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CONSPECTUS: Molecular simulation techniques using classical force-fields
occupy the space between ab initio quantum mechanical methods and
phenomenological correlations. In particular, Monte Carlo and molecular
dynamics algorithms can be used to provide quantitative predictions of
thermodynamic and transport properties of fluids relevant for geologic carbon
sequestration at conditions for which experimental data are uncertain or not
available. These methods can cover time and length scales far exceeding those of
quantum chemical methods, while maintaining transferability and predictive
power lacking from phenomenological correlations. The accuracy of predictions
depends sensitively on the quality of the molecular models used. Many existing
fixed-point-charge models for water and aqueous mixtures fail to represent
accurately these fluid properties, especially when descriptions covering broad ranges of thermodynamic conditions are needed.
Recent work on development of accurate models for water, CO2, and dissolved salts, as well as their mixtures, is summarized in
this Account. Polarizable models that can respond to the different dielectric environments in aqueous versus nonaqueous phases
are necessary for predictions of properties over extended ranges of temperatures and pressures. Phase compositions and densities,
activity coefficients of the dissolved salts, interfacial tensions, viscosities and diffusivities can be obtained in near-quantitative
agreement to available experimental data, using relatively modest computational resources. In some cases, for example, for the
composition of the CO2-rich phase in coexistence with an aqueous phase, recent results from molecular simulations have helped
discriminate among conflicting experimental data sets. The sensitivity of properties on the quality of the intermolecular
interaction model varies significantly. Properties such as the phase compositions or electrolyte activity coefficients are much more
sensitive than phase densities, viscosities, or component diffusivities. Strong confinement effects on physical properties in
nanoscale media can also be directly obtained from molecular simulations. Future work on molecular modeling for CO2 and
aqueous brines is likely to be focused on more systematic generation of interaction models by utilizing quantum chemical as well
as direct experimental measurements. New ion models need to be developed for use with the current generation of polarizable
water models, including ion−ion interactions that will allow for accurate description of dense, mixed brines. Methods will need to
be devised that go beyond the use of effective potentials for incorporation of quantum effects known to be important for water,
and reactive force fields developed that can handle bond creation and breaking in systems with carbonate and silicate minerals.
Another area of potential future work is the integration of molecular simulation methods in multiscale models for the chemical
reactions leading to mineral dissolution and flow within the porous media in underground formations.

1. INTRODUCTION

As stated several times in this special issue, burning of fossil
fuels transfers carbon from geologic storage to the atmosphere
and oceans, causing global climate change and ocean
acidification. A potential countermeasure is to capture carbon
and return it underground.1,2 In order to be able to design such
geologic carbon storage (GCS) processes that sequester CO2 in
subsurface rock formations for sufficiently long periods of time,
many different kinds of properties are needed. Other papers in
this volume deal with CO2−water−mineral wetting and mineral
reaction kinetics; in this Account, we focus on thermodynamic
and transport properties of the fluid phases, specifically CO2

and aqueous electrolyte solutions.

The main properties of interest are pressure−volume−
temperature relationships,3,4 number and composition of
phases present, interfacial tensions, and transport properties
such as viscosities and diffusivities. Volumetric properties and
solubilities determine the storage capacities within the pore
space of geologic formations. Interfacial tensions influence
capillary phenomena and lead to preferential wetting of solid
substrates. Viscosities determine the rate of flow through
narrow constrictions for a given pressure drop, while
diffusivities control the migration of CO2 to different locations
within a formation.
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Experimental data exist for many of these properties,5 but
cover only a limited number of temperatures, pressures, and
compositions. Molecular modeling methods aim to provide
reliable methods for filling-in gaps in experimental measure-
ments. In many cases, conflicting experimental results have
been reported for important propertiesa well-known example
relevant for GCS is the discrepancies in phase composition for
the CO2/H2O system between 423 and 523 K.3 While
simulations are not usually thought of as capable of
discriminating among conflicting experimental data sets, there
are cases (e.g., for critical parameters of long alkanes,6 or for
solubilities of long hydrocarbons in water7) for which they have
been used in this way because they are immune to experimental
artifacts (e.g., decomposition of long alkanes at high temper-
atures, presence of impurities for solubility measurements).
In the present Account, we briefly review current molecular

models for water, CO2, and electrolytes that are used for
quantitative modeling of thermodynamic and transport proper-
ties of the fluid phases relevant to GCS processes. Despite the
large amount of prior work, we find that existing models have
significant limitations in terms of accuracy or range of
applicability. However, we are optimistic that a new generation
of models with improved physical characteristics, specifically
taking into account polarizability and hydrogen bonding in the
systems of interest, can soon achieve a comprehensive
description of the relevant systems. Extensions of the models
to include surface interactions should be high priority for future
work.

2. MOLECULAR MODELS
The accuracy of molecular simulations depends on the
underlying molecular models, specifically the description of
intra- and intermolecular interactions for the systems of
interest. In this review, we focus on classical atomistic
molecular models, which use interaction sites and functional
forms of interaction potentials to represent the effective
interactions, since the properties of interest require sampling
at length and time scales inaccessible for ab initio methods that
explicitly include electronic degrees of freedom. Complex water
and CO2 models8,9 that give an accurate representation of pair
interactions are also too demanding computationally for the
routine calculation of the properties of interest here. Intra-
molecular degrees of freedom (e.g., bond vibrations and
bending) are usually not included in simple models since
their effects on the properties of interest is small. Molecular
models reviewed here cannot represent the effects of pH on
thermophysical properties of CO2/brine system.
Water has received much attention in the simulation

community for several decades now. For most simple water
models interactions are represented by the Lennard−Jones (LJ)
potential, while the exponential term of the Buckingham
potential is more realistic for the short-ranged repulsions at
small intermolecular separations.10 The properties of water
models are strongly affected by their dipoles and any induced
dipoles, since electrostatic interactions are essential to the
proper description of real water. The dipole moment of an
isolated water molecule is 1.85 D; however, this value increases
to 2.2−2.9 D in the liquid phase, and to 3.1 D in hexagonal ice.
Widely used rigid, fixed-point-charge water models, such as
SPC/E11 and TIP4P/200512 have dipole moments around 2.35
D because they were parametrized to properties of condensed
phases. Thus, these models do not respond to changes of the
dielectric environment and have significant limitations when

modeling properties of water and aqueous systems over a wide
range of conditions.13 Both SPC/E and TIP4P/2005
significantly underestimate the second virial coefficient and
vapor pressure of pure water.
An important piece of physics that is omitted in many

common water models is polarizability, a many-body electro-
static interaction, primarily because of its computational cost
and complexity. Polarizability in simulations is often handled by
Drude oscillators or induced dipoles/multipoles (which may
also be effectively replaced with Drude oscillators14). In Drude
oscillator models, a massless charge site (shell) is attached to
the polarizable atom (core) using a harmonic spring with zero
equilibrium length, and the trajectory of shell charges during a
simulation is obtained by finding positions where electrostatic
forces on shell charges are balanced by the spring forces. There
are several polarizable models for water; two models, namely,
BK315 and GCPM,16 are of particular interest to GCS because
of their good representation of vapor−liquid equilibria and
other thermophysical properties, including the dielectric
constant, interfacial tension and viscosity. Although polarizable
models generally yield better properties, some intermolecular
interactions in water and aqueous mixtures, such as charge
transfer and hydrogen bonding, may still not be described
properly. Recently, we proposed a hydrogen bonding polar-
izable potential model (HBP)17 for water containing a short-
ranged directional hydrogen bonding term to account explicitly
for the effect of charge transfer during hydrogen bonding. A
schematic representation of the HBP model is given in Figure
1. The model predicts satisfactorily several water properties

over a wide range of temperatures and pressures, including
vapor−liquid equilibrium, dielectric constant, density of
supercritical water, viscosity and self-diffusion coefficient. It is
less satisfactory for the second virial coefficient and minimum
energy of gas phase water dimer, possibly due to its neglect of
quantum effects at low temperature. The models reviewed here
cannot represent accurately isobaric heat capacity also due to
the neglect of quantum effects.
Molecular models of ions are usually developed in

conjunction with one or more specific water models. Examples
of commonly used ion models include those of Joung and
Cheatham (JC)18 for aqueous alkali halides, modeled as LJ
spheres plus point charges, for use in conjunction with several
nonpolarizable water models. Kiss and Baranyai19 developed a

Figure 1. Schematic representation of the HBP water model.17 “O”,
“M”, “H”, and “D” stand for oxygen, dummy, hydrogen atoms, and
Drude charge, respectively. The angle between the oxygen accepting
the hydrogen bond, the hydrogen, and the oxygen donating to the
hydrogen bond is θ. The dashed line indicates the hydrogen bonding
interaction and the zigzag line the harmonic spring. Reproduced with
permission from ref 17. Copyright 2016 American Chemical Society.
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set of polarizable molecular models (AH/BK3) for alkali halide
ions in conjunction with the polarizable BK3 water model. Even
for the most commonly studied salt, NaCl, the performance of
existing models with respect to prediction of thermodynamic
properties of electrolyte solutions is not entirely satisfactory.
For example, nonpolarizable ion models generally fail to
represent the mean ionic activity coefficient of NaCl solutions
at room temperature, with the exception of the model by Gee
et al.20 Introducing polarizability into ion models improves the
representation of properties for aqueous solutions.21 The
polarizable BK3-AH/BK3 models are accurate for activity
coefficient of NaCl at 298.15 K, but not at elevated
temperatures. Solubility of salts in water is of great interest
for geothermal applications. To the best of our knowledge,
current ion models do not predict the solubility accurately, even
when polarizability is included. Nezbeda et al.10 has provided a
comprehensive review of recent progress in development of
molecular models for aqueous electrolytes.
Various molecular models have been developed for CO2.

One of the most successful is the EMP2 model of Harris and
Yung,22 which treats CO2 as a linear molecule with 3 LJ sites
and point charges. The TRAPPE model,23 which is also widely
used, can be viewed as a reparameterization of EPM2. Merker
et al.24 used LJ sites plus point quadrupole to model CO2, and
the model shows excellent agreement with experiments for
vapor−liquid equilibrium. Polarizable models have also been
proposed, even though CO2 does not have a net dipole
moment. Polarizability effects are more pronounced when CO2
is mixed with polar components, such as water. We have
proposed a polarizable model that uses a Buckingham potential,
Gaussian charges, and Drude oscillators to represent the
intermolecular interactions of CO2.

25 The model gives
satisfactory prediction of thermodynamic and transport proper-
ties, while the second virial coefficient of CO2 is overestimated
at low temperatures due to the inadequate handling of three-
body interactions.26

3. THERMODYNAMIC PROPERTIES
Thermodynamic properties of water−CO2−electrolyte systems
including phase equilibria, volumetric properties, and interfacial
tensions are crucial factors that affect GCS processes. It is
challenging to measure the phase compositions at elevated
temperatures and pressures, and experimental data show
significant discrepancies for the content of water in the CO2-
rich fluid. Simulations have been conducted to evaluate various
molecular models and to discriminate among conflicting
experimental data sets. Liu et al.27 studied the phase
compositions for the water−CO2 system using grand canonical
Monte Carlo simulations with histogram reweighting and
concluded that nonpolarizable water and CO2 models are
inadequate to represent simultaneously both water- and CO2-
rich phases with conventional combining rules. Vlcek et al.28

optimized the cross interactions between SPC/E water and
EPM2 CO2 models in order to account for the overpolarization
of SPC/E model in CO2-rich phase; the representation of CO2
solubility in water was improved, while the calculated
composition for the CO2 rich phase deviates from experimental
data at 348.15 K. Orozco et al.29 performed Gibbs ensemble
Monte Carlo simulations to investigate the phase behavior of
water-CO2 mixtures and concluded that nonpolarizable models,
with the exception of an Exponential-6 (exp-6) model, are
inadequate for the binary mixture even with cross interactions
optimized to the phase compositions. We have recently studied

this mixture using polarizable BK315 and GCPM16 models for
water, and the Gaussian charge polarizable model for CO2.

25 As
shown in Figure 2, even with cross interactions optimized to

the phase compositions, most models fail to represent properly
the composition of the CO2-rich phase. For the HBP water
model,17 we considered a hydrogen bonding interaction
between water and CO2, and the strength of the hydrogen
bond was optimized to the cross second virial coefficients of
water-CO2 dimer (but not the phase compositions) without
considering quantum effects in the second virial coefficient.
Phase equilibria predicted from the HBP water and Gaussian
charge CO2 models are in excellent agreement with the data
from Tödheide and Franck30 for both water and CO2-rich
phases. The validity of the Tödheide and Franck data has also
been confirmed by the experimental studies of Mather and
Franck.31

For the ternary water−CO2−NaCl system, Liu et al.32

conducted molecular dynamics (MD) simulations to investigate
different models with respect to their prediction of CO2
solubility in aqueous NaCl solutions. It was found that
predictions are more sensitive to the choice of water and
CO2 models, rather than the ion models. A more detailed
analysis of the effect of ion models on the prediction of CO2
solubility in brine would involve calculation of the Setchenow
constant.33

Interfacial tensions are key factors for CO2 residual trapping,
which refers to the storage of CO2 by capillary pressure. It is
highly desirable to have an accurate model representing
available experimental data at multiple temperatures.36 As
shown in Figure 3, nonpolarizable SPC/E + Smith−Dang
models systematically underpredict experimental data by up to
10%.37 The polarizable AH/BK3 model reduces deviations to
∼5% at low salt concentrations.38 For the ternary water−CO2−
NaCl, trends for interfacial tensions with respect to temper-
ature, pressure and salt concentration are also in broad
agreement with experimental data.32

For volumetric (PVTx) properties, numerous experimental
data exist. Bodnar et al.3 summarized such data for water−
CO2−salt at conditions relevant to GCS. Although these

Figure 2. Phase composition of water−CO2 at 423 K.34 Solid and
dashed lines are experimental data from Tödheide and Franck30 and
Takenouchi and Kennedy,35 respectively. Cycles, squares, and
diamonds are from the HBP, BK3, and GCP models combined with
Gaussian charge CO2 model, respectively. Stars are results from
nonpolarizable SPC/E water and TraPPE CO2 models.
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systems have been extensively studied in the laboratory,
important ranges of conditions (especially at high pressures
and/or salt concentrations) are still sparsely covered; molecular
simulations provide results for these properties to use in
interpolations and extrapolations of experimental measure-
ments. For water−CO2, data for the density of water saturated
with CO2 are limited despite some recent measurements.39

With accurate prediction of phase equilibria, molar volumes
may be extracted from the HBP water17 and Gaussian charge
CO2 models.25 For CO2 in aqueous NaCl solutions, PVTx data
are rare at temperatures below 423 K and pressures above 300
bar, typical conditions for CO2 storage. In addition,
experimental studies of the PVTx properties are sparse for
mixed NaCl−CaCl2 solutions and synthetic formation brines.40

The performance of molecular ion models with respect to the
representation of PVTx properties for CO2 bearing electrolyte
solutions has not yet been fully evaluated.
In addition to molecular simulations, macroscopic thermody-

namic models, especially equations of state (EoS), are useful to
calculate thermophysical properties of water, CO2 and brines
without the computational cost of molecular simulations. Li et
al. used the Soave−Redlich−Kwong equation of state to obtain
gas solubilities in brines.41 Equations of state rooted in
statistical mechanics, such as the statistical associating fluid
theory (SAFT), were also applied to calculate phase equilibria
and volumetric properties of CO2−brine mixtures,42,43 and the
recently proposed SAFT2-KMSA model42 provides accurate
prediction for CO2 solubility in synthetic formation brines.

4. TRANSPORT PROPERTIES
The self-diffusion coefficients, Dself, for the binary H2O + CO2
mixture were extensively investigated using combinations of
nonpolarizable force fields, including SPC, SPC/E and TIP4P/
2005 for H2O, and EPM2 and TraPPE for CO2.

44,45 A
comparison of experimental data and MD simulations is
presented in Figure 4. The combination TIP4P/2005 for H2O
with EPM2 for CO2 provides the best agreement with available
experimental data for CO2 Dself at temperatures lower than
323.15 K, while SPC/E − TraPPE is more accurate at higher
temperatures.44 For H2O Dself, the TIP4P/2005 with either
EPM2 or TraPPE and the exp-6 model are the most accurate.45

Experimental data are available in the temperature range 273−
373 K for the CO2 diffusivity in H2O and 283−308 K for the
H2O diffusivity in CO2. Most measurements are at ambient
pressures, with the exception of recent high pressure data by
Trusler and co-workers.46 The pressure effect on self-diffusion
coefficient is relatively small for conditions well below the
critical point of the solvent. However, near the critical
temperature, pressure becomes important. The TIP4P/2005-
EPM2 force field was used to predict self-diffusion coefficient
data up to 1000 K and 1000 MPa, which are conditions of
interest to geological and carbon sequestration applications.47

Agreement with limited experimental data at 1000 MPa was
excellent, in contrast to results from empirical correlations.47

Self-diffusion coefficient refers to single molecule diffusion,
while Maxwell−Stefan diffusion coefficient, DMS, refers to the
collective motion of molecules and becomes important at finite
solute concentrations. MD simulations for H2O in CO2
revealed a weak composition dependence for DMS at various
temperatures and pressures.45

Addition of NaCl increases the viscosity of H2O, as can be
seen in Figure 5. Various combinations of nonpolarizable
models for H2O (SPC, SPC/E and exp-6) and for NaCl
(Smith−Dang (SD), JC, and Tosi−Fumi) were examined. It
was found that the SPC/E + SD is the most accurate for
molalities less than 1 mol/kg, but at higher molalities all models
deviate from experiments.37 Calculations with polarizable
models, namely BK3 for H2O and AH/BK3 for NaCl, provide
accurate predictions for the viscosity at 473.15 K over the entire
composition range, up to the solubility limit. As temperature
decreases, the model becomes less accurate.38 The new
polarizable force field (HBP) for H2O that accounts explicitly
for hydrogen bonding interactions17 is expected to alleviate
some of the limitations described above.

5. PROPERTIES UNDER CONFINEMENT
Molecular simulations can provide significant insights and
quantitative predictions regarding the structure and properties
of fluids in confinement, which are relevant for geologic storage
of CO2. Calculation of these properties requires special

Figure 3. Interfacial tension of water−NaCl mixture from 298.15 to
473.15 K. Circles and diamonds are for the polarizable AH/BK3 and
nonpolarizable SPC/E + Smith-Dang models, respectively. Solid lines
are experimental data.36

Figure 4. Self-diffusion coefficients at infinite dilution of (top) CO2 in
H2O at 0.1 MPa and (bottom) H2O in CO2 at 20 MPa. Filled points
are experimental data48 and open points are MD simulations using
TIP4P/2005-EPM2 (squares), TIP4P/2005-TraPPE (triangles), and
exp-6 for both H2O and CO2 (diamonds).
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computational methodologies different from those for bulk
fluids. Confinement affects the physical properties (such as
critical point, normal boiling point, etc.) of pure fluids and
mixtures considerably. Duffy et al.50 applied positronium
annihilation to investigate phase transitions of CO2 in
nanopores. They found that the confined fluid exhibits a triple
point at a temperature and a pressure below the bulk triple
point. Rivera et al.51 studied phase equilibria of H2O and H2O
+ CO2 mixtures confined within carbon nanotubes via MD
simulations, confirming the lowering of critical temperature and
density relative to the bulk. Using MD simulations, Chaban and
Prezhdo52 showed that the boiling temperature of H2O
confined within carbon nanotubes increases substantially.
Billemont et al.53 studied the adsorption of CO2 and CH4 in
the presence of H2O in carbon nanopores using both
experiments and molecular simulations, obtaining fair agree-
ment between the two. Solveyra et al.54 studied capillary
condensation of SPC/E H2O and Economou and co-workers
studied the structure and dynamic properties of H2O−n-
octacosane mixtures in TiO2 nanopores using MD simula-
tions.55 H2O adsorbs strongly on TiO2 and its mobility
decreases substantially. Cygan et al.56 studied CO2 and H2O in
the interlayer of montmorillonite clay. Bai et al.57 have
performed simulations of several gases and liquids in silica
zeolites. Their force field was parametrized using experimental
adsorption isotherms. Brandani and Ruthven58 have shown that
the addition of H2O strongly decreases the loading of CO2 in
type X zeolites.
For the transport properties, Hoang and Galliero59 proposed

a scheme to calculate viscosity of a fluid in a narrow pore using
a combination of MD and nonequilibrium MD simulations that
allows calculation of the configurational viscosity and transla-
tional viscosity based on the local average density. Franco et
al.60 proposed an efficient method to calculate the diffusion
coefficient for either homogeneous or inhomogeneous fluids
using MD simulations, by solving analytically the Smoluchow-
ski equation. It was shown that near the confining wall, the
diffusion coefficient of the fluid is anisotropic not only with
respect to the perpendicular to the wall component, Dzz, but
also for the two components parallel to the wall, Dxx and
Dyy.

60,61 For the case of a calcite wall, it was shown that Dyy >
Dxx for CH4 and N2, because of more free space in the y-
direction of the calcite plane. The opposite holds for CO2; the

difference was attributed to the electrostatic interactions
between oxygen atoms of CO2 and Ca+ ions in calcite.61 As a
result, a CH4 + CO2 mixture confined between calcite planes
shows significant compositional variation with distance from
the planes, with CO2 concentration being higher closer to the
wall. At distances longer than ∼10 nm from the wall, the
diffusion coefficient becomes isotropic and approaches the bulk
value.
Confinement affects also fluid-hydrate phase equilibria. Using

molecular simulations, Seo et al.62 observed that for CO2 within
silica nanopores, the hydrate-liquid−vapor equilibrium lines are
shifted to higher pressures compared to the bulk equilibrium
conditions, depending on the pore size. Anderson et al.63

experimentally determined the ice melting and CO2 clathrate
dissociation conditions for nanoporous silica glass, showing that
such conditions strongly depend on the pore size.
Macroscopic models in the form of EoS have been used to

model the effect of fluid−solid interactions, size of confine-
ment, etc., on the properties of the fluid. Castier and co-
workers extended cubic EoS and predicted that under
confinement fluids exhibit dual bubble points.64 Their
predictions were verified by recent experimental measurements
for n-octane and n-decane in nanopores.65 Recently, the
approach was generalized to account for different types of
external fields applied to fluids.66

6. SUMMARY AND FUTURE OUTLOOK
The present Account has presented a collection of molecular
models developed in recent years that show promise in
representing accurately phase compositions and densities,
interfacial tensions, and transport properties of fluid mixtures
relevant for GCS processes. Newer, polarizable models are able
to represent properties over broad ranges of temperature and
pressure, and are even capable of discriminating among
conflicting experimental data sets. The new models are also
likely to be able to be used in the near future for reliable
calculation of wetting characteristics in fluid-mineral systems.
The CO2-induced alterations in the wettability of mineral
surfaces can significantly influence residual CO2 saturation of
geological reservoirs.67

There are several areas where it is clear that significant
additional future research needs to be performed. There is a
need for improving the ion models to be used with the new
generation of polarizable water models, including ion−ion
interactions that will allow for accurate description of dense,
mixed brines. Another such area is the systematic generation of
force-field parameters (including component cross-interaction
and surface-fluid parameters) by utilizing both quantum
chemical as well as direct experimental measurements. It will
also be important to integrate molecular simulation methods in
multiscale packages incorporating quantum chemical calcu-
lations for the chemical reactions leading to mineral dissolution,
molecular-level calculations of thermodynamic and transport
properties as described in the present Account, and large scale
reservoir dynamics for the relevant flows within the porous
media in the relevant underground formations. In the area of
quantum effects, known to be important for water, methods for
their explicit incorporation that go beyond the use of effective
parameters need to be explored. Finally, the development of
reactive force fields that can handle bond creation and breaking
in systems with carbonate and silicate minerals would allow
calculations over longer time and length scales than is possible
with quantum chemical methods.

Figure 5. Viscosity of NaCl solutions as a function of molality m (mol
NaCl/kg H2O) at 373.15 and 473.15 K. Solid lines are experimental
data,49 and points are MD simulations using SPC/E-SD (solid circles),
exp-6 for both H2O and NaCl (squares), and BK3-AH/BK3
(triangles).
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