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The design of improved processes for producing
hydrogen sulphide (H,S)-rich natural gases faces a
general scarcity of experimental data, because of the
high toxicity and corrosive character of H,S. We present
here a prospective application of Monte Carlo simulation
to predict desired fluid properties.

A first step was the selection of intermolecular
potentials for water, H,S, carbon dioxide (CO,) and
methane on the basis of pure component properties
(vapour pressures, vapourisation enthalpies, liquid
densities, supercritical densities at high pressure). A
second step involved the prediction of phase diagrams of
binary and ternary mixtures of the methane-H,S-water
system, using two-phase and three-phase Gibbs ensem-
ble simulations. In a third step the density and excess
enthalpy of the CO,-H,S system were computed for a
large range of pressure, temperature and compositions.

Comparison with available experimental data showed
that all investigated properties could be consistently
predicted without needing parameter calibration on
binary data. The results also provided a qualitative
understanding of water solubility in H,S-rich fluids
based on molecular self-association.

Keywords: Hydrogen sulphide; Water; Methane; Carbon dioxide;
Computer simulation (MC and MD); Phase equilibrium

INTRODUCTION

Natural gases containing more than 10% of hydrogen
sulphide (H,S) cause specific production difficulties.
A first type of difficulty arises from the cost of the
amine separation unit which is classically used to
reduce H,S content to the specification level. Then,
the separated H,S must be converted to elementary
sulfur through Claus units. Thus several important

natural gas deposits cannot be produced with a
reasonable profitability.

In order to reduce production costs, the performing
of a preliminary separation is considered, so that most
of the H,S content of the gas is recovered in the liquid
state, allowing its reinjection in deep reservoirs.
This reduces the size of the amine separation unit—
which is still necessary to meet specification on H,S
content— and of the associated Claus unit. The lower
cost of these units compensates largely for the
additional cost of the proposed preliminary separation
[1,2]. The preliminary separation is performed by a
stripper in which the natural gas stream is contacted
with the refrigerated recycled stream containing
mostly H,S and water separated. The preliminary
treatment operates at a pressure sufficiently high
(typically 7 MPa) that the H,S-rich effluent is in the
liquid phase, allowing efficient pumping for reinjec-
tion. As far as possible, it is attempted to recover water
and carbon dioxide (CO,) simultaneously with H,S to
reinject them as well in the reservoir (Fig. 1).

The design of such a process faces a general
scarcity of experimental data, because the high
toxicity and corrosive character of H,S makes
experimental measurements difficult and costly,
especially at high pressure.

A first type of missing data relates to the phase
equilibria involving methane, H,S and water at high
pressure. The general behaviour is known for the
binary systems methane-water [3,4], H,S—water
[4,5], and methane—H,S [6,7]. However, we suspect
that liquid-liquid phase split could occur at a low
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FIGURE 1 General scheme of acid gas preliminary treatment and reinjection.

temperature in the H,S—-methane system at high
pressure, and there are no public data covering such
conditions. There are no experimental data about the
ternary system methane—water—H,S. A second type
of missing data concerns the enthalpies of mixing,
which may influence the energy balance in the
separation units. Finally, a last type of missing
information relates to the volumetric behaviour of
H,S-rich mixtures at pressures representative of
possible reinjection conditions, i.e. up to 80 MPa.

Predicting the desired properties solely from
equations of state or from other classical thermo-
dynamic models (such as group-contribution based
excess Gibbs energy models) would be risky, because
these models are known to be poorly predictive for
mixtures involving such polar components as water
and H,S.

Molecular simulation is thus considered as a
possible tool to provide more reliable prediction, as
illustrated by its capacity to predict reasonably the
water solubility of light hydrocarbons [8-10]. Its
fundamental advantage is that it accounts for the
various types of energy contributing to fluid
behaviour. In the particular case of the systems
considered here, it makes an explicit account of the
electrostatic energy due to the dipole moments of
polar molecules (H,S, water) and of the quadrupole
moment of CO,. As electrostatic forces have a longer
range of interaction than the dispersion and
repulsion forces which dominate the behaviour of
non-polar or slightly polar molecules, this feature is
presumed important to quantify interaction energies
over a large density range, from the low density of
pure methane at moderate pressure to the high

density of CO, or water in the liquid phase. Another
fundamental advantage of molecular simulation is
that it accounts for molecular geometry. At first
glance, this feature may seem irrelevant in the case of
small molecules that are often considered as rigid
bodies. However, the way these molecules can
arrange in preferred molecular associations may
also exert a strong influence on thermodynamic
properties. This is particularly the case when water is
present, because of the strength of hydrogen
bonding. An illustration of the capability of
molecular simulation is provided by the water—H,S
system, where the liquid-vapour phase diagram is
well predicted without binary parameter fitting [11].

The purpose of the work presented here is the
prediction of phase equilibria and various thermo-
dynamic properties in the context of an industrial
project. This means that we will mostly rely on
existing algorithms and available intermolecular
potentials, so that simulation results can be obtained
rapidly. As a consequence of the small size of the
molecules considered, computer time is expected to
be moderate. Also, we will pay particular attention
to the validation of simulation results against
experimental data. Among the properties investi-
gated, we will mostly concentrate on phase
diagrams, density, excess volume, excess enthalpy
and derivative properties (such as the isothermal
compressivity or the Joule-Thomson coefficient).
The reason why we are particularly interested
in volumetric properties (density, compressibility,
thermal expansion) is that the necessary reinjection
pressure depends strongly on liquid density for deep
wells. The motivation for investigating excess
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enthalpy and Joule-Thomson coefficient at high
pressure is the prediction of the thermal regime of
reinjection wells.

The article is organised as follows. In a first
section, we will expose the Gibbs ensemble Monte
Carlo technique [12] that we have used to compute
phase equilibria with specific adaptations to con-
sider three-phase equilibria and to improve the
efficiency of transfer moves in the Gibbs ensemble.
We will also describe the procedure followed to
evaluate derivative properties, excess volumes and
excess enthalpies. In a second section, we will test
intermolecular potentials from the literature on the
basis of pure component properties. We will use
literature parameters, except for CO, whose poten-
tial will be slightly reparametrised to provide a
better account of the volumetric properties in the
supercritical region. The third section is related to
the phase behavior of binary and ternary mixtures in
the methane—water—H,S system, without changing
potential parameters. The fourth section will be
devoted to the prediction of densities and excess
properties, mainly in the H,S-CO, system. As
combining rules appear to exert a strong influence in
this system, we will perform a specific analysis
regarding their selection prior to making predictions.
Finally, a general discussion will be provided in the
fifth section to discuss the capability of molecular
simulation to quantitatively predict properties. This
will be also the opportunity to propose molecular
explanations for some specific features of the
systems considered.

SIMULATION METHODS

NPT and Gibbs Ensemble Simulation Methods

In order to compute phase properties such as
densities and enthalpies we used NPT Monte Carlo
simulations implemented with a cubic simulation
box and periodic boundary conditions [13,14]. The
elementary moves involved were molecular trans-
lations and rotations, with equal frequencies, and
volume changes with a frequency approximately
equal to 1/N, where N is the number of molecules of
the simulation box. Internal moves are not necessary
because all the molecules considered have been
considered rigid.

When computing phase equilibria, we used the
Gibbs ensemble technique [12]. Alternative methods
like histogram reweighting [15] or Gibbs—Duhem
integration might have been more efficient for pure
components or binary mixtures, but would have
been difficult to implement in the case of ternary
systems. The two-phase Gibbs ensemble has been
used either at constant volume to compute vapour—
liquid equilibrium properties of pure compounds, or

at imposed pressure to compute either vapour-—
liquid or liquid-liquid equilibria of binary systems.
The Gibbs ensemble technique has been applied to
three-phase equilibria, using the same Monte Carlo
moves to perform molecule transfers between
simulation boxes or volume changes. As a result of
the phase rule, three-phase Gibbs ensemble calcula-
tions have been used either at imposed volume
when computing vapour-liquid-liquid coexistence
properties of binary systems, or at imposed pressure
when considering ternary systems. In addition to the
translation and rotation moves, the Gibbs ensemble
requires concerted volume changes in the case of
simulations at imposed global volume, and transfer
moves. In order to increase the acceptance rate of
transfer moves, which tends to be very low in dense
liquids, we have implemented a statistical bias
recently proposed for cyclic alkanes [16]. Its purpose,
inspired from previous algorithms [17], is to select a
suitable site by several insertions of a Lennard—Jones
sphere in a first stage, and to test various orientations
and conformations at the selected location in the
second stage. Although the molecules considered
here do not display several conformations, the
algorithm is very efficient because the site selection
of the first stage is rather rapid, and allows us
to reserve the more expensive evaluation of the
electrostatic forces to more favorable sites in
the second stage.

The interaction energy has been considered as the
sum of Lennard-Jones and electrostatic energies,
using electrostatic partial charges for dipolar or
quadrupolar molecules (water, H,S, CO,).

The Lennard-Jones energy was computed using
standard long range corrections with a cut-off
radius set either to a fixed distance or to the half of
the box length. Unless stated otherwise, cross
Lennard-Jones parameters were determined with
the Lorentz—Berthelot combining rules. In specific
cases, we used also the combining rules of Kong [18]
and Waldmann—-Hagler, as cited by Delhommelle
and Millié [19].

The electrostatic energy arising from the partial
point charges was computed from two methods.
In the first method, we simply applied the Coulomb
equation, neglecting the electrostatic interactions
between molecules whose centers of mass
are separated by more than the cut-off radius.
In a second method, we used Ewald summation [13]
which is characterised by two numerical parameters:
a real range parameter « involved in the real space
sums, which is homogeneous to an inverse length,
and an integer parameter k,x which defines the
range of integration in the reciprocal space. As we
will discuss it along with the selection of inter-
molecular potentials, the first method has been used
in most cases, and the second method has been used
for tests with pure water only.
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Derivative Properties

We here term derivative properties those obtained as
second order derivatives of the Gibbs energy. They
comprise, inter alia, the isothermal compressibility

coefficient:
1 /0V
Pr=-v (a_P) K

the isobaric thermal expansivity ap =1/V(@V /aT)p
and the heat capacity Cp = (0H/dT)p where V is
volume and H is enthalpy. As briefly discussed by
Jorgensen [20] and further developed by Lagache
and coworkers [21] it is possible to analyse statistical
fluctuations in the NPT ensemble to obtain these
properties from Monte Carlo simulations.

Since Monte Carlo methods do not calculate
the kinetic energy, we can use them only to
calculate residual properties (deviation from ideal
gas properties). This is sufficient to compute isobaric
thermal expansivity and isothermal compressivity,
but not heat capacities. This is why we need ideal gas
capacities from experimentally-based correlations
[22] to determine these properties. For mixtures,
ideal heat capacities may be obtained from mole
average of pure component properties. As a result,
only pure component properties are used in the
process of evaluating derivative properties from
Monte Carlo simulation.

The Joule—Thomson coefficient wjr = (9T /9P)y is
obtained as a combination of molar volume, isobaric
thermal expansivity and heat capacity.

The computation of derivative properties does not
require a significant computational overhead in
Monte Carlo simulations, but longer runs are needed
to obtain a satisfactory accuracy.

Excess Properties

The molar excess volume V¥ in a binary mixture of
molar volume V' is

VE=V -,V — (1 —x)V> (1)

where the subscripts 1 and 2 refer to pure component,
x is mole fraction and V is molar volume, all volumes
being taken in the same P, Tconditions. This expression
allows excess volume to be readily computed from
Monte Carlo simulation results.

Similarly, the molar excess enthalpy in a binary
system is:

HE®=H —xH; — (1 — x1)H, (2

where H = Uext + Uine + K + PV is the enthalpy, Uext
is the intermolecular potential energy, Ui, is the
molar internal potential energy and K is the kinetic
energy of the system, these properties being defined
per mole of substance for either pure components or
the mixture, at the same temperature and pressure.

The computation of excess enthalpy is somewhat
more delicate in principle, because the kinetic part of
energy is not considered in Monte Carlo simulation
[21,23]. Also, we neglect the internal energy of the
molecules because we consider them as rigid in the
course of this study. Monte Carlo results allow us
only to compute the configurational enthalpy H =
Uext + PV. The molar total enthalpy may be
expressed as the sum of the molar configurational
enthalpy H and the molar ideal gas energy Eid =
Umt + K:

H=H+Ed 3)

The ideal gas energy of the mixture is obtained
from the mole average of the pure component
contributions:

EM = xEf +(1 = xEY @)
so that the molar excess enthalpy is:
HE=HA—xH — (1 - x)H, ®)

This expression allows us to evaluate easily the
excess enthalpy from Monte Carlo simulations.
Note however that we have implicitly assumed that
the average internal potential energy per molecule is
the same in the pure components and in the mixture.
This mightbe untrue for large flexible molecules which
adopt different internal conformations according to
their environment.

The calculation of excess volume and excess
enthalpy can be implemented in two ways. The
first way consists in performing three NPT simu-
lations considering respectively the pure com-
ponents and the mixture in the same P, T
conditions, so that Egs. (1) and (5) can be readily
used. This method may be applied to equilibrium
conditions or inside the monophasic region as well.
The second way, which is possible only in
equilibrium conditions of binary mixtures at
imposed temperature and pressure, takes advantage
of the initialisation of the Gibbs ensemble technique.
It consists in initialising each simulation box with a
pure component, and performing first a run without
molecule transfer moves between phases. It is thus
possible to obtain V3, V5, H; and H,. Then, transfer
moves are implemented so that V and H may
be computed for the desired phase, once the system
has equilibrated. Both methods have been used in
this study.

SELECTION OF INTERMOLECULAR
POTENTIALS

Methane

In the present study, we are mostly interested in a
temperature range where methane is supercritical.
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TABLE I Parameters of the intermolecular potential models investigated in the present study for the various components. The force
centres and charges are either located on atomic nuclei (C, S, H, O) or on intermediate points (M).

Lennard—Jones

Position (A) parameters
Force centre or charge - Charge (g/e) References
X Y V4 &/k (K) a(A)
CH, C 0 0 0 149.92 3.7327 0 [24]
H,S S 0 0 0 250 3.73 0.40 [27]
H1 0.9639 0.9308 0 0.25
H2 —0.9639 0.9308 0 0.25
M 0 0.1862 0 -09
H,O (TIP4P) e} 0 0 0 78.03 3.1536 0 [29]
M 0.15 0 0 —1.04
H1 0.5859 0.757 0 0.52
H2 0.5859 —0.757 0 0.52
CO, (EPM2) C 0 0 0 28.129 2.757 0.6512 [37]
o1 1.149 0 0 80.507 3.033 —0.3256
02 —1.149 0 0 80.507 3.033 —0.3256
CO, (Vrabec) M1 1.2088 0 0 133.22 2.9847 - [38]
M2 —1.2088 0 0 133.22 2.9847 -
C 0 0 0 - - 3.1597
M3 —-0.5 0 0 - - —1.57985
M4 0.5 0 0 - - —1.57985
CO, (EPM-W) C 0 0 0 28.999 2.785 0.6645 This study
o1 1.16 0 0 81.23 3.0356 —0.33225
02 -1.16 0 0 81.23 3.0356 —0.33225

Therefore, the intermolecular potential must not only
account for the liquid—vapour equilibrium proper-
ties of pure methane, but also for its supercritical
behaviour. The Lennard-Jones 6-12 potential
of Moller [24], whose parameters are recalled in
Table I, has been shown to describe very well pure
methane density at pressures up to 100 MPa [25].
More recently, the same potential was demonstrated
to give a quantitative account of the Joule—Thomson
coefficient of methane at high pressure [21]. The
exp-6 potential developed recently by Errington and
coworkers [26] would have been well adapted to the
investigation of water solubilities [9] but the absence
of similar exp-6 potential for H,S would have made
the investigation of related mixtures difficult. As a
result, it was decided to use Moller’s potential for
methane.

H,S

In the present study we have used the potential
proposed for H,S by Kristof and Liszi [27] which
involves a single Lennard—Jones 612 site and four
electrostatic point charges. The parameters of the
model are recalled in Table I. Simulations were made
with numerical conditions similar to those used by
Kristof and Liszi. A total number of 512 molecules
were used, and the electrostatic interactions were cut
at half of the both length, without using Ewald
summation. Typical simulation length was 12 x 10°
Monte Carlo steps. The simulation results obtained
in the Gibbs ensemble have been compared with
experimental correlations of vapour pressure,
vapourisation enthalpy and saturated liquid density

(Fig. 2). We have thus reproduced the excellent
agreement reported by Kristof and Liszi about the
coexistence properties of H,S. As shown in a recent
work [11] the use of Ewald summation instead of the
cutoff method would have caused only small
differences on H,S equilibrium properties. In fact,
our results are closer to those of Vorholz et al. [11]
than from Kristof and Liszi [27] as we find also a
slight underestimation of vapour pressures (Fig. 2a)
and slight overestimation of the vapourisation
enthalpy above 300K (Fig. 2b). This indicates that
the use of Ewald summation in Ref. [11] might not be
the only reason of the observed deviations with
Kristof and Liszi.

Further tests were also made against high pressure
density data taken from Goodwin [28]. As shown in
Table II, a very good agreement is found, with
deviations ranging from +0.1 to +0.8%.

Water

Several intermolecular potentials have been pro-
posed to model water. The simpler model is the SPC
potential, in which the three electrostatic charges are
located on the atomic centers of the oxygen and
hydrogen atoms. In order to get a more realistic
representation of liquid water properties, it was
proposed to shift the negative charge from the
oxygen nucleus toward an intermediate axial
position, yielding the TIP4P potential [29]. It is
known that the TIP4P model represents better the
coexistence curve of water than the SPC potential
particularly for temperatures lower than 500K [30].
Numerous alternative models have been proposed
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FIGURE2 Gibbs ensemble simulation results for pure H,S. Simulations based on the potential of Kristof and Liszi [27] are compared with
experimental correlations from the Dortmund Data Bank (DDB). (a) Saturated vapour pressure, (b) vapourisation enthalpy, (c) saturated

liquid density.

since, involving either an exp-6 potential [9],
polarisable models [31,32] or distributed electrostatic
charges [33]. However, they would have been poorly
compatible with the non-polarisable models selected
for the other pure components. In addition, the
consideration of polarisability does not seem
sufficient to provide a significant improvement of
coexistence properties, as illustrated by the attempt
of Kiyohara et al. [32]. As a consequence, we
privileged the TIP4P potential in our tests.

The TIP4P potential has been tested with two ways
of evaluating the electrostatic energy: Ewald sum-
mation and a cut-off at 5, 7.5 or 10 A. Cut-off values

larger than 10 A have not been tested because they
would have violated the requirement that the cut-off
must be lower than half the box length, which is
slightly larger than 20A for the liquid in the
conditions investigated here. When Ewald sum-
mation was used, preliminary tests were conducted
to select suitable range parameters, i.e. kmax = 7 and
a=2m/L, where L is box size. It was indeed
recognised that different values of a were needed
in the liquid and vapour phases to get an accurate
calculation of energy. The coexistence properties
were obtained by Gibbs ensemble simulations, using
300 molecules, with simulation lengths of 50 x 10°

TABLE II H,S density at high pressure obtained from simulation using the potential of Kristof and Liszi [27] compared with

recommended values from Goodwin [28].

T =273K T = 343K
Pressure (MPa) Experiment Simulation Deviation (%) Experiment Simulation Deviation (%)
5 842.0 842.6 0.1 656.4 661.4 0.8
10.5 851.1 853.6 0.3 681.1 686.3 0.8
225 868.8 872.5 0.4 729.0 730.9 0.3
33 882.3 883.1 0.1 757.1 760.1 0.4
40 890.5 890.9 0.1 772.4 775.1 04
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TABLE III Test of different ways to determine the electrostatic
energy in the Gibbs ensemble simulation of water at 353K
(300 molecules, 50-105 x 10° MC steps). Subscripts indicate the
estimated statistical uncertainty on the last digit.

Cutoff
Property Ewald - - -
5A 7.5A 10A
Psat (kPa) 645 585 653 613
piiq (kg/m?) 957, 1006, 9714 9555
AH,ap (K] /mol) 40.9, 43.3, 41.5, 40.9,

Monte Carlo steps at least. These long simulations
were indeed necessary to obtain reasonably consis-
tent results. As can be seen from the results shown in
Table III, the saturated vapour pressure, the
vapourisation enthalpy and the liquid density
computed with a cutoff of 10A agree with Ewald
summation almost within the estimated statistical
uncertainties. Larger deviations are logically found
with cut-off values of 7.5 and 5A, which over-
estimate density and cohesive energy.

The trend of saturated vapour pressure of water
between 273 and 373 K appears similar with a 10 A
cutoff and with Ewald summation, indicating an
overestimation of this property (Fig. 3). These results
are in very good agreement with previous results
obtained with the TIP4P potential [34,35]. As the
TIP4P potential was optimised on the basis of
simulations performed with a cut-off of electrostatic
interactions at 7.5 A [29] and did not consider vapour
pressure, it is not surprising that such systematic
differences are found. Similar comparisons have
been made for vapourisation enthalpy, indicating
deviations between +1.4kJ/mol at 273K and
—1.0kJ/mol at 373K, while the statistical uncer-
tainty is approximately 0.2kJ/mol. The deviations
on liquid density were found to range between
+10kg/m® at 273K and —24kg/m? at 373K. Both
properties are well described, but their variation

1000
100 A

10 4

Psat (kPa)

0.1 \

with temperature is exaggerated compared with
experimental observations. Here again, these results
are identical to previous simulation results [34].

In the following simulations, the electrostatic
energy has been evaluated with the cut-off method
only. This option presents the practical advantage
that it requires approximately four times less
computer time than Ewald summation. For a given
computing time, the use of a 10 A cutoff allows much
longer simulations and thus provides much better
convergence of thermodynamic averages. However,
care has to be taken that the results may depend
significantly on numerical parameters [36]. In order
to limit this effect, we decided to perform most
following simulations with similar box sizes, i.e.
270-300 water molecules in the aqueous liquid box.

CO,

CO, was simulated first with the rigid version of the
EPM2 intermolecular potential of Harris and Yung
[37] and with the two-centres + quadrupole model
of Vrabec et al. [38]. While testing these models, we
used only the cut-off method to evaluate the
electrostatic energy. The simulations were conducted
with 400 molecules over 30X 10° steps, using the
cutoff method to compute the electrostatic inter-
actions. In the case of the Vrabec model, the point
quadrupole was simulated as a set of three point
charges placed on the molecular axis at =0.5 A from
the carbon nucleus (Table I) in order to match the
quadrupole moment of the molecule, which is 4.3 X
1074 Cm? [39].

These intermolecular potentials have been tested at
four different state points. The first two state points
corresponded to the vapour-liquid equilibrium at
216.6K, ie. at the triple point, and at 270K, i.e.
closer to the critical temperature which is 304.1 K.
These conditions allow us to check the representation

o simulation {cutoff)
a simulation (Ewald)

0.002 0.0025 0.003
1T (K)

0.0035 0.004

FIGURE 3 Saturated vapour pressure computed with the Gibbs ensemble method for pure water based on the TIP4P potential.
Simulations performed with Ewald summation and with a 10 A cutoff of the electrostatic interactions are compared with experimental

correlations from the Dortmund Data Bank (DDB).
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TABLEIV Comparison of pure CO, simulation results with the EPM2 rigid CO, model of Harris and Yung [37], the potential of Vrabec
et al. [38] and the potential slightly reparametrised in this work (EPM-W) at five state points.

EPM2 [37] Vrabec et al. EPM-W

Deviation Deviation Deviation

Experiment ~ MC simulation (%) MC simulation (%) MC simulation (%)
216.6K Pgat (MPa) 0.518 0.592 14 0.569 9.8 0.485 6.4
AH,ap (KJ/mol) 15.15 15.05 0.7 15.49 2.2 15.96 53
p (kg/m®) 1178 1165 1.2 1158 18 1184 04
270K Pgat (MPa) 3.203 3.65 14 3.38 5.5 3.04 5
AH,,p (KJ/mol) 10.56 10.28 2.7 10.64 0.7 11.37 7.6
p (kg/m®) 946 936 1 919 3 962 1.6
370K pat P =7Mpa 122 118 3 118 3.3 120 1.7
p at P =40MPa 767 - - - - 764 0.4
p at P = 80MPa 940 924 1.8 903 4 935 0.5

of the coexistence properties with the Gibbs
ensemble. The other state points were selected in
the supercritical region (T = 370K) at two pressure
levels (7 and 80MPa). Their role is to test the
volumetric behaviour of CO, in representative
conditions of possible CO, reinjection, using mono-
phasic NPT simulations.

The results of these tests are shown in Table IV. The
Harris and Yung potential predicts densities and
vapourisation enthalpies within 3%. High densities,
either in the liquid state at 216 and 270K or in the
supercritical region at high pressure, are predicted
with an accuracy better than 2%. This satisfactory
result confirms previous findings with the EPM2
model [34,35,40]. However, saturated vapour pres-
sures are overestimated by 14%. This result confirms
the slight overestimation of vapour pressures found
in previous works using the EPM2 model of Harris
and Yung [34,35].

The Vrabec potential predicts saturated vapour
pressures with a better precision (10%), but the
deviations on densities reach 4% at high temperature
and high pressure.

Considering that either potential had its merits
and flaws, we have attempted to optimize further the
parameters of the Harris—Yung potential, using
the optimization method recently proposed by
Bourasseau et al. [41]. This consisted in defining a
least squares error criterion on the basis of the
experimental measurements indicated in Table IV,
including thus the two supercritical fluid densities as
an additional reference data. The error criterion was
minimised to get the optimum Lennard-Jones
parameters, using the EPM model of Harris and
Yung as a starting point. However, we decided to set
the C—O distance to the recommended value of
1.16 A [42]. Two parameters may be optimized per
atom, i.e. four altogether. It was found that
optimizing three or four parameters resulted in
important variations from the EPM parameters,
indicating that the optimization was poorly stable.
This may be attributed to an insufficient amount of
independent information in the error criterion

compared with the number of optimized parameters,
as discussed by Bourasseau et al. When optimization
was restricted to the two Lennard-Jones parameters
of the oxygen, a significant improvement of
supercritical density prediction was obtained with
a very small variation of these parameters: £ and o
are changed by less than 1 and 0.1%, respectively,
from the original EPM model, indicating that the
optimisation is likely to preserve most of its physical
basis (Table I). As shown in Table IV, densities are
predicted within 1.7% and saturated vapour pres-
sures within 7% for the reference state points.
However, the vapourisation enthalpies are less
accurately predicted, since errors may reach 7.6%.
Nevertheless, it was estimated that the optimised
model EPM-W was a better compromise, as density
prediction is important for our purpose.

PHASE EQUILIBRIA IN THE
WATER-METHANE-H,S SYSTEM

Methane-H,S System

The methane—H,S system has been investigated in
the Gibbs ensemble at imposed pressure for three
temperatures: 223, 273 and 343 K. The total number of
molecules was 600-800, and the length of the
simulations was 1-3 X 107 steps. As a general feature,
convergence was more difficult for the high pressures
in a given phase diagram, and density exchange
between phases was observed when getting close to
the critical point. At the lower temperature of 223K,
the bubble pressures appear again to be somewhat
underestimated, but the dew points are well
represented (Fig. 4a). We also investigated higher
pressures than those shown on Fig. 4a, looking for
possible liquid-liquid equilibrium at high pressure
as suggested by experimental data [6,7]. Although the
system showed some tendency to stay as two separate
phases in these conditions, convergence was very
slow and we preferred not to trace the simulated
phase diagram above 10 MPa.
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FIGURE 4 Phase equilibrium simulation of the methane—H,S binary system at 223K (a) and 343 K (b), compared with interpolated data
points of Kohn and Kurata [6,7] and with the predictions of the Peng—Robinson cubic equation of state (PR).

Compared with a classical cubic equation of state
[43] without interaction parameters, molecular
simulation results are significantly better. However,
tuning of a binary interaction parameter on the
experimental phase diagram makes the cubic
equation of state more precise than simulation.

At 343K, the phase diagram is reasonably
predicted (Fig. 4b). A similar agreement is found at
273K (not shown).

Methane-water System

The phase behaviour of the methane—water system
was investigated in the Gibbs ensemble at imposed
pressure, as no three-phase equilibrium is suspected.
A total number of 500 water molecules and 200
methane molecules were used in these simulations.
The higher number of water molecules was aiming at
avoiding excessively low mole numbers of methane
in the aqueous phase, due to the low solubility. The
cut-off distance, which is common to the Lennalr:d—
Jones and electrostatic interactions, was set to 10 A in
order to keep approximately the same way of
evaluating energy as in the study of pure water. The
simulated solubility of methane in the water phase,
shown in Fig. 5a, shows that the solubility of methane
is underestimated by approximately 30% at high
pressure. This deviation may seem quite high butitis
in fact similar to the deviations found with other
potentials when computing Henry’s constants [8,9].
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We can notice that the apparent Henry’s constant
(P/x) is increasing with increasing pressure, as
observed in Refs. [3,44]. The decrease of water
solubility in the methane-rich vapour phase with
increasing pressure is well reproduced, as shown by
Fig. 5b.

Water—H,S System

In the 273-373K range, the H,S—water system is
known to exhibit liquid-vapour equilibrium at low
pressure and liquid-liquid equilibrium at high
pressure [4], both domains being connected with a
three-phase equilibrium line. This system was tested
at 343K (Fig. 6), using either Gibbs ensemble at
imposed pressure for two-phase conditions or the
Gibbs ensemble at imposed volume for three-phase
calculations. The simulated system comprised
approximately 300 water molecules and 500 H,S
molecules. A 30-55x10° MC steps were found
sufficient to provide a satisfactory convergence of
simulation averages. When analysing typical con-
figurations of the H,S-rich liquid phase, we observed
that the water molecules are organised in clusters
which were found to contain up to four molecules,
while such a self-association of water is not found in
the vapour phase. In order to test the sensitivity of
this association to system size, we repeated the
simulations with 900 H,S molecules instead of 500,
so that the H,S-rich liquid contains a more
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FIGURE 5 (P, x) phase diagram of the methane—water binary system at 343K. (a) Solubility of methane in the aqueous phase.

(b) Composition of the vapour phase.
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FIGURE 6 (P, x) phase diagram of the water—H,S binary system at 343 K compared with experimental phase equilibrium data [4] and
with the predictions of the Soave—Redlich—Kwong cubic equation of state (SRK).

representative number of water clusters. In order to
study water clustering, we performed a preliminary
cluster analysis on the basis of a simplified criterion
(centre-to-centre distance lower than 3. 5A ie. 1.15
times the Lennard-Jones diameter of water). The
resulting cluster size distribution, based on the
analysis of 12 different configurations (Fig. 7) shows
that clusters of two, three and four water molecules
are found with significant amounts. The total
number of such clusters is approximately 20% of
the number of monomers. When the distribution is
expressed on a mass basis, as logical for polydisperse
systems, we see that 40% of the water molecules are
found in clusters. When changing from 500 to 900
molecules in the H,S-rich liquid phase, we also
observed an increase of the water solubility in liquid
H,S. When this phase is represented by a total of 500
molecules, the average number of water molecules is
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FIGURE 7 Cluster size analysis of the water clusters in the H,S-
rich liquid phase in equilibrium with a vapour phase and an
aqueous phase at 343 K. The number basis distribution expresses
the percentage of clusters of a given size, while the mass basis
distribution shows the percentage of water molecules belonging to
clusters of a given size.

less than 10. This small number is responsible for an
incomplete sampling of the cluster size distribution.
We therefore decided to perform further simulations
with approximately 900 molecules in this phase.

The prediction of the whole phase diagram is
satisfactory, since the liquid-liquid and liquid
vapour domains are found as expected. The three-
phase equilibrium pressure determined from the
three-phase Gibbs ensemble calculation at imposed
volume is in very good agreement with the observed
behavior. Simulation results predict qualitatively the
higher solubility of water in the H,S-rich liquid
phase (approximately 3%) than in the vapour phase
(approximately 1.3%). These results are in general
agreement with a previous investigation of the
water—H,S system with the same potential by
Vorholz et al. [11] who found also a liquid-liquid
phase split at high pressure but did not determine
explicitly the L-L-V three phase equilibrium line.
The solubility of H,S in the aqueous phase below the
three-phase equilibrium pressure is in good agree-
ment with Vorholz et al. However, it is likely that the
insufficient size of the H,S-rich liquid box in their
study explains why they found a smaller water
content in the H,S-rich liquid phase at high pressure.

The tests we have performed with the Soave-
Redlich-Kwong equation of state [45] indicate that
the water—-H,S phase diagram cannot be repro-
duced, even qualitatively, if no binary parameter is
fitted for this purpose. When fitting a binary
parameter on the H,S—water equilibrium data, the
water solubility in H,S can be reproduced correctly,
but not the solubility of H,S in water which
predicted lower than 1% (Fig. 6). In order to
represent the phase diagram with a common model
for both phases, we had to use a more advanced
equation of state using a mixing rule based on an
excess Gibbs energy model [46].



18:29 14 January 2011

Downl oaded At:

THERMODYNAMICS 641

100 - . ‘ |
HO ¢ 20 40 60 80 100CH,

FIGURE 8 Ternary phase diagram of the water—H,S—methane
system at 343K at 10 MPa.

Water—Methane-H,S Ternary System

The behaviour of the ternary system has been
investigated with three-phase and two-phase Gibbs
ensemble calculations at imposed temperature and
pressure. At imposed pressure and temperature, the
three-phase conditions correspond to coexisting
phases with identical composition, whatever the
global composition of the system. Thus a single
three-phase simulation is sufficient to trace the end-
points and boundaries of the three-phase diagram.
Selected results obtained at 343K and 10 MPa are
shown in the ternary diagram of Fig. 8. From this
graph, it can be seen that the composition of the
vapour phase and of the non-aqueous liquid phases
are little affected by the presence of water. Indeed,
the water content is small in these phases. When the
H,S-rich liquid phase is diluted with methane,

the solubility of water drops rapidly. For instance,
the solubility of water in a mixture of 80% H,S and
20% methane is only one third to one half of the
solubility of water in pure H,S (Fig. 9).

VOLUMETRIC AND ENTHALPIC PROPERTIES
OF THE H,S-CO, SYSTEM

Test of Combining Rules

In order to test the capability of molecular simulation
to provide accurate density predictions for H,S-CO,
mixtures, comparisons have been made with the
experimental measurements provided by the GPA
[47]. These measurements have been performed for
H,S concentrations up to 50% and pressures up to
23 MPa, at temperatures between 200 and 450 K. Our
tests have been conducted along three isotherms
(273, 350 and 400K), within the pressure and
composition range where data were available for
these isotherms. They comprised 23 state points,
covering low density regions as well as high density
regions.

The first tests were performed with the Lorentz—
Berthelot combining rules. At 273K, we recorded
deviations up to 10.1% on the liquid density of the
equimolar H,S—CO, mixture. At 350K, a maximum
deviation of 126% was found on the density of the
equimolar mixture at 10 MPa. The prediction at 400 K
showed deviations lower than 1.2% with experi-
mental measurements. The maximum deviations
at 273 and 350K are extremely disappointing, since
the pure component densities were predicted within
2-3%. However, it may be noticed that the most
important deviations at 350 K are limited to a specific
part of the supercritical region where system density
is extremely sensitive to small changes of pressure,
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FIGURE 9  Solubility of water in H,S or methane-rich phases at 343K as a function of pressure. The full lines represent the experimental
solubility in the water—methane system and dotted lines in the H,S system [4]. Open symbols refer to solubilities in the vapour phase in the
H,S—water binary system, below the three-phase equilibrium pressure of 5.1 MPa. Full symbols refer to the solubility in dense phases at
higher pressures, with various H,S—methane ratios in the ternary system.
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FIGURE 10 Prediction of the density of the H,S—CO, system with various combining rules at 350K as a function of composition
(a) 10MPa, (b) 15MPa. The experimental data are taken from Kellermann ef al. [47].

temperature or composition. Also, it may be recalled
that density predictions in this region are difficult
with equations of state.

In order to improve prediction without fitting
additional model parameters, it was decided to test
alternate combining rules. Indeed, it has been
reported that alternate combining rules (Kong or
Waldmann—-Hagler) yield better prediction of
liquid-vapour phase equilibria [15,19]. This is
particularly the case when the atoms (or united
atoms) involved in the mixture differ significantly in
diameter. Indeed, the Kong and Waldmann-Hagler
mixing rules are based on a geometric mean on the
attraction term so® rather than on the Lennard-
Jones parameter . In our case, the main interaction
between H,S and CO, originates from the oxygen—
H,S interaction, involving groups of 3.0356

and 3.73 A. This significant size difference announces
a likely influence of the combining rules.

Indeed, the replacement of the Lorentz—Berthelot
by the Kong or Waldmann-Hagler mixing rules
produces very significant changes concerning den-
sity predictions. As illustrated by Figs. 10a and b
which correspond to the most problematic con-
ditions with the Lorentz—Berthelot rules, the alter-
nate combining rules provide a much more
satisfactory prediction of mixture densities in this
region. As shown in Table V, the alternate combining
rules also provide improved prediction of liquid
density at 273 K, since the maximum deviations are
1.3% (Kong) and 1.9% (Waldmann-Hagler). The
densities at 400K are not predicted as well as with
Lorentz—Berthelot, since maximum deviations of
3.1% (Kong) and 4.2% (Waldmann—-Hagler) were
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TABLE V  Influence of the combining rule on the density of H,S—CO, mixtures in the liquid state at 273 K, compared with experimental

measurements [47].

Lorentz—Berthelot Kong Waldmann—Hagler

Molar fraction of H,S Pressure (MPa) Pexp (kg/m>)
Psimulation % A Psimulation % A Psimulation % A
0.0955 15 951.9 1003.1 +5.4 964.5 +1.3 956.0 +0.4
0.2933 15 913.8 987.6 +8.1 926.0 +1.3 902.7 -12
0.500 2.7 846 931.4 +10.1 853.8 +0.9 829.7 -19

found, as illustrated by Table VI. As a whole, the
Kong combining rules appear clearly as the best
possible choice for the H,S—CO, system.

A potential problem when changing the combi-
ning rules is that they may change the properties of
pure CO,, since the carbon—oxygen interaction plays
a role in pure component properties and the
combining rules influence its parameters. We have
tested this point by computing again the coexistence
curve and supercritical densities of CO, with the
EPM-W potential parameters and the Kong combi-
ning rules. The maximum deviations on saturated
liquid densities, vapourisation enthalpies and satu-
ration pressures were found to be significantly
smaller with the Kong combining rules than with the
Lorentz—Berthelot. The supercritical densities of CO,
were predicted with a maximum deviation of 3.3%, a
slightly worse prediction than the 2.5% maximum
deviation which was encountered with the Lorentz—
Berthelot combining rules. As a whole, it may be
concluded from this test that the properties of pure
fluid CO, are still represented with a very good
accuracy when the Kong combining rules are used
with the optimised parameter set EPM-W.

Prediction of Densities and Excess Volumes at
High Pressure

As established in the previous section, the Kong
combining rules offer the best prediction of mixture
densities in the H,5-CO, system for a large
range of test conditions, either in the vapour, liquid
or supercritical state. It was thus decided to
use molecular simulation to provide reference
predictions for the same system at high pressure,

where no experimental data are presently available.
These reference predictions aim at capturing the
influence of pressure, temperature and composition.
We investigated all the possible combinations
involving four temperatures (273, 323, 373 and
423 K), four pressures (20, 40, 60 and 80 MPa) and
five mole fractions (0, 25, 50, 75 and 100% H,S).
Thus 80 simulations were performed.

The densities obtained at 323 and 423 K are shown in
Fig. 11a and b. Among others, these graphs show that
the influence of composition changes significantly in
the high-pressure range. For instance, an increase
of H,S molar fraction at 423K causes an increase in
density at 20 MPa while it causes a decrease of density
at 80 MPa. The volumetric properties of the H,S—-CO,
system have also been investigated for the same
state points, using a modified version of the Benedict—
Webb—-Rubin equation of state [48]. The densities
predicted by this route are in fair agreement with
molecular simulation results, as the maximum
differences are approximately 3% over all state points
investigated. This equation of state seems to predict
slightly lower densities for intermediate molar frac-
tions (25-75%), however. From these results, it was
also possible to compute excess volumes. The
statistical uncertainty in the determination of excess
volumes is estimated to be 0.5-1cm’/mol depending
on conditions. As a general feature, excess volumes are
positive in the investigated range of conditions, and
their evolution with H,S molar fraction is approxi-
mately parabolic, as illustrated by Fig. 12. At 273
and 323K, the pure components are both displaying
liquid-like densities in the whole pressure range, and
excess volumes are found to be small (typically
2 cm®/mol or less). Higher excess volumes are found at

TABLE VI  Influence of the combining rule on the density of H,S—CO, mixtures 400K, compared with experimental measurements [47].

Lorentz—Berthelot Kong Waldmann—Hagler
Molar fraction of H,S Pressure (MPa) Pexperiment (kg/m’)

Psimulation % A Psimulation % A Psimulation % A
0.0955 5 71.9 71.3 -0.8 71 -15 70.7 -1.6
7.5 113.9 113 -1.1 111.2 -23 110.8 —-27

0.2933 5 69.6 69 -0.7 68.2 -19 67.5 -3
7.5 111.0 110 -0.8 107.5 —-3.1 107 —35
0.500 5 67.5 67 -1.1 65.5 -29 65.2 —-34
7.5 107.9 109 +1.2 105 —-28 103.4 —4.2




18:29 14 January 2011

Downl oaded At:

644

P. UNGERER et al.

-~ . ¢ simulation-20MPa
S i ok b O simulation-40MPa
E - A simulation-60MPa
¢ simulation-80MPa

SBWR-20MPa

—— — SBWR-40MPa

—————— SBWR-60MPa

— ~ — SBWR-80MPa

0.4 06 0.8 1
Molar fraction H,S

T T e ¢ simulation-20MPa
"2600 o 1_:2_‘,_,5 ®  simulation-40MPa
E . L u - A simulation-60MPa
.g 4.1 4//,,—’ ¢ simulation-80MPa

s . 3 SBWR-20MPa

i ~— — SBWR-40MPa

---- SBWR-60MPa

0 - : : : .+ |— - — SBWR-80MPa

0 0.2 0.4 0.6 0.8 1

Molar fraction H,S

FIGURE 11  Density prediction of H,S—CO, system as a function of composition and pressure by molecular simulation using the Kong
combining rule at 323K (a) and 423K (b) SBWR refers to the predictions of the non-cubic equation of state of Soave [48].

373 and 423K, particularly at 20 MPa, where they = mately 100]/mol. Excess enthalpies are readily

exceed 10 cm®/mol.

Prediction of Excess Enthalpies

obtained for the same set of conditions as excess
volumes (pressures of 20-80MPa, temperatures
273-423 K and compositions of 0, 25, 50, 75 and 100%
H,S). As a general rule, the excess enthalpies in the

The statistical uncertainty on excess enthalpy,  H,S—CO,system are found to parallel the behaviour of

determined from Eq. (5), has been found tobe approxi-  the excess volumes. Indeed, excess enthalpy also
423K
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FIGURE 12 Molar excess volume in the H,S—-CO, system as a function of composition and pressure at 423K, predicted with the Kong

combining rule.
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FIGURE 13 Molar excess enthalpy in the H,S—CO, system as a function of composition and pressure at 423 K, predicted with the Kong

combining rule.

showed a parabolic dependence with composition.
The amplitude of excess enthalpies is also found
higher at the lower pressure (20 MPa) and the higher
temperature (423 K) of the investigated range (Fig. 13).

Prediction of Derivative Properties

In Table VII, we show the predictions of heat capacity,
isobaric thermal expansion coefficient, isothermal
compressivity and Joule-Thomson coefficient of
pure CO, and pure H,S in test conditions (350 K)
where CO; is supercritical while H,S is subcritical. It
may be seen that the first three properties are
predicted with a maximum deviation of 13%. The
prediction of the Joule-Thomson coefficient appears
less accurate, since deviations reach 30%. In fact
the statistical uncertainty on the Joule—Thomson
coefficient is estimated to be approximately
0.1K.MPa™!, so that the predicted values are in
reasonable agreement with experimentally-based
values if the uncertainty is considered. The inversion
of the Joule—Thomson coefficient when changing
from H,S to CO, is well described.

DISCUSSION

From a process engineering standpoint, the general
question raised by molecular simulation methods is
whether they may provide contributions that would

be impossible or difficult to obtain with experimental
measurements and/or classical thermodynamic
models. In the present study, we can reformulate the
question as “is it worth doing such lengthy calcu-
lations to predict properties of H,S-rich systems”?

A first way of answering the question is to
examine the capability of molecular simulation
algorithms to compute the desired thermodynamic
properties within a reasonable computer time. In the
present study, various properties were addressed:
molar volume, thermodynamic derivative properties
(heat capacity, compressibility,...), excess volumes,
excess enthalpy, and phase equilibria (either with
two or three coexisting phases). In a few cases, we
felt some limitations of the implemented algorithms
because of slow convergence (for instance aqueous
phases at ambient temperature) or because of low
solubility. Very low solubilities, as encountered in the
water—methane system at low pressure for instance,
could be addressed in future studies through
appropriate Widom tests [49]. Also, we have
experienced a well-known limitation of the Gibbs
ensemble technique to perform phase equilibrium
calculations in the vicinity of the critical region. In the
target range of pressure and temperature, this holds
for pure compounds (such as H,S) as well as for
mixtures (such as methane—H,S, see Fig. 4b). In order
to investigate the critical region, the histogram
reweighting technique [15] would probably provide
a very efficient improvement. An original point

TABLE VII  Comparison of thermodynamic derivative properties of pure H,S and pure CO, at 350 K and 40 MPa. Experimental data are
from the IUPAC correlation [51] in the case of CO, and from Goodwin [28] in the case of H,S.

H,S CO,
Experiment  Simulation Deviation Experiment Simulation Deviation
Heat capacity (Jmol 'K ™) 61.62 66.7 +8.3% 81.3 79.2 —3.8%
Isobaric thermal expansion coefficient (K™! x 107%) 2.43 2.34 —3.7% 4.03 3.66 —9.2%
Isothermal compressibility (kPa™ 1 2.88 2.77 —3.8% 7.27 6.30 —13.3%
Joule—Thomson coefficient (K. MPa ™) —0.109 —0.148 —36% 0.266 0.191 —28%
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in our study has been the investigation of excess
enthalpy and excess volume. Although these
properties are determined with a significant statis-
tical uncertainty, the major trends can be identified
without any problem.

Nevertheless, we have not encountered serious
limitations because of the available algorithms in the
present study. All the results have been obtained
with a few PC-Linux workstations, so the computer
cost is a minor part in the molecular simulation study
compared with manpower. A factor that eased the
study significantly was the implementation of the
various algorithms (NPT, Gibbs ensemble, fluctua-
tions) in a consistent software package, so that the
time spent in file checking and data processing was
reasonable. However, substantial improvements are
still expected from more powerful computers and
improved algorithms.

A second way to evaluate our study is to discuss
prediction capability from a qualitative standpoint.
In this respect, we have to stress first that the
intermolecular potentials used in the present
investigation have been determined from pure
component parameters only. Despite this disadvan-
tage, molecular simulation results agree generally
well with available experimental results on the phase
equilibrium of binary mixtures. This is not very
surprising for the methane—H,S system, since it is
known that the phase behavior of alkane—H,S
systems is correctly predicted with standard poten-
tials [40]. Nor is it surprising that fair predictions
are found for the water—methane binary mixture, as
this system is reasonably described with simple
potentials [8—10]. The case of the water—H,S mixture
is more interesting, since molecular simulation
predicts the liquid-liquid immiscibility at high
pressure as well as the three-phase equilibrium
conditions. It is particularly satisfactory that the
solubility of water is found larger in the H,S-rich
liquid than in the vapour phase, in agreement with
experimental measurements and earlier simulations
[11]. According to our simulations, this phenomenon
is probably due to the association of water in small
clusters in the HyS-rich liquid phase, resulting from
the strong dipole moment of water molecules. The
number-based distribution shown in Fig. 7 is not very
far from the exponentially decreasing distribution
that is found with classical association models when
the Gibbs energy of association is considered constant
per molecule. Two facts indicate that this distribution
is clearly non-random. The first is that the probability
for a water molecule to be in a monomer is 60%, while
it would be approximately 80% in a random liquid
containing 2% of water molecules. The second fact is
the importance of trimers, which would be almost
negligible in a random fluid. However, we must keep
in mind that the cluster analysis is preliminary.
In future studies, a more appropriate definition of the

clusters should be made on the basis of the
hydrogen—oxygen distance [50].

We may notice that the usual procedure to
determine Henry’s constants from biased Widom
tests [8,9] would not have been adapted to determine
the solubility of water in the H,S-rich liquid phase.
Indeed, this procedure would have measured the
solubility of the monomers only, and it would not
have accounted for the association of water in small
clusters.

Regarding single phase properties like densities or
derivative properties, predictions are also satisfac-
tory. It is particularly encouraging that the change in
sign of the Joule-Thomson coefficient is correctly
predicted at high pressure when changing from CO,
to st

The third point that we will discuss here is the
capability of molecular simulation to provide
quantitative results. With respect to the phase
equilibria of binary systems, our results are not as
accurate as state-of-the art thermodynamic models,
but they do not benefit from the calibration on binary
systems which has been performed with these
models. Simulation might be of equivalent accuracy
for the ternary system, for which no experimental
data are available. For instance, the prediction of
water solubility in the H,S liquid phase as a function
of the methane content (Fig. 9) is probably safer from
molecular simulation, because of the self-association
of water molecules in this process. With respect to
volumetric properties, molecular simulation pro-
vides an equivalent accuracy to state-of the art
equations of state for pure compounds as well as for
the investigated mixtures, as illustrated by the H,S—
CO; system. In this case, the consistent comparison
with the non-cubic equation of state of Soave [48]
validates its use as an engineering equation of state
in a fully independent way. It may be objected that
obtaining good predictions has required a change of
the combining rules, as the Lorentz—Berthelot usual
prescription did not provide satisfactory answers for
the binary CO,—-H,S mixture. However, the Kong
and Waldmann-Hagler combining rules have been
already reported as being more satisfactory, from a
theoretical as well as from a practical viewpoint
[15,19]. They are indeed based on the geometric
mean of the o° coefficient, which is more defend-
able from the theory of the London dispersion forces
than the geometric mean of the & coefficient used in
the Lorentz—Berthelot rules. In retrospect, it appears
that we should repeat the whole study with Kong'’s
combining rules. This would not require us to
optimize again the Lennard-Jones parameters for
methane, H,S and water, as the properties of these
pure components do not depend on the combining
rules. However, the phase equilibrium calculations
on binary mixtures are certainly influenced by the
combining rules and this should be tested. These tests
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are beyond the scope of the present study but will
certainly be interesting in future work.

CONCLUSION

From an industrial standpoint, these results provide
a fair prediction of phase behaviour in general and a
key understanding of water solubility behaviour in
H,S-rich gases. If no phase equilibrium data had
been available on binary mixtures, phase equilibria
would have been predicted in a way sufficient for a
preliminary process design. The deviations on the
composition of the coexisting phases ranged from
1 to 5% in most cases, which may be considered a
good performance as the intermolecular potentials
used in the study have been determined exclusively
from pure component properties. This capability is
specific to molecular simulation, since binary
systems involving polar compounds cannot be
predicted from classical thermodynamic models
without binary data, even from a qualitative
standpoint. In the water—methane—-H,S system
investigated here, much is already known, but the
same approach could be applied to systems invol-
ving poorly known components, where data are
scarce. There are numerous secondary components
in natural gas like COS, thiols, or organo-mercuric
compounds, for which little or no experimental
information is available about their phase equilibria
when mixed with hydrocarbons, water and common
chemicals.

Density predictions are also very useful for the
purpose of acid gas reinjection in deep reservoirs.
Compared with cubic equations of state, molecular
simulation has the advantage of predicting more
safely derivative properties such as thermal expan-
sivity or compressibility coefficient. Satisfactory
prediction has been found on the H,S—CO, system,
for which maximum deviations on density are
approximately 3% over a large range of composition,
pressure and temperature. This has been obtained
without calibration of any binary parameter. The
predictions can be extended to extreme conditions,
where they have been used to validate an engineering
equation of state. However, we have to recognize
that the prediction of this system was based on
Kong’s combining rules, while the first prediction
with the Lorentz—Berthelot rules was disappointing.
This illustrates the fact that the combining rules
are still a poorly tested point in intermolecular
potentials, which deserve more thorough studies in
the future.

Based on the present study, we can precisely
define the role molecular simulation can have in
industrial projects. It cannot pretend to replace
equations of state, which remain necessary for the
tremendous number of repeated calculations

involved in process design or in multiphase fluid
flow simulation of reservoirs. Neither can it replace
experiments when high accuracy data are needed for
process design. Nevertheless, Monte Carlo simu-
lation methods and associated intermolecular poten-
tials may be considered as viable tools providing a
qualitative understanding of fluid structure together
with a fair prediction of thermodynamic properties,
especially useful when classical models are limited
by the lack of experimental data at an early stage of
process development.
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