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a b s t r a c t

An extensive study of the self-diffusion coefficients in the (H2O + CO2) mixture was carried out using ato-
mistic molecular dynamics simulations. The conditions studied cover a wide range of temperatures
(323.15 K 6 T 6 1023.15 K) and pressures (200 MPa 6 P 6 1000 MPa), of interest for geological and car-
bon sequestration applications. A combination of simple but accurate point charge force fields was
employed, specifically the TIP4P/2005 for H2O and EPM2 for CO2. The simulations were found to be in
good agreement with available experimental data at these high temperature and pressure conditions,
but extend at conditions for which experiments have not been previously reported. The results were cor-
related with a generalized form of the Speedy–Angel (1976) relationship. The new phenomenological cor-
relation is a function of pressure and temperature and is shown to reproduce all values to excellent
accuracy. Thus, it can be used reliably for engineering calculations.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate knowledge of thermodynamic and transport proper-
ties of the (H2O + CO2) mixture is of great importance for a large
number of industrial [1], geological [2] and environmental [3]
applications. Numerous experimental and theoretical studies have
been published, at conditions relevant to enhanced oil recovery [4],
CO2 capture and storage (CCS) processes [5], separation equipment
design [6], etc. Typically, these conditions are in the temperature
range of approximately (300 to 600) K and pressures up to
100 MPa.

Diffusion coefficients are among the most important physical
properties for this mixture. Mutoru et al. [7] presented a compre-
hensive collection of experimental data up to 2010 of the diffusion
coefficient of CO2 in H2O. The majority of 150 experimental data
points presented are at pressure of 0.1 MPa. They also reported
an empirical methodology for the calculation of the diffusion
coefficient at infinite dilution of either of the two components.
Magalhaes et al. [8] examined the accuracy of a number of
empirical correlations for the diffusion coefficient of CO2 in H2O,
using 111 experimental data points, mainly at 0.1 MPa. The experi-
mental data were correlated as a function of temperature and the
viscosity or density of the solvent. Additional experimental groups
have reported values at temperature below 500 K and pressure
below 100 MPa [9–14]. The diffusion coefficient of H2O in CO2

has also been studied for temperatures up to 352 K and pressures
up to 30 MPa [15–17].

The (H2O + CO2) mixture can be found in the deep crust [18] and
plays an important role in the geochemical evolution of earth. In
such depths, the temperature and pressure can be significantly ele-
vated. Wark and Watson [19] reported experimental values for the
diffusion of CO2 in H2O at such conditions (759 K 6 T 6 961 K,
P = 1000 MPa), but the data show considerable scatter and have
relative uncertainties of (38 to 66)%. In spite of the geological
importance of the mixture, no experimental or simulation values
for the diffusion of CO2 in H2O are available for lower pressures
in this temperature range, and no values at all for the diffusion
of H2O in CO2 in this temperature and pressure range.

Molecular simulation, using accurate atomistic force fields, is an
attractive option for the prediction of physical properties of various
chemical systems. The primary goal of this work is to use molecu-
lar dynamics (MD) simulations to generate self-diffusion coeffi-
cients for the (H2O + CO2) mixture at high temperature and
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TABLE 1
Force-field parameters for H2O and CO2 examined in this study.

TIP4P/2005 [23] EPM2 [27]

HAOAH/(o) 104.52 OACAO/(o) 180
lO–H/nm 0.09572 lO–C/nm 0.1149
rO/nm 0.31589 lCq/nm 0
rH/nm 0 rC/nm 0.2757
(eO/kB)/K 93.2 rO/nm 0.3033
(eH/kB)/K 0 (eC/kB)/K 28.129
qO/e �1.1128 (eO/kB)/K 80.507
qH/e 0.5564 qC/e 0.6512

qO/e �0.3256
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pressure conditions (up to 1023 K and 1000 MPa) for which experi-
mental results are scarce, subject to large uncertainties, or alto-
gether lacking. Earlier studies have shown that MD simulation is
a valuable tool to complement experimental measurements of
transport properties [20,21]. In our recent work [20,22], we
showed that the TIP4P/2005 [23] force field in combination with
either the EPM2 [24] or TraPPE [25] force fields for CO2 results in
accurate predictions of the diffusion coefficients of H2O in CO2

and CO2 in H2O. Here, we performed MD simulations using the
TIP4P/2005–EPM2 force-field combination. Since earlier studies
of this mixture [20,22] were limited to pressures up to 100 MPa
and temperatures up to 623 K, the emphasis here was on high tem-
perature and high pressure conditions.

To correlate the new MD simulation results, two different phe-
nomenological models were developed. The first one is based on
Arrhenius-type correlations (e.g., Versteeg et al. [9], Lu et al. [13]),
while the second one is rooted to the Speedy–Angell power-law
correlation [26]. The resulting expressions provide an accurate cor-
relation of the MD data and because of their computational effi-
ciency they can be a valuable tool for engineering calculations.

This paper is organized as follows: Initially, we report an exten-
sive series of MD simulations for the calculation of self-diffusion
coefficients of the (H2O + CO2) mixture at high pressures and tem-
peratures. Subsequently, these new values are correlated accu-
rately using the phenomenological model based on the
generalized Speedy–Angell power-law relationship that is a func-
tion of temperature and pressure. The results are also compared
against the predictions using the methodology of Mutoru et al.
[7]. Finally, we end with the conclusions.
2. Molecular dynamics simulations

2.1. Intermolecular potentials

The force fields used for the representation of H2O and CO2

molecules were the TIP4P/2005 [23] and EPM2 [27], respectively.
The TIP4P/2005 is a rigid 4-site model in which a Lennard–Jones
(LJ) sphere is fixed on the oxygen site. The electrostatic con-
tributions are implemented by positive partial charges located on
each hydrogen atom and a negative partial charge fixed on an
‘‘M-site’’, located on the bisector of the HAOAH angle at
0.01546 nm from the oxygen atom. The EPM2 force field is a rigid
linear 3-site model, with partial charges fixed on the axis of sym-
metry of the molecule. A negative partial charge is located on the
oxygen atom and positive ones on the carbon LJ sites.

The total interactions between molecules i and j, with a total
number of m and n sites, respectively, were calculated as the
sum of LJ (repulsion + dispersion) interactions and the Coulomb
interactions:
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where eab
ij and rab

ij are the LJ interaction parameters between site a

in molecule i and site b in molecule j, respectively, rab
ij is the distance

between sites a and b, qa
i and qb

j are the charges on site a and b
respectively, and e0 is the dielectric constant in vacuum. The values
of the potential parameters of the force fields used in the present
study are listed in table 1.

The LJ parameters for the interaction between atoms belonging
to different molecules were calculated using the Lorenz–Berthelot
combining rules [28]. An exception was made for the EPM2 model,
for which the distance rab

ij between unlike sites of CO2 molecules
was given by the geometric mean, in accordance with the original
work [27]. Consequently, cross-interaction parameters were calcu-
lated from the expressions:
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2.2. Computational details

All MD simulations were performed in a cubic box with periodic
boundary conditions imposed in all directions. The simulation
scheme was the following. The system was initially allowed to
equilibrate in the (isobaric - isothermal) (NPT) ensemble for a per-
iod of 2 ns. During this period, the density of the system converged
to a mean value, corresponding to the temperature and pressure
conditions set. Subsequently, 2 ns production runs were performed
in the canonical (NVT) ensemble. In both equilibration and produc-
tion periods, the timestep was 1 fs while the temperature and pres-
sure (only for the equilibration) were maintained constant using
the Berendsen [29] method, with the coupling constant of the ther-
mostat set to 0.2 ps and of the barostat to 1 ps. Monitoring of
energy, pressure, and temperature during the production period
showed that they were well stabilized, with small fluctuations pre-
sent, typical for any MD simulation. The molecular trajectories
were sampled every 2000 steps, resulting in a total of 1000 config-
urations per simulation, from which all properties of interest were
calculated.

Long-range Coulombic interactions were handled using the par-
ticle mesh Ewald (PME) method [30,31], which exhibits a faster
scaling than the ordinary Ewald summation method [32]. In all
the simulations performed, a fourth-order (cubic) interpolation
was used along with a Fourier-spacing parameter of 0.12 nm,
corresponding to a relative accuracy of approximately 5 � 10�3 in
electrostatic energy calculations. The cut-off distance was set to
1.2 nm, both for the LJ interactions and the PME.

The number of solvent molecules in all production runs was
2000 and the number of solute molecules was 10. This results in
a mole fraction for solute equal to 4.98 � 10�3 which is sufficiently
low to make (solute + solute) interactions negligible (‘‘infinite dilu-
tion’’ limit). In addition, this composition is below the solubility
limit [33]. More than one solute molecule was used in order to
improve the statistics. In order to verify that results are indepen-
dent of the number of solute molecules in the low composition
regime examined, MD simulations with different number of solute
molecules (either CO2 or H2O) were performed. Details are pro-
vided as Supporting Information. In figure S-1, the diffusion coeffi-
cient for one, five and ten H2O molecules in 2000 CO2 molecules at
750 MPa and T = (823.15 and 1023.15) K is shown. The diffusion



FIGURE 1. Experimental data (lines [37]) and MD predictions (points) for the
density of TIP4P/2005 H2O (top) and EPM2 CO2 (bottom).
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coefficient of 1, 5 and 10 CO2 molecules in 2000 H2O molecules at
the same conditions is presented in figure S-2. In all cases, the
mean values remain practically unaltered, but the statistical uncer-
tainties decrease from approximately 29% at low solute com-
position to 9% at high solute composition. These findings are in
agreement with previous work for the same mixtures [20].

All the simulations were performed with the open-source pack-
age GROMACS [34,35] (Version 4.6.5). Each run was executed in 32
cores, with Intel Xeon 2.7 GHz processors, and needed about 5
wall-clock hours to be completed.

The self-diffusion coefficients, D, were calculated using the
Einstein relation, according to which D is obtained from the solute
mean square displacement [36]:

D ¼ 1
6

lim
t!1

d
dt

1
N
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* +

; ð4Þ

where riðtÞ is the ‘‘unfolded’’ position (which could be outside the
central box) of the centers of mass of the solutes at time t, and
the angle brackets indicate an ensemble average over all solute
molecules and time origins. In order to further improve the statis-
tics of our results, the diffusion coefficient for each state point
was calculated from 50 different simulations, each one starting
from a different initial configuration, thus leading to a wide diver-
gence of the trajectories of the molecules. We obtained the final
results by averaging the diffusion coefficients from the individual
runs. The method described above ensured relatively low statistical
errors, from approximately (5 to 13)%, that are similar to or lower
than those reported in other MD studies in the literature for this
mixture [20,21], and lower than the experimental uncertainty of
the results of Wark and Watson [19].

As the concentration of the solute increases, the Maxwell–
Stefan diffusion coefficient should be used to describe the diffusiv-
ity. The Maxwell–Stefan diffusion coefficient of H2O in CO2 was
studied extensively through MD simulations by Moultos et al.
[22]. At the infinite dilution limit, the self- and Maxwell–Stefan dif-
fusion coefficients are identical.
FIGURE 2. Diffusion coefficient of CO2 in H2O as a function of temperature at
1000 MPa. Experimental data by Wark and Watson [19] (red triangles), MD
simulations (black circles) and correlations (lines). The black solid line denotes
calculations with the new correlation (equations (7)–(9)). The dotted blue line
denotes calculations with the correlation of Moultos et al. [20]. Green solid line
denotes calculations with the correlation of Zeebe [21]. Red dashed line denotes
calculations at 1000 MPa using the methodology of Mutoru et al. [7]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
3. Results and discussion

Initially, the two force fields, TIP4P/2005 and EPM2, were evalu-
ated for the prediction of the density of the two pure components
at high temperatures and pressures. In figure 1, experimental val-
ues [37] and NPT MD predictions are shown for H2O density (top)
and for CO2 density (bottom). Tabulated values are provided in
Supporting Information (tables S-1 and S-2). The percentage devia-
tion between experimental data for H2O and TIP4P/2005 predic-
tions is in the range (0.1 to 1.4)%; thus the TIP4P/2005 model
describes well the density of H2O. For the case of CO2, the deviation
between experimental data and EPM2 predictions is larger and
varies between (1 and 4)%. Overall, the accuracy of both force fields
is considered to be very good.

Analysis of the diffusion coefficient calculations is initially per-
formed for CO2 in H2O at 1000 MPa and different temperatures,
since it corresponds to the only set of available experimental val-
ues [19]. As shown in figure 2, agreement between experimental
values and simulations is good, within or near the uncertainty lim-
its in the experimental results. The simulation results, however, are
much less scattered than the experimental values at the higher
temperatures. Thus, when also taking into account the excellent
agreement with experimental values at lower temperatures and
pressures obtained earlier [20,22], one can expect that the force
field would be reasonably accurate in the other conditions exam-
ined, of pressures between (250 and 1000) MPa, and temperatures
between (323.15 and 1023.15) K.
In figure 3, the diffusion coefficient of CO2 in H2O at different
temperatures and pressures from the MD simulations is shown.
Tabulated values are reported in table S-1 of the Supporting
Information. No experimental results are available at these condi-
tions, other than those already shown in figure 2. The effect of



FIGURE 3. MD data for the diffusion coefficient of CO2 in H2O as a function of
pressure for various temperatures.

FIGURE 5. MD data for the diffusion coefficient of CO2 in H2O as a function of
temperature for various pressures. Black symbols denote the MD results of the
current study. Blue, red and green symbols denote the MD results reported by
Moultos et al. [20]. Black lines denote the calculations with the new correlation
(equations (7)–(9)). The blue, red and green lines denote calculations with the new
correlation at extrapolation conditions. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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pressure on the diffusion coefficient becomes more pronounced as
temperature increases.

MD simulation results for the diffusion coefficient of H2O in CO2

at the same conditions are presented in figure 4 and table S-2 of
the Supporting Information. Overall, the temperature and pressure
effect is qualitative similar for both sets of results. Nevertheless, for
a given temperature and pressure value, the diffusion coefficient of
H2O in CO2 is higher than this of CO2 in H2O, despite the higher
density of CO2 compared to H2O at the same conditions.

Although MD simulation is a very reliable approach to predict
transport properties, it is fairly time consuming and thus simple
empirical correlations of the data are highly desirable. Here, we
considered two literature functional relationships, for both the dif-
fusion coefficient of CO2 in H2O and H2O in CO2 at high pressure
and temperature. These two correlations have been used in a num-
ber of studies to correlate experimental data [9,13] or molecular
simulation results [20,21].

Lu and co-workers [13] used a modified Arrhenius-type of
equation, known as the Vogel–Tamann–Fulcher equation in order
to correlate their experimental results for the diffusion coefficient
of CO2 in H2O. These values were in the pressure range (10 to
45) MPa and temperature range (268 to 473) K. The Vogel–
Tamann–Fulcher equation reads:
FIGURE 4. MD data for the coefficient of H2O in CO2 as a function of pressure for
various temperatures.
DVTF
CO2
¼ exp
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where a; b; c are fitted parameters.
Lu et al. [13] correlated their experimental values more pre-

cisely by using a power-law-type equation expressed as:

DSA
CO2
¼ D0

T
Ts
� 1

� �m

; ð6Þ

where D0, Ts and m are fitted constant parameters. In most cases,
Ts = 227 K. This correlation is known as the Speedy–Angell power-
law equation [26] and is denoted as SA.

While both type of correlations can describe accurately our MD
simulation results when examined at isobaric conditions, we
observed that it was not easy to obtain generalized expressions
for the parameters for the case of the Vogel–Tamann–Fulcher
equation. Therefore, for the remainder of the study we focus our
discussion on the SA-type correlation. In particular, we use the fol-
lowing generalized form of the Speedy–Angell equation in order to
correlate the MD simulations reported here:

DSA
solute ¼ D0ðPÞ

T
Ts
� 1

� �mðPÞ

; ð7Þ

where the subscript solute denotes either CO2 or H2O, Ts = 227 K and
the parameters D0 and m are given as functions of pressure P.

In order to correlate the MD results using equation (7), the fol-
lowing procedure was implemented. Initially, the MD simulations
were plotted as a function of temperature. For each pressure a
set of optimum values for the parameters, D0 and m, were calcu-
lated. Subsequently, the resulting optimum parameters were cor-
related using the pressure as the primary variable.

For the case of the diffusion coefficient of CO2 in H2O, it is:

D0 ¼ a1 lnðP=MPaÞ þ a2; ð8Þ

m ¼ b1 lnðP=MPaÞ þ b2; ð9Þ

with: a1 ¼ �2:3097 � 10�9, a2 ¼ 2:1064 � 10�8, b1 ¼ �0:17812, and
b2 ¼ 2:59406.

In figure 5, MD simulation data and calculations from equations
(7)–(9) are presented. In all cases, the agreement is very good.



FIGURE 6. MD data for the diffusion coefficient of H2O in CO2 as a function of
temperature for various pressures. Black symbols denote the MD results of the
current study. Blue, red, green and magenta symbols denote the MD results
reported by Moultos et al. [22]. Black lines denote calculations with the new
correlation (equations (7), (10) and (11)) at conditions within the range of
development of the correlations. Blue, red, green and magenta lines denote
calculations with the new correlation at extrapolation conditions. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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The % Average Absolute Deviation (AAD) for the four isobars
(250, 500, 750 and 1000 MPa) is 2.6%.

In order to examine the quality of the correlation at other con-
ditions, we calculated the diffusion coefficient of CO2 in H2O as a
function of temperature at (20, 48, and 100) MPa. The calculated
values are compared to the MD simulations, at lower pressures,
reported by Moultos et al. [20]. Very good agreement was obtained
and the % AAD was equal to 12.8%.

In figure 2 one can see the comparison of the calculations using
four different models with the only available experimental values
at high pressures (1000 MPa) reported by Wark and Watson [19].
Note that the MD-based correlations reported by Zeebe [21], and
Moultos et al. [20] correspond to a temperature and pressure range
where the diffusion coefficients of CO2 in H2O are independent of
pressure. Therefore, significant deviation of these two models from
the experimental results at high pressure is expected. Although,
the methodology by Mutoru et al. [7] takes into account the effect
of pressure, the strong deviation from the experimental values is a
result of the fact that the methodology included only a very limited
amount of data at pressures higher than 0.1 MPa. Therefore, at high
pressure conditions, the correlation developed in this work should
be preferred.

A similar approach was followed for the case of calculating the
diffusion coefficient of CO2 in H2O. In this case, the pressure effect
on D0 is described according to the expression:

D0 ¼ a1ðP=MPaÞa2 ; ð10Þ

with: a1 ¼ 8:3356 � 10�7, and a2 ¼ �6:8962 � 10�1, while m is
constant:

m ¼ 1:27: ð11Þ

In figure 6, MD simulation data and correlation calculations are
shown. The agreement is excellent and the % AAD is equal to 2.0%.
The correlation was applied at lower pressures of 20, 30, 50 and
100 MPa and compared against the MD simulations by Moultos
et al. [22]. Once again, reasonable agreement is observed with
the % AAD equal to 28.6%. The relatively higher % AAD is primarily
due to the relatively poorer agreement for the case of 20 MPa.
4. Conclusions

The study of self-diffusion coefficients of (H2O + CO2) at high
temperature and pressure conditions is of crucial importance for
understanding the geological evolution of earth since this binary
mixture can be found in the deep earth crust. In this study, MD
simulations were performed, using the relatively simple but
accurate TIP4P/2005 for H2O and EPM2 for CO2 force fields for
the calculation of these diffusion coefficients, at a very wide
range of conditions (323.15 K 6 T 6 1023.15 K, and 200 MPa 6 P 6
1000 MPa). For such conditions, very few experimental or sim-
ulation values are available in the open literature. The simulations
results were found to be in very good agreement with a single
experimental data set at 1000 MPa for the self-diffusion coefficient
of CO2 in H2O. In the current study, we also reported density MD
values that are in good agreement with experimental values.
Furthermore, a simple and computationally efficient phenomeno-
logical model was developed that predicts the self-diffusion coeffi-
cients as a function of pressure and temperature. The proposed
model is in the form of a generalized Speedy–Angel correlation.
The proposed correlations provide high accuracy and are simple
to use.
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