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Direct interfacial molecular dynamics simulations are used to obtain the phase behavior and interfacial tension of
CO>—H>0-NaCl mixtures over a broad temperature and pressure range (50°C <T <250°C, 0 <P <600 bar) and NaCl
concentrations (1-4 mollkg H,0). The predictive ability of several existing water (SPC and TIP4P2005), carbon dioxide
(EPM?2 and TraPPE), and sodium chloride (SD and DRVH) models is studied and compared, using conventional Lor-
entz—Berthelot combining rules for the unlike-pair parameters. Under conditions of moderate NaCl molality (~1 mol/kg
H>0), the predictions of the CO; solubility in the water-rich and CO;-rich phase resemble those in the CO,~H,0 system
[Liu et al., J Phys Chem B. 2011;115:6629-6635]. Consistent with our previous work, the TraPPE/TIP4P2005 model
combination gives the best overall performance in predicting coexistence composition and pressure in the water-rich
phase. Critical assessments are also made on the ranges of temperature and pressure where particular model combina-
tions work better. The dependence of the interfacial tension on temperature and pressure is better predicted by the
TraPPE/TIP4P2005 and EPM2/SPC models, whereas the EPM2/TIP4P2005 model overestimates this property by
10-20%, possibly due to the inadequacy of the combining rules. It is also found that the interfacial tension increases
with salt concentration, consistent with experimental observations. © 2013 American Institute of Chemical Engineers
AIChE J, 59: 3514-3522, 2013
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Introduction Experimental measurements of the solubility of CO, in pure
water and in aqueous NaCl solutions are difficult and expensive
to carry out, and, thus, are only available for a limited number
of temperature/pressure/composition conditions (see Refs. 8-10
for a comprehensive review). Many thermodynamic models
have shown satisfactory modeling ability at relatively low tem-
peratures and pressures,@&g’“’13 yet they have limited predic-
tive ability at other conditions, for example, high temperatures
and pressures near the critical locus.®”"'*'> In addition, classical
thermodynamic models do not provide insights into the micro-
scopic basis for the thermophysical behavior of fluids. Com-
puter simulations, on the other hand, can bridge the gap
between macroscopic properties and microscopic intermolecu-
lar interactions. In recent years, computer simulation has
become an increasingly attractive tool for fluid property predic-
tions, thanks to the development of sophisticated simulation
techniques. Many atomistic models have been developed for
the intermolecular interactions of various substances, and the
equilibrium properties of pure substances and their mixtures
can be determined from Monte Carlo or molecular dynamics
(MD) simulations coupled with advanced techniques such as
Gibbs ensemble Monte Carlo,'®™'® histogram-reweighting grand
canonical Monte Carlo,lg*21 NPT + test particle method,22 and
direct simulations of liquid—vapor interfaces.”> Advances in

Emissions of long-lived greenhouse gases are believed to
be a major driver of climate change.1 Carbon dioxide (CO»,)
is the most important greenhouse gas, accounting for 56.6%
of the total annual greenhouse gas emissions in 2004." Prom-
inent among the strategies to lower CO, emissions currently
under investigation is carbon sequestration,” which involves
capturing CO, and storing it in geological repositories, such
as deep saline aquifers, coal beds, and hydrocarbon reser-
voirs. In these geological reservoirs, sodium chloride (NaCl)
is the most common dissolved salt.? Therefore, to assess the
feasibility of carbon sequestration, it is important to under-
stand the phase behavior of the CO,~H,0-NaCl system over
a wide range of temperatures and pressures. Interfacial ten-
sion is another property of great importance to CO, storage,
because it governs flow processes and controls the capillary-
sealing efficiency.*” Moreover, knowledge of the fluid phase
behavior and interfacial properties of the CO,—H,O-NaCl
system is also necessary in CO,-based enhanced oil recovery
operations® and in the design of separation equipment.’

Additional Supporting Information may be found in the online version of this

article. computational power are also significant. The utilization of par-
u gg;rbzsr{);@n(}iirilgceefgszzﬂing this article should be addressed to P. G. Debenedetti allel computing, such as open MPI and graphics processing

units, has made computer simulations much easier and faster
© 2013 American Institute of Chemical Engineers than ever before.?*

3514 September 2013 Vol. 59, No. 9 AIChE Journal



Somewhat surprisingly, there have been relatively few
prior simulation studies of the CO,-H,0O and CO,-H,0-
NaCl systems. Vorholz et al.>> applied Gibbs ensemble sim-
ulations to study the phase behavior of the CO,—H,0O system
over the temperature and pressure ranges 75-120°C and 0—
200 bar, respectively, and that of the CO,—H,0-NaCl system
over the temperature and pressure range 100-160°C and 0—
100 bar, respectively.”® Recently, some of us applied histo-
gram-reweighting grand canonical Monte Carlo simulations
to study the phase behavior of the CO,—H,O system over a
broader temperature and pressure range (50°C <7 <350°C
and 0<P <1000 bar).”’ Histogram-reweighting techniques
provide a more accurate route to calculate the phase coexis-
tence properties near critical points but are not suitable for
the study of solutions with added salt, due to the extremely
low acceptance ratio of adding or deleting strongly interact-
ing electrolytes. Alternatively, the phase equilibrium of the
CO,—H,0-NaCl system can be obtained using Gibbs ensem-
ble simulations or direct interfacial simulations. In recent
years, direct interfacial simulation techniques have become a
robust and simple tool to obtain phase equilibrium properties
of both pure fluids 2830 and mixtures,> ™ primarily because
computational capabilities are now adequate for simulating
relatively large systems over the appreciable times needed to
reach equilibration through diffusion. MD simulations can be
efficiently parallelized, allowing significant reduction of
computer time compared to serial executions when large sys-
tems are considered. MD is an efficient technique for the
simulation of dense phases and can be readily applied to
increasingly complex systems thanks to the availability of
highly optimized open-source packages such as LAMMPS.*®
In addition, this method provides information on the surface
tension between coexisting phases.®’ "

In this work, we study the mutual solubility and interfacial
tension in the CO,—H,0-NaCl system over a broad range of
temperatures (from 50 to 250°C), pressures (from 0 to 600
bar), and NaCl concentrations (1-4 mol/kg H,O), using
direct interfacial MD simulations. We also assess the predic-
tive abilities of several combinations of existing H,O, CO,,
and NaCl models. To describe water, we use the SPC** and
TIP4P2005*" intermolecular potential models. For CO,, we
adopt the EPM2* and TraPPE* models. The SPC model is
chosen because it gives better prediction of water’s vapor
pressure than most of the water models,27 which is shown to
be a key factor for the predictions of the vapor—liquid equi-
librium of the CO,~H,O mixture.”” The TraPPE/TIP4P2005
combination is also the best model to predict the solubility
of CO, in water at various pressures27 and is therefore cho-
sen for further investigation. Two models are tested for
NaCl: the one developed by Smith and Dang (SD model)**
and the one recently developed by Deublein et al.** (in the
following referred to as the DRVH model). The DRVH
model was originally developed to reproduce the experimen-
tal self-diffusion coefficient of Na® and CI~ and the osmotic
coefficient of water in aqueous solutions of alkali halide
salts. This model uses a Lennard-Jones potential and, hence,
is straightforward to combine with other models adopted in
this work. The characteristic energy parameter of this model
is significantly larger than that of the SD model.

This article is structured as follows. “Method” section pro-
vides methodological details on the interaction potential models
used and the simulation approach. “Results and Discussion” sec-
tion presents the results and comparisons to experimental data.
“Conclusions” section lists the main conclusions from this work.
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Methods
Model system

All the water models investigated in this study include a
Lennard-Jones potential to describe central oxygen—oxygen
repulsion and dispersion interactions, and fixed-point charges
to represent electrostatic contributions. The SPC water
model*® has three charged sites, corresponding to the three
atoms of the water molecule with an HOH angle of 109.47°.
In the TIP4P2005 water model,*' the charge on the oxygen
site is moved a short distance toward the hydrogen atoms to
a so-called “M-site,” and the HOH angle takes the observed
value, 104.52°. In the EPM2** and TRAPPE* CO, models,
both the carbon and the oxygen atoms are represented by
partially charged Lennard-Jones sites. The sodium chloride
ions are represented as charged Lennard-Jones particles in
both the SD** and the DRVH* models. The total interaction
between two molecules i and j with m and » interaction sites,
respectively, is calculated as the sum of Lennard-Jones and
Coulomb interactions

12 6
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where & is the vacuum permittivity; r% is the distance
between sites @ and b of molecules i and j; ¢{ is the charge
on site a of molecule i; and sgf’and af}b are the Lennard-Jones
interaction parameters between sites a and b. The intermo-
lecular potential parameters for the models studied in this
work are listed in Table 1, Supporting Information.

The commonly used Lorentz—Berthelot combining rules
are applied to the interactions between unlike Lennard-Jones
sites with the exception of the EPM2 model. In the EPM2
potential, the characteristic distance ag-” between unlike sites
of carbon dioxide molecules is calculated using the geomet-
ric mean rather than the arithmetic mean, as suggested in the
original reference.*?> To summarize, the cross-interaction pa-

rameters are expressed as
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Computational methods

MD simulations are used to compute the vapor—liquid
interface of the CO,—H,O-NaCl system, and all simulations
are performed using the LAMMPS package.’® We follow the
standard technique for direct interface computation using ca-
nonical conditions whereby a fixed number of molecules are
placed in a rectangular box with fixed dimensions L, X L,
X L, chosen appropriately, so that the thermodynamic state
lies inside the two-phase region. If the dimensions of the
box are chosen such that L, =L, <L, the system will spon-
taneously separate into two thermodynamically stable phases
separated by a planar interface with its surface located nor-
mal to the longer axis.

Although this technique is rather straightforward to apply,
the precise selection of the global composition and total
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volume V of the system to simulate turns out to be subtle
and deserves some additional comments. First, it should be
noted that, for a given force-field, number of molecules, and
temperature 7, we do not know in advance which total vol-
ume V will place the system in the pressure region of inter-
est. Second, it is important that the global composition of
the simulated system lead to the formation of two equili-
brated phases with comparable volumes. Therefore, to deter-
mine good values for the input parameters of our
simulations, it is necessary to obtain preliminary estimates of
the equilibrium mole fractions and specific volumes of each
phase. Good approximations for these quantities can, in prin-
ciple, be extracted from analytical equations of state,
although some discrepancies are expected, because analytical
theories are generally based on simpler descriptions of the
molecular interactions. A different approach is used in this
work, consisting of performing short Gibbs ensemble Monte
Carlo simulations for a few selected models to extract ap-
proximate values of the specific volume of each phase for a
set of pressure and temperature conditions of interest. Next,
with the additional knowledge of experimental mutual solu-
bility of CO, in binary CO,—H,O mixtures, we are able to
determine appropriate system sizes (total number for each
species) for each temperature studied, as well as reasonable
starting values for the total volume of the box that would
drive the system to phase separate. Once the first equilibrium
state point is obtained (at a given temperature), different
pressure conditions are obtained by gradually increasing or
decreasing the volume of the box.

There is no unique way to determine the initial configura-
tion of the system in this direct interface simulation. One
could potentially start from a fully mixed state and wait for
the system to evolve and ultimately phase separate, if appro-
priate conditions are selected. However, to reach equilibrium
within reasonable computer time, we prefer to start from ini-
tially demixed systems. This is done by first equilibrating
two separate simulation boxes, containing the CO,-rich
phase on one side and the water-rich phase (including the
salt) on the other. As stated previously that each box’s
dimensions are chosen carefully so as to correspond to the
specific volumes of each phase obtained by preliminary
Gibbs ensemble calculations. Following this pre-equilibration
step, the two phases are then put into contact by forming a
single simulation box.

In this study, the system size varies between 1320 and
3200 particles, including 17-100 Na® and Cl™ ions, and
300-600 carbon dioxide molecules. The particle—particle—
particle mesh Ewald method*® with conducting boundary
conditions is applied to calculate the long-ranged contribu-
tions to the electrostatic energy and forces between particles,
with a grid size selected to obtain a relative accuracy of the
electrostatic energy of less than one part in 10*. We use a
cutoff of 15 A for both the Lennard-Jones potential and the
real space components of the Ewald summations. In our sim-
ulations, we use adequately large system sizes and fairly
large cutoffs for pair potentials. We checked that these pa-
rameters do not affect the calculated phase equilibrium data
and interfacial properties by performing test simulations at
half the system size, using smaller cutoffs (12 A instead of
15 A); these test simulations gave results statistically identi-
cal to the calculations reported here. Both water and CO, are
treated as rigid bodies and their time evolution is computed
using a Nosé—Hoover thermostat*”*® for the translational and
rotational degrees of freedom of the molecules. The veloc-
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ities and positions of the ions are updated with a constant
NVE scheme. Note that the mixtures studied contain only a
small amount of ions compared to the total amount of CO,
and water molecules in the simulation box. Consequently,
the kinetic energy of the ions depends almost exclusively on
their interactions with the solvent molecules (water and
CO,), which play the role of a heat bath. This interaction
then effectively thermostats the ions’ temperature through
collision forces without the need of introducing a Nosé—Hoo-
ver treatment explicitly to the ions.

The integration time step is set to 1 fs, ensuring good
energy conservation. Each simulation is equilibrated over
10° to 6 X 10° time steps and 2 X 10° to 6 X 10° steps are
considered for production runs, in which the thermodynamic
properties of interest, such as mole fraction, molality, pres-
sure, and density are obtained by taking the appropriate en-
semble averages. The production data are also divided into
4-8 blocks, and the block averages are taken. The equilib-
rium time is long enough to make sure that the instant prop-
erties, such as energy and pressure, do not exhibit any drift
during the production period.

The density profiles are calculated by dividing the simulation
cell into 35-50 slabs in the z direction and computing the den-
sity and mole fraction in each slab. At phase coexistence condi-
tions away from the critical locus, the system becomes
inhomogeneous and naturally separates into the water-rich and
CO,-rich phases along the z direction. Note that all the calcula-
tions in this work are performed at temperatures above the criti-
cal point of CO,, so that the system is never placed in the three-
phase (liquid—-liquid—vapor) region. The interfacial density pro-
file can be fitted to an empirical hyperbolic tangent function®®

p(2)=3 (o) = 3 (L —pJtanh (=) /d] )
where p; and p, correspond to the saturated liquid and
vapor densities, respectively. In this equation, d represents a
measure of the interfacial thickness, which is related to the
“10-90” thickness parameter ¢, by ¢= 2.1972d.%°° 2,
denotes the position of the Gibbs dividing surface. Similar to
density, the composition in the CO,-rich and water-rich
phases can be obtained by fitting the simulated concentration
profile to Eq. 4, as shown in Figure 1.

Another important property of the vapor—liquid interface
is the surface tension. This quantity can be readily evaluated
using its mechanical definition involving knowledge of the
diagonal elements of the pressure tensor P, P,,, and P,
through the following relation®

“/Z% [(PZZ)—O.SX((Pxx>+<Pyy>)] ©)

where L. is the cell length in the z direction and (...)
denotes canonical ensemble averages. The vapor pressure is
obtained from the pressure components in the direction per-
pendicular to the interface, P... The statistical uncertainty of
the results is estimated by dividing the whole production pe-
riod into three to four blocks of equal size and calculating
the standard deviation of the block averages.

Results and Discussion

The equilibrium mole fraction of CO, in the water-rich (x)
and CO,-rich phases (y), the molalities m of CO, and NaCl
in the water-rich phase (in units of moles/kg of water
throughout), and the vapor—liquid interfacial tension
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Figure 1. The concentration profile at the vapor-liquid
interface using the TraPPE/TIP4P2005/SD
model at 150°C, myac) ~ 1.

(Top) An equilibrium configuration. Na® (blue), CI~
(yellow), C (green), H (white), and O (red) atoms are
shown explicitly. (Bottom) CO, mole fraction (open red
circles) as a function of position, fitted to the hyperbolic
tangent function of Eq. 4 (solid line). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com]

predicted by various models are listed in Tables 2-5, Sup-
porting Information. In Figure 2, we plot the solubility of
CO; in brine (mnac1 &~ 1) and the corresponding composition
in the CO,-rich phase at 50°C and relatively low pressures
(up to 300 bar), where experimental data are available.’
Three combinations of CO,-H,O models are tested: EPM2/
TIP4P2005, TraPPE/TIP4P2005, and EPM2/SPC, along with
the SD model for NaCl. In our previous work,?’ the TraPPE/
TIP4P2005 model was found to provide the most accurate
coexistence compositions and pressures for the water-rich
phase, overall. The EPM2/SPC model was found to repro-
duce experimental CO, solubility in the liquid phase at
150°C, but it overestimated this property at higher tempera-
tures (250°C) and underestimated it at lower temperatures
(50°C).*” In this work, the molality of CO, in the water-rich
phase and the mole fractions in the CO,-rich phase calcu-
lated for all the models show a qualitatively correct mono-
tonic dependence on pressure. In the water-rich phase,
reasonable agreement between experimental data and simula-
tion results is achieved using the TraPPE/TIP4P2005 model,
whereas the EPM2/TIP4P2005 and the EPM2/SPC models
both underpredict the CO, solubility by approximately
30—40%. In the CO,-rich phase, the differences in the pre-
dicted solubility between those models become much
smaller. The mole fraction of water in the vapor phase
is quite small (about 0.25%), and no NaCl is found in the
CO,-rich phase.
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Figure 3 shows a comparison between the pressure de-
pendence of the interfacial tensions of the CO,-H,O-NaCl
system predicted by the various models considered in this
work, at 50°C and my,c; =~ 1, and the experimental values at
similar conditions. All force field models predict that the
interfacial tension decreases monotonically with respect to
pressure. The interfacial tension predicted by the TraPPE/
TIP4P2005/SD model agrees well with the data reported in
Ref. 52, where a mixed salt of 0.864 (mole fraction)
NaCl + 0.136 (mole fraction) KCI was used instead of NaCl.
The influence of Na™ and K™ on the interfacial tension prop-
erties was shown to be similar by comparing results in that
work with experimental data of different sources.’> Two
additional sets of experimental data from Ref. 4 are also
shown in this figure. Note that at 21°C, the experimental
interfacial tension shows a discontinuity due to the transition
from liquid—vapor to liquid—liquid equilibrium. This disconti-
nuity disappears at temperatures higher than the upper criti-
cal end point of CO,—H,O (which is almost the same as the
critical temperature of pure CO,). One would expect that the
value of the surface tension at 50°C, miy,c = 0.89, lies
between the experimental data at 21°C, my,c; = 0.89, and at
71°C, myaci = 0.89, and that the interfacial tension at 50°C,
MNact = 1, would be slightly higher than at 50°C,
Mnact = 0.89. Based on this comparison, we find that the
EPM2/SPC/SD model is the most consistent with these sets
of experimental data. The EPM2/TIP4P2005/SD model over-
estimates the interfacial tension at all pressures studied.

Figure 4 shows the mutual solubility of the CO,-H,O-
NaCl system at 150°C over a broader range of pressure (up
to 600 bar), predicted by the same combinations of models
as in Figure 2. The CO, solubility in the water-rich phase is
best predicted by the EPM2/SPC/SD model, for which the
simulation results agree well with the experimental data. The
TraPPE/TIP4P2005/SD model underpredicts this quantity by
about 10% on average. The EPM2/TIP4P2005/SD model
underestimates this quantity greatly (by roughly 30-40%),
and its predictions differ increasingly from the experimental
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—
T
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e ®
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100 2 _!4

—a&— g

0 1 1 1 L 1 L
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m__(mol/kg) Voo
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Figure 2. Solubility of CO, in brine (in mol COy/kg of
H,0) and corresponding mole fractions in the
CO,-rich phase at 50°C for myac ~ 1.

(Green square) TraPPE/TIP4P2005 model; (red circle)
EPM2/TIP4P2005 model; and (blue triangle) EPM2/SPC
model. SD model is used for NaCl. Experimental data of
Ref. 51 are also shown (solid line). [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 3. Interfacial tension of CO,/H,O/NaCl system
as a function of pressure at 50°C, myac; ~ 1.

Symbols for simulation results are the same as Figure 2.
Experimental data of Ref. 52 for a brine composed of
(0.864 NaCl + 0.136 KCIl) and total salt molality = 0.98
(solid line) and experimental data of Ref. 4. T=71°C,
mnac1 = 0.87 (dotted line) and T =27°C, mny,c) = 0.87
(dashed line). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com]

data on increasing the pressure. In the CO,-rich phase, the
EPM2/TIP4P2005/SD and TraPPE/TIP4P2005/SD models
yield comparable results; the CO, mole fractions in the CO,-
rich phase predicted by these models are both ~2% higher
than the corresponding predictions by the EPM2/SPC/SD
model. Interestingly, very similar predicted trends by the
three combinations of models were found in the CO,—H,O
system (see Figures 1 and 2 in Ref. 27), with the EPM2/SPC
model exhibiting the best agreement with the experimental
CO, mole fraction in the vapor. We also point out that no
NaCl is found in the vapor phase at this temperature, even at
the highest pressures considered here.

T T T
600 - o - ® -
500 |- . - ; .
' 5
El
=400 - . = 4
8 i
g=- L
o
300 | - = ————
-
200 | g - -
- ne:
100 | g - s e
0 1 1 1 1 1 1
0.0 0.5 1.0 1.5 092 094 096 098 100
m_,(mol/kg) Yo

Figure 4. Solubility of CO, in the brine and its corre-
sponding composition in the CO,-rich phase
at 150°C, myac) ~ 1.
Symbols are the same as Figure 2. Experimental data of
Ref. 54 are also shown (solid line). [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 5. Interfacial tension of CO,/H,O/NaCl system
as a function of pressure at 150°C.

15 1 1 1 1 1

Symbols for simulation and experimental results are the
same as Figure 3. [Color figure can be viewed in the
online issue, which is available at
wileyonlinelibrary.com]

Interfacial tensions at 150°C predicted by these models
are shown in Figure 5, in which we compare our simulation
results with experimental values from Ref. 52. Similar to the
calculations at 50°C, the interfacial tension decreases more
slowly as the pressure increases and eventually approaches a
plateau. Comparison with Figure 3 shows that the interfacial
tension decreases with temperature, a trend that is also
observed in experiments.5 2 At 150°C, the TraPPE/TIP4P005/
SD model overpredicts this property by ~3 mN/m on aver-
age, and the EPM2/SPC/SD model underpredicts this prop-
erty by about 2 mN/m. The EPM2/TIP4P2005/SD model
also yields values that are about 5 mN/m higher than the ex-
perimental data. Note that in a recent simulation study of the
interfacial tension for the CO,-H,O system, the EPM2/

T T T T T
[]
4 L & 4
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i - — - - -
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4 L 'Y - i
-: | ]
s
a 4 2 a @ 4
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0 L L 1 L L 1 1 L
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Figure 6. Solubility of CO, in the brine and its corre-
sponding compositions in the COs-rich
phase at 250°C, myac) ~ 1.
Symbols are the same as Figure 2. Experimental data of
Ref. 54 are also shown (solid line). [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 7. Solubility of CO, in the brine and its corre-
sponding compositions in the CO,-rich
phase at 150°C, myac) ~ 1.
(Red circle) SD model and (violet diamond) DRVH
model. EPM2/TIP4P2005 model is used for CO,/H,O.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

TIP4P2005 model was also found to overpredict the interfa-
cial tension relative to experimental values.’

Figure 6 shows the mutual solubility in the CO,—H,O-
NaCl system at 250°C over the same range of pressures (up
to 600 bar), predicted by the same combination of models as
in Figure 2. At this temperature, the TraPPE/TTP4P2005/SD
model is the best among the three combinations in predicting
the CO, solubility in the liquid phase. The EPM2/
TIP4P2005/SD and EPM2/SPC/SD models underpredict and
overpredict the CO, molality, respectively, and their dis-
agreement with the experimental data is amplified on
increasing pressure. In the CO,-rich phase, the prediction of
the composition is more sensitive to the water model than to
the CO, model, similar to the situation at 150°C. Using the

a0 | % :
35 E 4
L L |

25 B

y (mMN/m)

20 1 1 I I 1 1
0 100 200 300 400 500 600

P (bar)
Figure 8. Interfacial tension of CO,/H,O/NaCl system
as a function of pressure at 150°C, myac ~
1.
Symbols are the same as Figure 7. [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com]
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Figure 9. Solubility of CO, in the brine and its corre-

sponding compositions in the COj-rich
phase at 250°C.
(red closed circle) mn,c; =~ 1 and (red open circle) mn,cy
~ 4. EPM2/TIP4P2005/SD model is used for CO,/H,0/
NaCl. Experimental data of Ref. 54 are also shown,
maac1 ~ 1 (solid line) and mn,c1 ~ 4 (dashed line).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

same water model (TIP4P2005) but different CO, models
(EPM2 and TraPPE), we find the simulated CO, mole frac-
tion to be almost unchanged. By contrast, using the same
CO; model (EPM2), the CO, mole fraction drops roughly by
25% (from ~0.8 to ~0.6) when switching from the
TIP4P2005 to the SPC model. For all the models tested
here, the NaCl concentration in the CO,-rich phase is found
to be zero. As the temperature increases, the system
approaches its critical locus,>® resulting in a significantly
decreased surface tension compared to data at 150 and 50°C
(see Tables 2—4, Supporting Information).

Comparing Figures 2, 4, and 6 to Figures 1 and 2 in Ref.
27, we find that the temperature-dependent predictive abil-
ities of the various models studied here are very similar to
the trends found in the CO,—H,O system, which indicates
that the choice of the NaCl model may not have as big an
impact as the choice of the CO,-H,O model in determining
the phase equilibrium properties. To further evaluate the
impact of the NaCl models, we adopted a newly developed
NaCl model by Deublein et al.** (henceforth DRVH) in con-
junction with the EPM2/TIP4P2005 system and compared
the solubility and interfacial tension results with those of the
EPM2/TTP4P2005/SD model at 150°C. The DRVH model is
quite different from the SD model: its Lennard-Jones charac-
teristic energy ¢ is more than three times larger. The compar-
isons between the two models are shown in Figures 7 and 8.
As shown in Figure 7, the CO, solubility predicted by the
two models agrees with each other within error bars in both
the water-rich and CO,-rich phases. The interfacial tensions
predicted by these two models are also found to be consist-
ent with each other, as shown in Figure 8. Despite the sharp
contrast in the NaCl model parameters, our results show that
for relatively low NaCl concentrations (mnac; =~ 1), the pre-
dictive abilities of CO,/H,O/NaCl models are primarily
determined by the choice of CO,/H,O combinations and are
rather insensitive to the choice of NaCl model.

As discussed in our preceding work,?’ the limited predic-
tive ability of the various models with respect to phase

DOI 10.1002/aic 3519



T T T T T T
30 -
25 E
E
=
£ xlL _
il
15 i E
10 1 1 1 1 1 1
0 100 200 300 400 500 600 700

P (bar)

Figure 10. Interfacial tension of CO,/H,O/NaCl system
as a function of pressure at 250°C.
Symbols are the same as Figure 9 [Color figure can be

viewed in the online issue, which is available at
wileyonlinelibrary.com].

equilibrium properties is largely a consequence of the inabil-
ity of most water models to yield sufficiently accurate vapor
pressures. As for interfacial tensions, most of the existing
water models, including the SPC model, underestimate this
property™ except for the TIP4P2005 model, which is shown
to reproduce the experimental surface tension of water very
well.>® The EPM2 model can also reproduce the experimen-
tal surface tension of COz,57 However, when the Lorentz-
Berthelot combining rules are applied, the EPM2/TIP4P2005
model overestimates the mixture’s surface tensions. This
effect of the Lorentz—Berthelot combining rules most likely
compensates the underprediction of the SPC model and leads
to the satisfactory performance of the EPM2/SPC combina-
tion at low temperatures.

In Figure 9, we evaluate the influence of salt concentration
on the phase equilibrium properties of the mixtures by
increasing the NaCl molality to 4 mol/kg H,O. We conduct
our investigations at 250°C using the EPM2/TIP4P2005/SD
models. Upon increasing the NaCl concentration in the
water-rich phase, the CO, solubility becomes much lower,
which is commonly referred as the “salting-out” effect.”® For
the specific model studied, the discrepancies between the
simulated and experimental data become smaller on increas-
ing the NaCl concentration. The effects of salt concentration
on the equilibrium properties in the CO,-rich phase are quite
small compared with that in the liquid phase. The CO, mole
fraction increases only slightly while the NaCl concentration
increases fourfold from 1 to 4 mol/kg H,O. Once more, no
salt is found in the CO,-rich phase.

It has been shown in experiments that the addition of
salt leads to an increase of the interfacial tension, and there
exists a linear relationship between the increase of the inter-
facial tension and salt concentration

Oy=Annaci (6)

4,58,59

where 0y is the increase in interfacial tension compared to
the pure water system at the same temperature and pressure.
The constant A is independent of temperature and pressure
with a unique value of 1.43 for pressures above which the
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y—P curve reaches the plateau. For pressures below which
the y—P plot reaches the plateau, the constant A fluctuates
slightly and is measured to be 1.49 at 27°C, 2.53 at 71°C,
and 2.22 at 100°C and is independent of pressure.4 In Figure
10, we compare the interfacial tension for my,c; =~ 1 and
MNact =~ 4 at 250°C. It can be seen clearly that the addition
of salt increases the interfacial tension. We also see that at
this temperature, the y—P plot does not reach the plateau
before P =500 bar. We then compute dy by subtracting the
interfacial tension for my,c; =~ 1 mol/kg from the interfacial
tension for my,c; &= 4 mol/kg at each of the pressures listed
in Table 3, Supporting Information below 500 bar and at
MNact =~ 1 mol/kg, which are 109.0, 308.0, 415.6, and
491.1bar, and taking the average of the results at the four
pressures. The surface tensions for my,c; ~ 4 mol/kg at
these pressures are estimated by linear interpolation between
the two closest simulation data (listed in Table 3, Supporting
Information) for each pressure. After dividing dy by the
increase in myycp, that is, 3 mol/kg H,O, we found A =2.1,
which is within the range of the fluctuation estimated by
experiments referred to earlier.

Conclusions

In this work, we investigate the phase equilibrium and sur-
face tension properties for the vapor—liquid phase transition
in the CO,—H,0O-NaCl system, over a broad range of tem-
peratures (50-250°C), pressures (0—600 bar), and NaCl con-
centrations (1-4 mol/kg H,O) via direct interfacial MD
simulations. Four combinations of models are tested: EPM2/
TIP4P2005/SD, TraPPE/TIP4P2005/SD, EPM2/SPC/SD, and
EPM2/TIP4P2005/DRVH.

We find that all the tested models exhibit qualitatively
correct temperature and pressure dependence of CO, solubil-
ity in the aqueous phase. For moderate NaCl molalities (~1
mol/kg H,0), the predictions of CO, solubility in the water-
rich and CO,-rich phases from the various models tested all
reflect their respective predictive abilities for CO, solubility
in pure water.”’ This shows that the predictive ability of a
given model is more sensitive to the choice of the CO, and
H,O force fields, rather than to the NaCl model. Comparing
the effects of CO, and water models, the latter have more
impact on the prediction of vapor-phase compositions.
Whether this is also the case at high NaCl concentrations
deserves further investigation. Consistent with the conclu-
sions reached in our earlier work,”” we find that the TraPPE/
TIP4P2005 model (in combination with the SD model for
NaCl) is the best overall model in predicting the CO, solu-
bility in the water-rich phase for temperatures below 250°C,
except at 150°C, where the EPM2/SPC model outperforms
the TraPPE/TIP4P2005 model.

We find that the temperature, pressure, and salt concentra-
tion dependence of the interfacial tension predicted by vari-
ous models is also in agreement with experiments. The
TraPPE/TIP4P2005 and EPM/SPC combinations are better in
predicting the interfacial tensions at 50 and 150°C than the
EPM?2/TIP4P2005 model.

We demonstrate that direct interfacial MD simulations can
be readily applied to determine the phase equilibrium proper-
ties of complex multicomponent fluids with reasonable accu-
racy. Dense multicomponent systems containing ion pairs
are often difficult to study using Monte Carlo simulations
incorporating unphysical moves such as insertion and dele-
tion attempts, due to the extremely low acceptance ratio of
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separating strongly interacting electrolytes. Gibbs ensemble
Monte Carlo simulations applied to such systems often
assume that no salt is present in the vapor phase. However,
such an assumption will not hold near the critical locus
where the compositions of the two phases become indistin-
guishable. Direct interfacial MD simulations provide a fast
and simple way to check the range of applicability of Gibbs
ensemble simulations. Within the range of temperature, pres-
sure, salt concentration, and system size in our study, we
find no NaCl in the CO,-rich phase at phase coexistence.

Our work also points out the limitations of the existing
models with fixed-charged, additive pair interactions in pre-
dicting phase equilibrium and interfacial properties of com-
plex CO,—H,O-NaCl mixtures. We also point out that the
currently widely adopted Lorentz—Berthelot combining rule
is not sufficient to describe the contributions of mixing of
unlike molecules to the interfacial properties. This is demon-
strated by the finding that the EPM2/TIP4P2005 model over-
estimates the interfacial tension over the broad temperature
and pressure range studied, despite the fact that the EPM2
and the TIP4P2005 model reproduce satisfactorily the CO,
and water interfacial tension, respectively.s(”57 Further
improvement of the quality of predictions using molecular
simulations may result from including nonadditive correc-
tions to the Lorentz—Berthelot mixing rule and testing the
effect of polarizability and of many-body interactions. It is
also worthwhile to further study the effect of the existing
chemical reactions, such as H,O + CO, < H,CO;, on the
phase behavior of the CO,-H,O and the CO,—H,O-NaCl
system.
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