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Molecular dynamics simulations were employed for the calculation of diffusion coefficients of pure CO, and of H,O in
CO, over a wide range of temperatures (298.15 K < T' < 523.15 K) and pressures (5.0 MPa < P < 100.0 MPa), that are
of interest to CO, capture-and-sequestration processes. Various combinations of existing fixed-point-charge force-fields for
H,0O (TIP4P/2005 and Exponential-6) and CO, (elementary physical model 2 [EPM2], transferable potentials for phase
equilibria [TraPPE], and Exponential-6) were tested. All force-field combinations qualitatively reproduce the trends of the
experimental data for infinitely diluted H,O in CO,; however, TIP4P/2005-EPM2, TIP4P/2005-TraPPE and Exponential-
6—Exponential-6 were found to be the most consistent. Additionally, for H,O compositions ranging from infinite dilution to
xu,0 = 0.36, the Maxwell-Stefan diffusion coefficient is shown to have a weak non-linear composition dependence.

Keywords: diffusion coefficients; CO,; H,O; force-fields; molecular dynamics simulation

1. Introduction

In an effort to satisfy the ever-increasing global demand
for energy consumption, large quantities of fossil fuels are
currently utilised [1], which result in the production of sig-
nificant amounts of CO, that are released in the atmosphere.
The increase of the CO, concentration in the atmosphere
has been identified as a major cause of the greenhouse gas
effect and has a measurable effect on global climate. CO,
capture and sequestration (CCS) has been suggested as a
possible solution [2] to stabilise and later reduce CO; in the
atmosphere.

A possible option for permanent CO; sequestration cur-
rently under consideration is the injection of the captured
gas into geologic formations [3,4], such as producing or
depleted gas/oil reservoirs [5,6], saline aquifers [7-9], and
methane-gas-producing coal deposits or unmineable coal-
seams [10,11]. During the initial stages of CO, injection
in geologic formations, a CO,-rich plume [12] is formed.
Depending on the depth of injection, the plume can mi-
grate towards (or away from) the surface, as a result of
the density difference between the plume and the fluids
in the surrounding formations. Of interest to the current
study is aqueous-saturated formations. During the migra-
tion process, both CO, and H,O mutually dissolve and sub-
sequently diffuse in the other phase until thermodynamic
equilibrium is reached.

The diffusivity of CO, in aqueous solutions and that
of H,O in liquid or supercritical CO, are two important
transport parameters that are essential for the physical de-
scription and modelling of the process. Significant effort has
been devoted to the experimental measurement and compu-
tational calculation of CO, diffusivity in aqueous solutions.
Mutoru et al. [13] presented an extended collection (up to
2011) of experimental data for the diffusion coefficients
of the binary system CO,—H,0O and also reported a novel
methodology for the calculation of the diffusion coefficient
at infinite dilution of either of the two components. Addi-
tional recent experimental data were reported by Lu ef al.
[14] and Cadogan et al. [15]. A comprehensive review of
computational studies was presented by Moultos et al. [16]
who reported molecular dynamic (MD) calculations over a
wide range of temperatures and pressures.

Although a large quantity of experimental data is avail-
able in the literature for the diffusion coefficient of CO,
in H,O (approximately 150 data points), relatively limited
work has been reported on the diffusivity of H,O in lig-
uid or supercritical CO, (approximately 30 experimental
data points). In particular, such data were reported by Xu
et al. [17] at three different temperatures (i.e., 283, 298,
and 308 K) and pressures in the range 130-300 bar, and
Espinoza and Santamarina [18] at 296.5 4 1.5 K and pres-
sures in the range 78—144 bar. At these conditions, CO; is
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either liquid or supercritical. Schwertz and Brow [19] re-
ported experimental data at 1 bar and temperatures in the
range 307-352 K, for which CO; is in the vapour phase.

Molecular simulations of the phase equilibria of CO,—
H;O mixtures have been reported by several groups
[20-24]. Vicek et al. [25] optimised the combina-
tion of SPC/E-EPM2 models (extended simple point
charge [SPC/E]-transferable potentials for phase equilib-
ria [TraPPE]), in the temperature range 298-348 K and
pressure range 0.1-40.5 MPa in order to improve the pre-
dicted mutual solubility of CO, and H,O. Subsequently,
they used the improved models to obtain the mutual dif-
fusivities. However, they reported relatively few calculated
values for the diffusivity of H,O in liquid or supercritical
CO;. Danten et al. [26] performed a limited number of MD
simulations for the diffusivity of H,O in CO, at near-critical
(T, = 1.003, where the subscript » denotes the reduced value
of the temperature) or supercritical (7, = 1.26) conditions.
Recently, Orozco et al. [27] re-optimised the cross inter-
action parameters between CO, and H,O molecules us-
ing fixed-point-charges force-fields, based on the Lennard-
Jones and the Exponential-6 (Exp-6) functional forms, in
order to improve the description of the mutual solubilities
of the mixture. Specifically, the SPC/E-TraPPE (TraPPE,
transferable potentials for phase equilibria) [28,29] combi-
nation was studied for the Lennard-Jones case, while for the
Exp-6 case the H,O and CO, models proposed by Errington
and Panagiotopoulos [30] and Potoff et al. [31] were used,
respectively. One of the main conclusions of the Orozco et
al. study was that using the Lennard-Jones models, none of
the examined combinations of unlike interaction parame-
ters was able to represent adequately the properties of both
phases. However, for the Exp-6 case, a re-optimisation of
the interaction between unlike oxygen (i.e., oxygen of H,O
and oxygen of CO,) was found to be sufficient for the pre-
diction of the mutual solubilities of the H,O-rich phase and
of the CO,-rich phase.

From the discussion up to this point, it is clear that a
comprehensive evaluation of the various modern force-field
combinations for H,O and CO,, with respect to their abil-
ity to predict the H,O diffusivity, Dy,0, over the range of
temperatures and pressures relevant for CCS operations is
still lacking. This is the main focus of the present study.
In particular, we report an extensive series of MD simu-
lations for a wide range of temperatures (298.15-523.15
K) and pressures (5.0-100.0 MPa), and for various combi-
nations of force fields. Initially, we examine H,O in CO,
at infinite dilution (i.e., for temperatures up to 423.15 K).
Subsequently, we examine the case of higher temperatures
(i.e., 473.15 and 523.15 K) where the solubility of H,O
in CO, can be significantly higher (up to mole fraction of
approximately 0.36).

The paper is organised as follows. In Section 2, we
present the intermolecular potentials and simulation meth-
ods that we use. Section 3 refers to our MD simulation
results and their discussion, which generally are in good

agreement with reported experimental data. The reported
results clearly indicate that the diffusivity of H,O in CO,
depends on both pressure and temperature while a weak
composition dependence is identified. Finally, we end with
the conclusions.

2. Models and methods
2.1. Intermolecular potentials

The TIP4P/2005 [32] and Exp-6 [30] force-fields were used
for the representation of H,O molecules, while the EPM2
[33], TraPPE [29], Exp-6 [31], and two optimised models
proposed by Zhang and Duan (ZD) [34] and Merker ef al.
[35] were employed for CO,. The TIP4P/2005 [32] is a
rigid 4-site model in which a Lennard—Jones (LJ) sphere is
fixed on the oxygen site. The electrostatic contributions 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 H-O-H angle at
0.1546 A from the oxygen atom. All the CO, force-fields
used are rigid linear 3-site models, with partial charges fixed
on the axis of symmetry of the molecules. Negative partial
charges are located on the oxygen atoms and positive ones
on the carbon LJ sites, with an exception of the model pro-
posed by Merker et al. [35] for which the positive partial
charges are located on the molecular axis at a distance /¢y =
=+ 0.2 A from the oxygen atom. The original force-field pro-
posed by Merker ef al. [35] has a point quadrupole rather
than point-charges, but the authors developed an additional
point-charge model for easier computational implementa-
tion in commonly used molecular simulation codes, which
is used here.

The total interactions between molecules i and j, with a
total number of m and  sites, respectively, were calculated
as the sum of LJ repulsion-dispersion interactions and the
Coulomb interactions:

12 6
O.ah O,g{[; qqqi?
UL = ZZ 4811!7 ( ) _( u]> i
a=1 b=1 ’] Tij 4meor, ij
(D

where &/ band o b are the L] interaction parameters between
51te ain molecule i and site b in molecule j, respectlvely,
ri; » is the distance between sites a and b,q and ¢” ; are the
charges on site @ and b respectively, and ¢ is the dielectric
constant in vacuum.
The Exp-6 (Buckingham-type [36]) models used are
also fixed-point-charge force-fields, with the site—site inter-
actions given by the following expression:
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Table 1.  Force-field parameters for H,O and CO, examined in this study.
Hzo COZ

TIP4P/2005 [32] Exp-6 [27] EPM2 [33] TraPPE [29] ZD [34] Merker et al. [35] Exp-6[27]
H-O-H (°) 104.52 109.47 0-C-0 (°) 180 180 180 180 180
o (A) 0.9572 1.0668 loc (A) 1.149 1.16 1.163 1.2869 1.1433
oo (A) 3.1589 3.1947 g (A) 0 0 0 0.2 0
ou (A) 0 0 oc (A) 2.757 2.8 2.7918 2.8137 2.753
eo/ks (K) 93.2 159.78 oo (A) 3.033 3.05 3.0 2.9755 3.029
en/ks (K) 0 0 ec/kg (K) 28.129 27 28.845 12.3724 29.07
qo (e) —1.1128 —0.7374  eo/kg (K) 80.507 79 82.656 100.493 83.2
qu (e) 0.5564 0.3687 gc (e) 0.6512 0.7 0.5888 21.2 0.6466
ao - 12 qo (e) —0.3256 —0.35 —0.2944 —10.6 —0.3233
ay — 0 ac — - - — 14
80(C02)-0(H20)/ kg (K) 105.29 ao - - - - 14

where sfjb , a;‘j” and ré?, ; are the Exp-6 parameters. The val-

ues for all the potential parameters used in the current study
are listed in Table 1.

The LJ parameters for the interaction between atoms
belonging to different molecules were calculated using the
Lorentz—Berthelot combining rules [37]. An exception was
made for the EPM2 model, for which the distance oi‘;b
between unlike sites of CO; molecules was given by the
geometric mean, in accordance with the original work [33].
Consequently, cross-interaction parameters were calculated
from the expressions,

1
sf’jb = (8;’8?)2 (3)
1
(o'l.ao';’) : fora, b = Cco,, Oco,
o = for the EPM2 model “4)
! (ai“ + o_]’.’) otherwise

For the Exp-6 model, in nearly all cases the combining
rules correspond to the geometric-mean or slf’j” and alf‘jb

and the arithmetic-mean for r;’f’[ e
ab

ij

The expressions are the

following (7 is shown in Equation (3)):

a®? = (a?ab-)% (5)
1
riby =5 0+ i) ©

The only exception to these combining rules is for the
unlike interaction parameter &;;, between the oxygen of
H,0 and the oxygen of CO,. As already mentioned, it has
been recently re-optimised by Orozco ef al. [27] in order
to improve the mutual solubility predictions of the binary
mixture CO,—H,O. The optimised value for this parameter
is also listed in Table 1.

2.2. Computational details

In this work, all MD simulations were performed in the
isothermal-isobaric (NPT) ensemble, in a cubic box with
periodic boundary conditions imposed in all directions. A
majority of simulations presented in this paper correspond
to systems with 1000 CO, molecules. The system was ini-
tially allowed to equilibrate for a period of 5 ns with in-
tegration timestep of 1 fs, using a Berendsen thermostat
and barostat [38], with coupling constants for both set to
1 ps. During this period, the density of the system con-
verged to a mean value, corresponding to the temperature
and pressure conditions set. Subsequently, 10 ns production
runs were performed, again with integration timestep of 1
fs. The temperature and pressure were maintained constant
using the Berendsen method with the coupling constant of
the thermostat 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 stabilised,
with small fluctuations present (less than 1% for energy
and temperature and less than 15% for pressure), typical
for any MD simulation. The molecular trajectories were
sampled every 10,000 steps, resulting in a total of 1000
configurations per simulation, from which all properties of
interest were calculated.

Long-range Coulombic interactions were handled using
the particle mesh Ewald (PME) method [39,40], which does
not directly sum the wave vectors but assigns the charges to
a grid using cardinal B-spline interpolation and thus exhibits
a faster scaling than the ordinary Ewald summation method
[41]. In all the simulations performed, a fourth-order (cu-
bic) interpolation was used along with a Fourier-spacing
parameter of 0.12, corresponding to an accuracy approxi-
mately 5 x 1073 in electrostatic energy calculations. The
cut-off distance was set to 12 A, both for the LJ interactions
and the PME.

All the simulations were executed with the open-source
package GROMACS [42,43] (version 4.6.3), which is
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generally acknowledged to be a highly optimised and effi-
cient MD simulator [44,45]. Each run was executed in 16—
32 cores, with Intel Xeon 2.7 GHz processors, and needed
about 1-4 wall-clock hours to be completed.

For the case of infinite diluted H,O in CO,, the diffu-
sion coefficients were calculated using the Einstein relation,
according to which the self-diffusion coefficient is obtained
from the solute mean square displacement, [46]

6 1—oodt \ N

1 d 1
DES = - lim & < > O -7, (r>]2> )
i=1
where r;(¢) is the unfolded positions of the centres of mass
of H,O molecules at time ¢, and the angle brackets indicate
an ensemble average over all molecules and time origins.
In order to improve the statistics of our results, the diffu-
sion coefficient for each state point was calculated from 20
different simulations, each one starting from a completely
different initial configuration, thus leading to a wide di-
vergence of the trajectories of the molecules. We obtained
the final results of diffusivities by averaging the diffusion
coefficients from the individual runs.

For the case of higher H,O compositions up to xp,0 =
0.36, the Maxwell-Stefan diffusion coefficient of H,O in
CO; was calculated according to [47]

2

1 my,o

2

Dys = XH,0 + XC0,
6N xu,0 Xco, \ Mco,

2

> (8)

where N is the total number of molecules, xp,0 and xco, are
the mole fractions, my,o and mco,are the molecular masses
of H,O and CO,, respectively, and r;(¢) is the unfolded
position of H,O molecule i at time ¢. The angle brackets
indicate an ensemble average over all time origins.

d Nu,o Nuyo
x tlggloa< PACEDIRAC

i=1 i=1

2.3. System-size dependence of diffusion
coefficient

It has been previously reported in the literature that system
size effects in the calculation of transport properties of pure
fluids should be taken into account [48—50]. Consequently,
a systematic analysis of system size effects was performed
both for the pure CO, and H, O in CO, diffusion coefficient.
For the case of pure CO,, MD simulations for systems with
250, 1000, and 4000 CO, molecules were performed and
results were found to vary linearly with the inverse of the
box length, 1/L. Consequently, the linear correlation was
extrapolated to infinite system size in order to estimate
the diffusion coefficient at the thermodynamic limit. In the
Supplemental data section (Tables S1-S5), MD simulations
for the systems with 1000 molecules and the extrapolated

55 | I ! | L I ' |
sof ® =
asf- 2 ]
=40 -4 A 5
"o 35 A |

i N
"4t 5 f ;-

]U_— 5

L | N " }
0.15 0.2 0.25 0.3 0.35 04
1/L (nnfl)

Figure 1. Infinite dilution diffusion coefficient of H,O in CO, at
283.15and 323.15 K (20 MPa), and 523.15 K (100 MPa) from MD
simulations. The force-fields used are TIP4P/2005 for H,O and
EPM2 for CO,. Open symbols correspond to 1000 CO, molecules
which is the standard system size used for obtaining the results in
Figures 2-5.

infinite size value are reported. Simulations revealed that
the system size effect becomes stronger at higher tempera-
tures and lower densities. Representative results are shown
in Figure S1 of Supplemental Information. At 283.15 K
and 20 MPa the diffusion coefficient of pure CO; increases
by 9.8% when the simulation box increases from 250 to
4000 molecules whereas at 323.15 K the increase is 15%
(Figure S1(a) in Supplemental data section). At 523.15 K,
the increase in self-diffusivity is approximately 80% and
181% for 50 MPa and 10 MPa, respectively (Figure S1(b)
in Supplemental data section).

For the case of H,O in CO, at infinite dilution, 1 H,O
molecule was dissolved in CO,, while for the case of higher
H,0 compositions the number of molecules used was cal-
culated accordingly. In order to address the magnitude of
system size effects for the case of mixtures, a thorough
investigation was made by varying the number of CO,
molecules (solvent) in the system. In Figure 1, the diffu-
sion coefficient of 1 TIP4P/2005 H,O molecule in 250, 500,
1000, 2000, and 4000 EPM2 CO, molecules are presented
at 283.15 K (20 MPa), 323.15 K (20 MPa), and 523.15 K
(100 MPa). From Figure 1, one can see that the diffusion co-
efficient of H,O in CO, remains practically constant, within
the statistical error, for the different box lengths examined.
For the larger systems studied (greater than 1000 solvent
molecules), the computational time required for the simu-
lation is more than five times higher and thus large systems
are not considered computationally efficient.

3. Results and discussion
3.1. CO; self-diffusion coefficient

The accuracy of various force-fields in predicting the
self-diffusion coefficient of pure CO, was initially exam-
ined. All results presented in this section and in Figure 2
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Figure 2.  Self-diffusion coefficient of CO, as a function of pres-
sure at (a) 298.15 K and (b) 323.15 K (top) and 423.15 K (bot-
tom). Experimental data from Ref. [51] (black inverse triangles)
and Ref. [52] (black diamonds). MD simulation results using the
following models: EPM2 (red circles); TraPPE (blue squares);
ZD [34] (green right triangles); Merker ef al. [35] (cyan crosses);
Exp-6 (black dashed squares). The dotted line, connecting the
experimental values, is drawn to guide the eye.

refer to the infinite-system extrapolated values of pure CO,
self-diffusivities, according to the system-size dependence
discussed in detail previously. Experimental measurements
of the CO, self-diffusion coefficient are available in the
literature [51,52] for a wide range of temperatures and
pressures and thus a useful comparison with MD simu-
lations can be made. As mentioned earlier, five force-fields

were considered in this study for the representation of CO,
molecules.

In Figure 2(a), the self-diffusion coefficient of CO, at
298.15 K is shown as a function of pressure (up to 50 MPa),
using the experimental measurements reported by Etesse et
al. [51] and Gro§B et al. [52] and the simulations performed
in this study. As the pressure decreases approaching the
critical pressure of 7.4 MPa, the self-diffusion coefficient
increases, although temperature is below the critical value
of 304.12 K. All the models tested follow qualitatively the
experimental trend; however, TraPPE and the force-field by
Merker et al. [35] are more accurate at all pressures, ex-
hibiting almost identical results with each other and an ex-
cellent agreement with the experimental data. More specifi-
cally, the self-diffusion coefficients predicted by the TraPPE
model show absolute deviations from the experimental data
in the range of 0%—2.4%, while predictions for the Merker
et al. [35] model from 0%—2.8%. All the other models
clearly overestimate the diffusion coefficients by 9%—-33%,
with the ZD [34] model being the most inaccurate in the
entire pressure range, deviating from the experimental mea-
surements by an average absolute deviation of 18%.

The latter result is in contrast with the recent simulation
study by Aimoli et al. [53], in which the authors concluded
that the ZD model provides the most accurate self-diffusion
coefficient, in the temperature and pressure range studied.
The primary reason for this difference is the system-size-
dependence correction applied in the present study, as dis-
cussed in detail in the previous section. Aimoli ef al. [53]
used 1000 CO, molecules for all their simulations, in order
to mitigate any size dependencies. In this work, MD simula-
tions are compared to calculations reported by Aimoli ez al.
[53] In Figure S2 of Supplemental Information document,
a direct comparison of the self-diffusion coefficients of the
EPM2, TraPPE, and ZD models and experimental data at
298.15 K is shown. Our calculations with 1000 molecules
are in excellent agreement with the ones by Aimoli ef al. |
53 ] for all three models. At the same time, application of
the system size correction reveals that the ZD model is the
least accurate of the three.

In Figure 2(b), the self-diffusion coefficients of CO,
are shown at two supercritical temperatures at 323.15 (top)
and 423.15 K (bottom) as a function of pressure. At 323.15
K, there is a sharp increase of Dco, as pressure decreases
below 10 MPa, typical of a supercritical fluid. At 5 MPa,
Dco, decreases by approximately a factor of 3 from 298.15
to 323.15 K and by another factor of 2 at 423.15 K. At
these two high temperatures, MD simulations of the EPM2,
TraPPE, and Exp-6 models are shown only. For pressures
higher than 20 MPa all three model predictions are in very
good agreement with experimental data. For the low pres-
sure simulated at 323.15 K (10 MPa) no model was able to
accurately predict the self-diffusion coefficient of CO,. All
three models tested over-predict diffusivity by 60%—129%,
a fact that can be partially explained by their inability to
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accurately estimate the CO, density at these near critical
conditions [54]. In the Supplemental Information section,
we provide MD simulation results for the self-diffusion co-
efficients of CO; over a broad range of conditions, including
temperatures and pressures not measured experimentally.

3.2. Diffusion coefficient of H,0 in CO,
at infinite dilution

Atomistic NPT simulations were performed for various
combinations of TIP4P/2005 H,O model with various CO,
force-fields. TIP4P/2005 is one of the most recent force-
fields for H,O [32] and it provides a very accurate predic-
tion both for H,O self-diffusion coefficient [55] and CO,
diffusivity in H,O [16]. Therefore, it is expected to provide
adequately accurate predictions for the H,O diffusion co-
efficient in CO,. The present study is done at temperatures
ranging from 283.15 to 523.15 K and pressures from 5 to
100 MPa. These conditions correspond to liquid and su-
percritical CO,. Xu et al. [17] have reported experimental
nuclear magnetic resonance (NMR) measurements of the
diffusivity of H,O in CO, for 283.15, 298.15, and 308.15
K and for pressures from approximately 13 to 30 MPa.

In Figure 3, the MD simulation results are presented
and compared to experimental data by Xu et al. [17] All
force-field combinations follow the trend of the experi-
mental data and show a decrease in diffusivity with the
increase of pressure, but with variable accuracy. Specifi-
cally, at 283.15 K (Figure 3 top), the Exp-6 models and
the TIP4P/2005-TraPPE combination follow the experi-
ments very accurately. The Exp-6 models deviate from the
experimental values by approximately 3%-4%, while the
TIP4P/2005-TraPPE combination gives slightly overesti-
mated values. The combination of TIP4P/2005 with the
model proposed by Merker et al. [35] gives estimates very
closely related to the case of TIP4P/2005-TraPPE. MD
simulations using EPM2 and the ZD [34] force-field pre-
dict overestimated diffusivities, with the latter one being
the most inaccurate exhibiting 35%—45% deviation from
experimental data for the pressure range examined.

At 298.15 K, all combinations of models show better
accuracy than at 283.15 K, with deviations from experi-
mental values ranging between 0% and 10%, except for
the combination TIP4P/2005—-ZD, which overestimates the
diffusion coefficients by approximately 25%.

The near-critical behaviour of the solvent results in
a sharp increase of the diffusion coefficient at the high-
est temperature shown (308.15 K) and pressures below 10
MPa. At this temperature, the combination containing the
EPM2 model is clearly the most accurate followed closely
by the combination of TIP4P/2005—ZD. The rest of the
model combinations underestimate the diffusion coefficient
of H,O in CO; by up to 25%.

It should be pointed out that all simulated values are
close to the self-diffusion coefficients of CO, at the same
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Figure 3. Infinite dilution diffusion coefficient of H,O in CO, as
a function of pressure at 283.15 K (top), 298.15 K (middle), and
308.15 K (bottom). Experimental data from Ref. [17] (black trian-
gles). All other symbols are the same as in Figure 2 (TIP4P/2005
H,0 model is used for all combinations except for the one with
Exp-6). Error bars are excluded for clarity. The statistical uncer-
tainty is 2—3 times the symbol size. The dotted line, connecting
the experimental values, is drawn to guide the eye.

temperature and pressure, presented in the previous section,
indicating that diffusivity is primarily driven by the free vol-
ume of the system. In Figure 4, experimental data [54] and
MD calculations for the density of pure CO, are presented.
As can be seen, all models are in good agreement with the
experimental values, with the Exp-6 and TraPPE models
being the most accurate. The percentage average deviation
from experimental data is less than 1.8% at the conditions



Molecular Physics 2811

1100

10501

20950

p(

900

8501
283.15K

1000 =

w

T001 % ]
298.15 K
et - | - S SR T — I -

800

pkgm?)

TO0 -

600

308.15K 7

P ISR T T PR I |
15 20 25 30 35 40 45 50 55
P (MPa)

Figure 4. Density of CO, as a function of pressure at 283.15
K (top), 298.15 K (middle), and 308.15 K (bottom). All symbols
are the same as in Figure 2. The black line shows the experimen-
tal values from National Institute of Standards and Technology
(NIST) database [54].

examined. This is in line with their accuracy in the predic-
tion of diffusivities at 283.15 and 298.15 K. Predictions for
the CO, density were compared to recent calculations by
Aimoli et al. [56] for the same force-fields. Representative
results from 250 to 550 K at 10 and 100 MPa are shown
in Figure S3. Excellent agreement between the two sets of
calculations and with experimental data is observed in all
cases.

MD simulations were also performed at higher temper-
atures. In Figure 5, the infinite dilution diffusion coefficient
of H,O in CO; in the range 323.15-523.15 K as a function
of pressure is shown. For these conditions, no experimental
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Figure 5. Infinite dilution diffusion coefficient of H,O in CO,
as a function of pressure at 323.15 K (top), 423.15 K (middle),
and 523.15 K (bottom). All symbols are the same as in Figure 2.

or calculated values are available for comparison. Given
the accuracy of the models at lower temperatures, one can
consider these data as accurate predictions of the actual
values. For these particular calculations, we used the com-
binations of TIP4P/2005 with EPM2 and TraPPE force-
fields and the Exp-6—Exp-6, since the remaining combina-
tions were either less or equally accurate with the selected
ones. Again, the diffusivity decreases with the increase
of pressure (and density) and the various combinations of
models predict approximately the same diffusivity values,
with the combination containing EPM2 model resulting
in slightly higher values. This can be partially explained
by the fact that all the models give very similar density
predictions.
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3.3. Diffusion coefficient of H,0 in CO; at
higher concentrations

We performed simulations of the H, O diffusion coefficient
in CO, at 473.15 and 523.15 K, for 10, 20, and 100 MPa
and for concentrations ranging from infinite dilution up
to the solubility limit, as reported by Liu et al. [23] and
Orozco et al. [27] for each combination of models. Since
the solubility of H,O in the CO; phase is substantial, we cal-
culated the Maxwell-Stefan diffusion coefficient (Equation
(8)). Based on the accuracy discussed above, the combina-
tions of force-fields used here were TIP4P/2005-TraPPE
and Exp-6—Exp-6. These two combinations of models de-
viate from each other for the solubility of H,O in CO,
[23,27]. More specifically, at 473.15 K the TIP4P/2005—
TraPPE combination predicts that the H,O solubility in
CO; is almost constant and approximately equal to 0.1 for
the entire pressure range, while the combination of Exp-6
models gives a value of approximately 0.15. For the higher
temperature of 523.15 K, the solubility of H,O in CO,, for
the combination of TIP4P/2005-TraPPE was shown to be
approximately 0.2, 0.13, and 0.18 for 10, 20, and 100 MPa,
respectively. The combination of Exp-6 force-fields yields
higher values of solubility ranging from approximately 0.3
to 0.35, depending on pressure.

In Figure 6, the MD predictions for Maxwell-Stefan
diffusion coefficients (Dys) of HO in CO, at 473.15 K
for the three pressures examined (10, 20, and 100 MPa)
and the two combinations of models are shown. For the
lowest pressure examined at 10 MPa (Figure 6 top), Dus
from both sets of force-fields increases with the H,O mole
fraction. The increase is more pronounced for the case of
Exp-6 models, which also give higher values of Dyg for the
entire range of mole fractions. At 20 MPa, again the Exp-6
models give higher values of Dy diffusivity in compari-
son with TIP4P/2005-TraPPE combination. For this spe-
cific pressure, the Dyig diffusion coefficient of H,O in CO,
at infinite dilution is lower than the one obtained for the
H,0 mole fraction of approximately 0.05, but a further
increase in HyO mole fraction does not have an effect,
within the statistical uncertainty of the calculations. For the
highest pressure studied (100 MPa, Figure 6 bottom), Dys
from TIP4P/2005-TraPPE increases with H,O composi-
tion; however, the Exp-6—Exp-6 combination, that covers
a broader range of compositions, predicts that Dy;s goes
through a maximum and then decreases.

As shown in Tables 6 and 7 of the Supplemental data
section, both the TraPPE and Exp-6 models give very sim-
ilar density estimations, for the whole range of conditions
studied, and therefore their differences, as described above,
can only be attributed to the H,O—CO, cross interactions.

In Figure 7, the MD simulation results for Maxwell—
Stefan diffusion coefficients (Dys) of H,O in CO, at
523.15 K for the pressure range 10—100 MPa and the two
models are presented. For this temperature, the solubil-
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Figure 6. Maxwell-Stefan diffusion coefficient (Dys) of H,O
in CO,; as a function of H,O mole fraction at 473.15 K and 10,
20, and 100 MPa. Blue and black dashed squares refer to Dys
for TIP4P/2005-TraPPE and Exp-6—Exp-6 combinations respec-
tively.

ity of H,O in COs is raised up to approximately 0.35 for
the high pressures examined (20 and 100 MPa) and more
than 0.3 for 10 MPa for the Exp-6 models combination.
For the latter pressure, the Dyis remains constant for H,O
mole fractions greater than 0.05. At 100 MPa, Dy ex-
hibits a similar behaviour to 473 K and 100 MPa, going
through a maximum at low H,O composition and then
decreases. For this pressure (100 MPa), the two combi-
nations of models show an improved agreement to each
other.
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4. Conclusions

In this study, we presented a series of MD simulations
for the calculation of diffusion coefficients of pure CO,
and of H,O in CO, over a wide range of temperatures
(298.15 K < T' < 523.15 K) and pressures (5.0 MPa < P <
100.0 MPa). Various combinations of force-fields for H,O
with CO, (TIP4P/2005 with EPM2, TraPPE, ZD, Merker
et al. and Exp-6—Exp-6) were evaluated. The MD results
were in very good agreement with the available experi-
mental data at infinite dilution. Overall, the combinations
TIP4P/2005-EPM2, TIP4P/2005-TraPPE and Exp-6—Exp-
6 with optimised cross interactions between oxygen atoms

from unlike molecules were found to be the most accurate
for the temperature and pressure ranges examined.

Maxwell-Stefan diffusion coefficient of H,O in CO,
is also examined for compositions up to 0.36, at 473.15
K and 523.15 K and pressures up to 100 MPa. Maxwell—
Stefan diffusion coefficient was shown to have a weak non-
linear dependence on composition. No experimental data
are available for these concentrations and thus no definite
conclusions concerning the accuracy of force-fields can be
made.

The results from the current study, in combination with
the recent calculations of diffusivity in H,O [16] and the
phase equilibria studies by Liu et al. [23] and Orozco et al.
[27] provide a thorough evaluation of the most accurate and
widely used CO, and H, O force-fields in their ability to pre-
dict thermodynamic and transport properties. In order for
a more concrete conclusion to be drawn regarding the ac-
curacy of the various force-fields, additional experimental
work is needed at high H,O compositions and calculations
for other transport properties (such as viscosity, thermal
conductivity, and surface tension).

Finally, a significant system size effect was found for the
self-diffusion coefficient of pure CO,. This effect was ac-
counted by performing simulations at different system sizes
and extrapolating calculations to the thermodynamic limit.
In the future, a more systematic analysis will be performed.
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