm2 and 0.50 nm2) when the surfactant film
have a molecular array more rigid and compact of the hydrophilic part
at the interfacial region, reducing the diffusion of the CO2 molecules
from the vapor phase towards the bulk water. Moreover, with an in-
crease of the CO2 pressure in the CO2-in-water foams, CO2 molecules
coexist with the hydrocarbon chain of the SDS which suggest that the
CO2 molecules have a behavior more hydrophobic. This behavior is
consistent with the experimental results obtained for these foams. At
the same time, the results indicate that the CO2-in-water foams with the
lower interface coverage for different CO2 pressures have a minor sta-
bility.
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