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Abstract. We have performed molecular dynamics simulations at
constant temperature and pressure to calculate the solubility of carbon
dioxide (CO,) and hydrogen sulfide (H,S) in water. The solubility
of gases in water is important in several technological problems, in
particular in the petroleum industry. The calculated liquid densities
as function of temperature are in good agreement with experimental
data. The results at the liquid-vapor equilibrium show that at low
temperatures there is an important amount of gases at the interface.
The adsorption of gases in the liquid phase decreases as temperatures
increases.
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Resumen. Se desarrollaron simulaciones de dinamica molecular
a temperatura y presion constante para obtener la solubilidad del
dioxido de carbono (CO,) y del acido sulfhidrico (H,S) en agua. La
solubilidad de los gases en agua es importante en varios problemas
tecnolégicos, en particular en la industria del petroleo. Las densi-
dades obtenidas en fase liquida a distintas temperaturas reproducen
muy bien los datos experimentales. Los resultados en el equilibrio
liquido-vapor muestran que hay una fuerte adsorcién de gases en la
interfase. La adsorcion en la fase liquida disminuye con el aumento
de la temperatura.

Palabras clave: Simulaciones de dinamica molecular, gases acidos,
solubilidad.

1 Introduction

The solubility of gases in mixed solvents is an important factor
for the design, development and optimization of various indus-
trial processes. Gas solubility data are also useful in providing
essential information about thermodynamic and structural
properties of solutions. The experimental determination of
the solubility of gases in liquids for industrial systems is well
known [1, 2]. These measurements are expensive because the
conditions of pressure and temperature they are carried out.
Nevertheless, it is necessary to understand the available exper-
imental data and organize them over a wide range of tempera-
tures and pressures to be used in the modeling of vapor-liquid
equilibrium.

The two main reasons to investigate the thermodynamic
properties of carbon dioxide water are the application to the oil
and gas industry and CO, sequestration. Carbon dioxide and
water are often found together in natural gas streams and also
in oil reservoirs as part of enhanced oil recovery. The pres-
ence of carbon dioxide and water in these environments may
cause complications such as corrosion and hydrate formation.
On the other hand, various CO, sequestration schemes have
generated significant interest in the thermodynamic properties
of carbon dioxide-water systems. Besides, the issue of global
climate change due to emissions of so-called greenhouse gases
including carbon dioxide is of great importance to the future
development of energy and power technology. It is for that
reason that studies have been performed to remove carbon
dioxide from natural or refinery gases. The CO, adsorption
into a liquid agent is the most commonly used process for the
bulk removal of CO,. Accurate knowledge of the behavior of
these systems over a wide range of pressures and temperatures
is essential for industrial applications. In particular, reliable

solubility data of carbon dioxide in water over a wide range
of temperatures and pressures are necessary to develop and to
validate especially adapted thermodynamic models.

Accurate knowledge of phase behavior in water-H,S sys-
tems is crucial for designing and operation of pipelines and
production/processing facilities as many sour reservoir fluids
containing hydrogen sulfide and water. In general, it is desir-
able to avoid the formation of condensed water to reduce the
risk of gas hydrate formation, ice formation, corrosion, and
two-phase flow problems. On the other hand, oil and gas pro-
ducers have been faced with a growing challenge to reduce
atmospheric emissions of acid gases, including hydrogen
sulfide, produced from sour hydrocarbon reservoirs, because
of environmental regulations. When acid gases are extracted,
one option of their disposal is by injection into an underground
zone. As acid gases are normally saturated with water in gas
treatment units, a comprehensive coverage of the many design
considerations for acid gases disposal requires knowledge of
the phase equilibrium in a water-hydrogen sulfide system.

An important issue in this area is to improve the accuracy
of vapor-liquid equilibrium measurements of acid gases in
water in conditions where the experimental techniques are dif-
ficult to use. This is an area where computer simulation meth-
ods can provide information at molecular level with greater
detail than is experimentally accessible. The results obtained
from this technique can be used to interpret experimental
results and also to test more theoretical approaches. The simu-
lation methods are powerful tools for the prediction of thermo-
dynamic properties of mixtures from pure components data.

From molecular simulation point of view, the predic-
tion of thermodynamical and structural properties requires
the knowledge of a good interaction potential model. Several
potential models have been proposed to simulate H,S as a pure
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component. Kristof and Liszi [3] developed a force field that
contained four charged sites. The model accurately predicts
the liquid-vapor phase diagram. Shyamal [12] proposed a
new force field that contains three charged sites and is able to
reproduce the experimental saturation densities. He used this
model to study vapor-liquid phase equilibrium of H,S with
hydrocarbon chains. His results were in good agreement with
available experimental data.

Regarding CO,, Geiger et al. [4] studied the effect of
intermolecular potential and interaction induced polarizability
on the depolarized Rayleigh scattering in supercritical CO, by
using molecular dynamics computer simulation. Murthy et. al
[5] proposed simple force field models to describe the prop-
erties of carbon dioxide in different phases. One of the most
important models used in the literature is that developed by
Harris and Yung [10]. Their model accurately reproduces the
experimental liquid-vapor coexisting densities. da Rocha and
co-workers have reported results of the CO,-water interface
[6], as well as the surfactant CO,-water interface [7]. Recently,
Urukova et al. [8] reported the solubility of carbon dioxide in
pure methanol, and in aqueous solutions of methanol by using
the Gibbs ensemble Monte Carlo simulation method.

In this work we investigate the solubility of acid gases in
water by molecular dynamics simulations. We show that the
force fields used in this work are good enough to reproduce
experimental data of CO, and H,S as pure components and
mixed with water.

The remainder of this work is organized as follows: The
description of the potential models and calculated properties
are given in Section 2. The simulation details are found in
Section 3. In the Section 4 we discuss the simulation results
of CO, and H,S, both in liquid phase and in liquid-vapor equi-
librium. A comparison with experimental data is also given.
Finally the conclusions and references are given.

2 Force fields and calculated properties

The force fields used in this work were taken from the lit-
erature. Water is represented by the flexible SPC/E interaction
model [9]. The parameters used for the intramolecular interac-
tions are k, = 557733.0 K A2 and for k, = 46067.4 K rad2 The
equilibrium OH bond distances in water are fixed at a distance
of 1 A, with an HOH angle equal to 109.5 degrees. The model
contains Coulombic interactions due to the three point charges
located at the oxygen and hydrogen sites and a Lennard-Jones
repulsion-dispersion interaction term as given ineq 1.1
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where g; and g; are the charges centered on the individual
atoms of different water molecules, with a Lennard-Jones
interaction only between oxygen atoms.

For the CO, we used the model of Harris et. al [10] called
EPM2. This model was selected due to its simplicity and com-
putational efficiency, as compared to more elaborated models
such as those incorporating five point charges [11]. The model
EPM2, consists of an electrostatic contribution due to three
collinear partial charges located on the axis of symmetry of
each O-C-O molecule at the positions with a fixed C-O bond
length of 1.149 A | plus three LJ terms, with a potential as in
eq 1.1.

For the H,S we use the model of Shyamal [12]. For this
model, the optimum values for the H-S bonds and H-S-H
angle are 1.365 and 91.5 degrees, respectively. The bond-
stretching and bond-bending interaction energies were taken
from the NERD force field model of alkanes. The nonbonded
parameters and charges for each potential model are given in
table 1. The molecular structure of CO, and H,S are shown in
Figure 1. The LJ parameters for the interactions between atoms
in unlike molecules are calculated using the Lorentz-Berthelot
combining rules given by eq. 1.2

(i +23) and 2 :(giigff)l/z
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The solubility of CO, and H,S was calculated by using the
molality of the solution

pi(2)

my(z) = : (L3)

_M[pj(z)

where p;j(z) is the density profile in the liquid phase of compo-
nent i. M; and pj(z) are the molar mass and density profile for
the component j respectively. In this work, the component i is
CO, or H,S and the component j is water.

The molecular density profile was obtained by

(1.4)

Table 1. Lennard-Jones parameters and charges for water [9], CO,
[10], and H,S [12]

Site co, H,S Water olA elkg
0O(COy) -0.3256 3.033 80.507
C(CO,)  0.6512 2.757 28.129
H(H,S) 0.124 0.98 3.9
S(H,S) -0.248 3.72 250.0
H(H,0) 04238 0.0 0.0
O(H,0) -0.8476 3.182 78.2
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Fig. 1. Molecular structure of the acid gases. A) CO,. b) H,S. The
bond lengths and bond angles are given in Section 2 and they have
the same value in the liquid and interface simulations.

where N(z) is the number of molecules in a slab located
between z and z + Az, A = L,L, is the surface area and Az is
the width of the slab. In this work, Az is 0.2 A. The brackets
denote time averaging.

3 Simulations details

Molecular dynamics simulations at constant temperature and
and pressure were carried out to obtain the liquid density of
CO, and H,S as pure components at different temperatures as
well as their solubility in water. A new integrator [13] which
preserves the phase space volume was used with two Nosé-
Hoover chains [14] coupled to the system: one to the particles
and the other to the barostat. The method is based on a new
approach applied to the original Martyna, Tobias, and Klein
equations of motion [15]. The Lennard Jones and Coulomb
interactions were handled by the Ewald sum [16] to properly
evaluate the long range interactions. The cut-off distance Rc
=9.5 A was used to calculate the real part of the potential and
had the same value for all the simulations. The o parameter in
the Ewald sums was 0.285 A1 and 0.29 A1 for the real part of
the LJ and Coulomb potentials, respectively. The reciprocal
part in both models was calculated using the Smooth Particle
Mesh Ewald method [17]. The total number of molecules was
500 for all simulations in the liquid phase. The simulation
box length was L, = L, = L, = 36.7238 A. To make a direct
comparison with experimental data, the external pressure in
these simulations was 60.0 and 36.47 atm for CO, and H,S,
respectively. To simulate the liquid-vapor phase equilibrium
of CO, and H,S, we allocated 864 molecules in the center of
a parallelepiped cell surrounded by vacuum. This is a com-
mon way of setting up the initial configuration when interfaces
are being simulated. The dimensions of the simulation cell
were L, = L, = 37.8348 A and L, = 113.5 A. The equilibrium
was reached after 50000 time steps and the calculated prop-
erties were obtained by averaging 20 independent blocks of
10000. The calculated average temperature and pressure were
the same as the impose values and not drift in the conserved
quantity was observed. The simulations were performed using
in-house developed molecular dynamics programs. The liquid
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phase simulations were carried out typically in 10 hours while
the liquid-vapor simulations required around one week of CPU
time in the supercomputer at UAM-Iztapalapa.

4 Results and Discussion

We report the density of CO, and H,S as pure components in
the liquid phase as a function of temperature and the solubility
of them in water.

4.1 Pure components

As a first step in this investigation, we have performed molec-
ular dynamics simulations at constant temperature and pressure
to obtain the density as a function of temperature for the acid
gases as pure components. The simulation results are com-
pared with experimental data [19] and shown in Fig. 2. The
force field used to simulate CO, and H,S in this work gives
results in excellent agreement with experimental data. The
error in the calculation of these densities was less than 1%.
The results for CO, are shown in Fig. 2-A where the external
pressure was 60.0 atm, whereas the results for H,S are shown
in Fig. 2-B where the external pressure was 36.47 atm. The
pressure and temperature calculated at the end of the simula-
tions were the same as the external pressure and temperature
applied to the system in both cases. These results suggest that
we can use these force fields to study the solubility of CO, and
H,S in water.

4.2 Binary mixtures

In this work we study the vapor-liquid phase equilibrium of
binary systems of H,0-CO, and H,0-H,S. The density pro-
files were calculated using eq. 1.4 and are shown in Fig. 3
for both mixtures at two temperatures. The profiles have two
interfaces with a liquid phase surrounded by vapor. The liquid
phase contains water and acid gas while the vapor does not
contain water.

The density profiles shown in Fig. 3-A, and Fig. 3-C are
for H,0-CO, system, whereas those in Fig. 3-B, and Fig. 3-D
are for H,O-H,S. The density profiles in Fig. 3-A and Fig. 3-B
are calculated at 313 K, whereas those in Fig. 3-C and in Fig.
3-D are at 450 K. The vapor pressure in both cases is around
1.1 MPa. It is observed that the concentration of CO, in the
liquid phase is negligible, whereas that in the vapor phase is
higher. There is an important amount of CO, at the interface.
This finding suggests that the absorption of this gas is carried
out at the interface and not in the liquid phase as considered
experimentally. There is not experimental information, until
our knowledge, about the amount of CO, at the interface. On
the other hand, by using the same temperature and pressure
for the H,S, the simulation results show that its amount in
the vapor phase is less than that of CO,, whereas in the liquid
phase the concentration is higher. Also a high concentration
of H,S is observed close to the interface, this acid gas has not
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Fig. 2. Density as a function of temperature for acid gases. The solid
lines are the experimental data and the symbols are the results from
this work. A) CO,. B) H,S.
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Fig. 3. Density profiles of acid gases in water. The top part is for CO,
and the bottom part is for H,S. The density profiles shown in A) and
C) are at 313 K, whereas those of C) and D) are at 450 K, respec-
tively.

either been measured in this region by any experimental meth-
od. The density of the water for this temperature is slightly
lower than 1 g cm-. The calculated solubility of CO, and H,S
in water at 313 K, using equation 1.3, are 0.23 mol kg™ and
0.60 mol kg, respectively. The experimental data [20, 21] are
0.36 mol kg and 0.83 mol kg, respectively. The simulation

results predict that H,S is more soluble in water than CO, at
the same temperature and pressure due to its higher dipole
moment. The dipole moment of H,S is closer to that of water.

The density profiles in Fig. 3-C and 3-D are for H,0-CO,
and H,0-H,S systems at 450 K. It is observed that the con-
centration of CO, is slightly larger in the liquid phase respect
to that observed at 313 K. The concentration of water is 0.84
g cm3. Nevertheless, its concentration in the vapor phase is
higher; this is because the molecules of CO, that were found at
the interface at low temperature are moved to the vapor region.
This produces that the concentration of CO, at the interface
decreases considerably when the temperature increases. A
similar behavior is found for H,S, its concentration at the
interface decreases when the temperature increases. The den-
sity of water decreases in both cases, as expected. The calcu-
lated solubility of CO, and H,S in water at 313 K are 0.27 mol
kg and 1.26 mol kg2, respectively. The change in solubility
of H,S is much higher than that of CO, when the temperature
varied from 313 K to 450 K.

5 Conclusions

The force fields used in this work for the acid gases give a
good description of the system in the liquid phase at high
pressures and temperatures. The solubility of CO, and H,S in
water was calculated using molecular dynamics at 313 K and
450 K. The simulation results predict that the solubility of H,S
in the liquid phase is higher than that of CO, at the same pres-
sure and temperature, in agreement with experimental data.
The H,S has a dipole moment closer to that of water, that is
why the molecule is more soluble. The CO, has not a dipole
moment but it has a quadrupole. The simulation results show
also that the largest adsorption of these gases is at the liquid-
vapor interface. The adsorption decreases with the increase of
temperature and the concentration of the acid gases increases
in the vapor phase. The effect of the adsorption at the interface
may be used to understand experimental results and also to test
statistical mechanical theories at interfaces.
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