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ABSTRACT: Molecular dynamics simulations are carried out to
compute the intradiffusion coeflicients of H, and O, in H,O for
temperatures ranging from 275.15 to 975.15 K and pressures ranging
from 0.1 to 200 MPa. These conditions span vapor, liquid, and
supercritical conditions. For the vast majority of the state points
examined, experimental data are not available. The accuracy of six H, =
and six O, force fields is tested in reproducing the available P e
experimentally measured densities, self-diffusivities, and shear
viscosities of the pure gas and the intradiffusivity of the gas in
H,0. Namely, we screen the H, force fields developed by Buch,
Vrabec and co-workers, Hirschfelder et al, Cracknell, a modified
Silvera—Goldman, and Marx and Nielaba. For O,, the force fields by 1000 / T

Bohn et al, Miyano, Coon et al., Hansen et al., Vrabec et al, and

Watanabe are tested. Overall, the force fields by Buch and Bohn for H, and O,, respectively, were found to perform the best, and
combined with the TIP4P/2005 H,O force field are used to compute the intradiffusivities in the entire temperature and pressure
range. The new data are used to develop an engineering model that can predict the H, and O, intradiffusivity in vapor, liquid, and
supercritical H,O. The new model uses 11 parameters and has an accuracy of 4—11%. The model is validated with other available
experimental and simulation data for H, and O, in H,0 and pure H,0. Aside from the extensive collection of new data for the
intradiffusivities of H, and O, in H,0, we present new data for the densities, shear viscosities, and self-diffusivities of pure TIP4P/
2005 H,O in the same wide temperature and pressure range. The new data and the engineering model presented here can be used
for the design and optimization of chemical processes, for which the knowledge of H, and O, diffusivities in H,O is important.

l/apOr

P low

vapor

high

Pz

InD

P low

supercritical

Li‘?uid

SUp
e, gy
MCriticq, P

liquid

1. INTRODUCTION experimental measurements.'’~"” For an extensive discussion
on the various correlations, the reader is referred else-
where.'"'>'® Despite being fast and easy to use, these
correlations depend on the quality of the available
experimental data, while they provide limited physical insight
into the transport mechanisms taking place. To this end,
molecular dynamics (MD) simulations are used as a
complementary approach for computin% diffusivities when
experimental data are not available.'”” In the past few
decades, MD simulations have played a pivotal role in science
and engineering since they provide a fundamental under-
standing of phenomena and processes at the molecular
level.”"”* The advent of faster computers and more efficient
algorithms has resulted in the extensive use of MD simulations

The diffusivity of H, and O, in H,O is encountered in
numerous environmental, geological, industrial, and biological
systems. For example, the diffusion process of light, sparingly
soluble gas in H,O is the major controlling parameter during
the air—water gas exchange." Typical applications of industrial
interest involving H, and/or O, diffusion in H,O are the low-
to-moderate temperature processes encountered in fuel cells”
and H,O electrolysis,” the low® and moderate/high®°
temperature water—gas shift reactions taking place during
biomass gasification, and the supercritical H,O oxidation,
which is considered an innovative green technology for the
treatment of industrial waste and sludge.””

The design and optimization of these processes require the
knowledge of the intradiffusion coefficients of H, and/or O, in
H,O in a wide range of conditions, covering the gas, liquid, and
supercritical regions. Experimental measurements are often
available, albeit only for a limited number of state points,
usually at atmospheric pressure.” For this reason, semi-
empirical correlations have been extensively used for obtaining
the diffusivity values at conditions outside the range of
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for computing the thermodynamic, transport, and structural
properties of pure components and mixtures relevant to
industrial applications.”® A number of MD simulation studies
of the intradiffusivity of H,”*~*” and O,”***7** in H,O have
been reported. However, these studies are mostly limited to
supercritical H,O conditions, with only a few considering
lower pressures and temperatures, e.g., the study by Thapa and
Adhikari on O, diffusivity in H,O at 0.1 MPa and temperatures
up to 306 K.**

Thus, a dataset of H, and O, intradiffusivities in H,O
spanning the liquid, vapor, and supercritical conditions is
largely lacking. The main objective of this study is twofold: (a)
to provide a reliable set of intradiffusivity data for infinitely
diluted H, and O, in H,O for temperatures and pressures in
the range of 275.15—975.15 K and 0.1—-200 MPa, respectively,
and (b) to establish an engineering model with few parameters
that can be used to accurately predict these diffusivities for any
pressure and temperature. To this purpose, a screening of six
H, and six O, force fields is performed. One force field for each
gas is selected based on their performance in predicting the
available experimentally measured densities, shear viscosities
and self-diffusion coefficients of the pure gas, and the
intradiffusion coeflicients of gas into H,O. The selected force
fields are then combined with the widely used TIP4P/2005
force field*® to compute the intradiffusion coefficients of H,
and O, in H,0, at conditions spanning the vapor, liquid, and
supercritical regions, for which experimental data are mostly
lacking. Due to the extensive number of MD simulations
performed in this study, the densities, shear viscosities, and
self-diffusivities of the pure TIP4P/200S H,O force field are
also reported for the whole temperature and pressure range
and used to validate the proposed engineering model. The use
of the TIP4P/2005 force field to compute the self-diffusion
coefficients of pure H,O has been reviewed in recent
studies.’>’

The paper is organized as follows. In Section 2, the methods
and computational details are described. In Section 3, we
discuss the force field validation, the MD results for the
diffusivity of H, and O, in H,O, and the details of the
proposed engineering method. In Section 4, the conclusions
are presented.

2. METHODOLOGY

2.1. Force Fields. For modeling H,, the single-site force
fields developed by Buch,®® Vrabec and co-workers,” and
Hirschfelder et al.,,*” the two-site force field by Cracknell,* and
the modified three-site Silvera—Goldman by Alavi et al.,** and
Marx and Nielaba*® force fields are tested (for brevity these
force fields are referred to as Buch, Vrabec, Hirschfelder,
Cracknell, Silvera—Goldman, and Marx hereafter). These H,
force fields have been recently used in the literature to predict
the thermophysical properties of H,O/H, mixtures in a wide
range of temperatures and pressures."’g"m’45 Furthermore, the
modified Silvera—Goldman force field has been used
extensively in MD***® and Monte Carlo®” ™" studies related
to H, storage in clathrate hydrate structures. For additional
information on the performance of the H, force fields for
various mixtures, conditions, and properties, the reader is
referred to the recent studies by Yang et al.”® and Bartolomeu
et al.>">* For O,, the two-site force fields developed by Bohn et
al,> Miyamo,54 and Coon et al,>® and the three-site models
developed by Hansen et al,*® Vrabec et al,”” and Watanabe®®
are used (for brevity these force fields are referred to as Bohn,
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Table 1. Chemical Formulas and Force Fields of the
Components Simulated in this Work

chemical CAS

component formula number force field

water H,O0 7732-18-5  TIP4P/2005>°

hydrogen H, 133-74-0  Buch®®

hydrogen H, 133-74-0  Vrabec®

hydrogen H, 133-74-0  Hirschfelder®

hydrogen H, 133-74-0  Cracknell"!

hydrogen H, 133-74-0  Silvera—Goldman
(modified)**

hydrogen H, 133-74-0  Marx™

oxygen 0, 7782-44-7  Bohn®®

oxygen 0, 7782-44-7  Miyano®*

oxygen 0, 7782-447  Coon™

oxygen 0, 7782-44-7  Hansen™®

oxygen 0, 7782-44-7  Vrabec®’

oxygen 0, 7782-44-7  Watanabe®®

Miyano, Coon, Hansen, Vrabec, and Watanabe hereafter). The
TIP4P/2005 model*® is used to model H,O. Previous studies
have shown that the TIP4P/2005 force field can accurately
capture the transport properties of pure H,O and aqueous
solutions for a broad range of conditions.’**”~%® Table 1 lists
all of the components simulated in this study and the force
fields used for each one component. All force field details are
provided in the Supporting Information (Tables S1—S3).

2.2. Molecular Dynamics Simulation Details. The
open-source Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)®’ is used for the MD simulations.
Periodic boundary conditions are imposed in all directions.
The velocity-Verlet algorithm is used to integrate the equations
of motion with a time step of 1 fs. For the two-site H,, two-site
0,, and H,O force fields, the bond lengths and the angle in
H,O are fixed using the SHAKE algorithm in LAMMPS.*”%*
The three-site H, and O, force fields are modeled as rigid
bodies using the technique developed by Zhang and Glotzer.*’
Thus, in all simulations, the intramolecular interactions are
neglected. Only Lennard-Jones (LJ) and Coulombic potentials
are used to describe the intermolecular interactions. The cutoff
radii for both the L] and electrostatic energies are set according
to the original H,, O,, and H,O force fields. The particle—
particle particle—mesh (PPPM)**”® method with a relative
error of 107° is used to compute the long-range electrostatic
energies. Analytic tail corrections are applied to the energy and
pressure. The Lorentz—Berthelot combinin§ rules are used for
the interactions between unlike species.”’””

The MD simulations are carried out following the procedure
described in detail in the Supporting Information of ref 71, i.e.,
initially, the system is energy minimized, consequently,
equilibration runs are performed in the NpT and NVT
ensembles for 1—2 ns, and finally the properties are sampled
from production runs in the NVE ensemble. The total
simulation time of the production runs is in the range of 2—
200 ns for obtaining properly converged mean-squared-
displacements (MSD) for the computation of the transport
coefficients.”" The temperature and pressure are maintained
constant using the Nosé—Hoover thermostat and barostat™"**
with coupling constants equal to 100 and 1000 fs, respectively.
The modifications to the Nosé—Hoover thermostat and the
barostat proposed by Kamberaj’* are used in LAMMPS for the
simulations of rigid bodies. All initial configurations are created
using PACKMOL software.””

https://doi.org/10.1021/acs.jced.1c00300
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2.3. Computation of Transport Properties. The OCTP (a)
(On-the-fly computation of transport properties) plugin’' in 55
LAMMPS is used to compute the self- and intradiffusivities — NIST323K
and shear viscosities from the Einstein relations™*™>>7"7#77° 011§ Crackne 2
shown in egs 1 and 2, combined with the order-n algorithm as =% e I\\/{;&;ec
implemented by Dubbeldam et al.”’ £ 407| & Sivers-coaman
N 2 354
. 1 ’ 2 < 307
D, = tlln:o th Z (r',i(t) - rj,i(o)) Q 55 ]
j=1 (1) 20-
wbere D; is the se.lf-d'iﬁ:usivit?f (or intre}d:iffusivity ir'1 the case of 153 T 40 5o 60 7o 80 90 100
mixtures) of species i, rjﬂ-(t) is the position of the jth molecule P/ [MPa]
of species i at time ¢, and N; is the number of molecules of
species i in the system. (b)
v : : o .
1=l o | 2 ) T ] §
BY\ ap (2) MPXE F
where”678 ’\E e
o 2.0 5 e
os P(lﬂ + Pﬁa 1 = éf/
p = — aﬁ_zpkk iy %
2 37 (3) SERY ;i,/
where 7 is the shear viscosity, V is the volume of the system, kg 150 200 250 300 350 400
is the Boltzmann constant, Pgj; denotes the components of the T/IK]
traceless pressure tensor, P,; denotes the off-diagonal
components of the pressure tensor, and &, is the Kronecker Is (c)
delta. (...) indicates an ensemble average. Although diffusivities
and viscosities can also be computed using the Green—Kubo 141— bl i
method,”"** the use of the Einstein framework has the —13] s ’i—/—
practical advantage of offering a criterion for specifying the © S ' ______ AT v
minimum simulation length for obtaining a transport property, % 121 \
i.e., the linear relationship between time and the mean-squared 11
displacement of the dynamical properties of interest is valid at < o]
timescales where the slope is 1 in a log—log plot. Such a *
criterion is not present in the Green—Kubo method, where a 91 ¥
time—correlation function slowly converges to zero regardless 150 200 250 300 350 400
of the simulation length.”"”” T /K]

In all MD simulations, 1000 H,O and S solute molecules
(ie, H, or O,) are used, corresponding to infinite dilution
conditions. As can be seen in Figure S1 in the Supporting
Information, the variation in the number of solute molecules
(both H, and O,) from 1 to S practically yields the same
diffusivity values, while the error is reduced by a factor of ca. 2.
As shown by Janzen et al.** and Guevarra-Carrion et al.,”'
intradiffusion coefficients of mixtures at the infinite dilution
limit can also be computed by performing MD simulations at
several compositions near the infinite dilution, e.g.,, x; = 0.5, 1,
3, and S mol %, and extrapolating to x; — 0. Such an approach
may yield relatively low statistical uncertainties since the
computation of intradiffusivity is performed using a larger
number of solute molecules.

In this work, all diffusivities are corrected for finite-size

effects using the Yeh—Hummer equation®”~**
kpT
D® =D, + KTe
67nL (4)

where D° is the finite-size corrected self- (and intra-) diffusion
coefficients, T is the absolute temperature, £ is a dimensionless
constant equal to 2.837298, and L is the length of the
simulation box. The computation of # does not depend on the
system size.">*® As recently shown by Jamali et al,,***” eq 4 is

3228

Figure 1. Properties of pure H,: (a) density as a function of pressure
at 323 K, (b) self-diffusion coefficient, and (c) shear viscosity as a
function of temperature at S0 and 100 MPa computed in MD
simulations using the Buch,*® Cracknell,*! Vrabec,>® Marx,*
Hirschfelder,*® and Silvera—Goldman®> H, force fields. The
experimental data are taken from the NIST database’® and Chen et
al.”" The self-diffusion coefficients are corrected for system-size effects
using eq 4. The error bars have been omitted for clarity. The raw MD
data along with the error bars are listed in Tables 2 and S4 in the
Supporting Information. The symbols denoting the different force
fields are the same in (a)—(c).

valid for correcting the intradiffusion coefficients in binary and
multicomponent mixtures. As can be seen in Figure S2, eq 4
can be used to correct the intradiffusivities of infinitely diluted
H, in liquid (Figure S2a), vapor (Figure S2b), and supercritical
(Figure S2¢) H,0 computed in MD simulations. In all cases,
D; computed using different numbers of H,O molecules
(solvent) scale linearly with 1/L (where L &« N'/3 and N is the
number of molecules). The magnitude of the finite-size
correction stronégly depends on the system and thermodynamic
conditions.***>**~*’ For example, in the liquid phase (Figure
S2a), the absolute deviation between D, and D is 3.5, 4.4, and
5.3% for MD simulations using 1000, 2000, and 4000 H,O

https://doi.org/10.1021/acs.jced.1c00300
J. Chem. Eng. Data 2021, 66, 3226—3244
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Table 2. Self-Diffusion Coeflicients, Shear Viscosities, and Densities of Pure H, Computed Using Different Force Fields for

Various Temperatures and Pressures”

Buch Cracknell Vrabec Hirschfelder Marx Silvera—Goldman NIST
T P D op D op D op D op D op D op

171 S0 1.44 0.03 1.55 0.03 1.51 0.03 1.42 0.03 141 0.02 1.42 0.02
243 NY 2.48 0.04 2.73 0.04 2.55 0.04 2.48 0.04 2.42 0.02 2.42 0.02
243 100 1.50 0.03 1.60 0.04 1.57 0.04 1.50 0.04 1.45 0.03 1.47 0.03
296 100 2.00 0.04 2.14 0.04 2.06 0.04 1.99 0.04 1.96 0.02 1.93 0.02
372 100 2.75 0.03 3.00 0.05 2.81 0.05 2.78 0.05 2.76 0.02 2.73 0.02

n Oy n Oy n Oy n oy n Oy n oy n
171 S0 9.04 0.84 9.55 1.02 9.0 0.7 9.16 1.01 9.7 1.3 9.1 0.5 9.121
243 S0 9.65 0.55 9.92 1.04 9.2 0.7 9.55 0.81 10.0 1.5 9.1 0.8 9.686
243 100 12.48 0.67 12.3 1.1 12.2 1.3 11.19 0.99 12.7 1.5 12.1 1.0 12.215
296 100 12.45 0.59 12.60 091 11.8 1.1 12.3 1.2 12.5 1.6 11.1 1.1 12.344
372 100 12.68 0.37 13.2 1.6 12.3 0.9 13.4 1.3 129 0.9 12.0 1.8 12.987

P o, p o, P o, P o, P o, p o, P
323 40 24.4 0.1 25.08 0.08 23.77 0.06 24.68 0.09 24.6 0.2 24.10 0.08 24.547
323 60 33.28 0.09 34.3 0.2 32.32 0.12 33.8 0.2 33.45 0.23 3291 0.11 33.495
323 80 40.78 0.23 42.65 0.07 39.51 0.09 41.57 0.08 40.87 0.36 39.99 0.23 40.992
323 100 47.21 0.28 49.27 0.06 45.65 0.22 48.18 0.21 47.33 0.13 46.53 0.12 47.210

“T is in units of K, P in MPa, D in 10~ m” 5™/, 7 in mPa-s, and p in kg m™. o, is the uncertainty of quantity x (95% confidence interval of the
standard deviation). The values from NIST®® are shown for comparison.

Table 3. Self-Diffusion Coefficients and Shear Viscosities of Pure O, Computed Using Different Force Fields for Various

Temperatures and Pressures”

Bohn Miyano Coon NIST

T 2 D op D op D op
77.65 0.1 0.0016 0.0002 0.0022 0.0002 0.0020 0.0002
194.65 0.1 9.47 0.22 9.72 0.47 9.60 0.31
273.1§ 0.1 17.63 0.44 18.12 0.58 17.93 0.29
298.15 0.1 20.81 0.30 21.11 0.60 21.00 0.68
318 0.1 23.26 0.42 23.59 0.51 23.73 0.29
353.1S 0.1 28.75 0.51 28.67 0.37 28.69 0.38

" o, n o, n o, n

77.65 0.1 284 10 303 11 295 11 292.080
94.65 0.1 13.6 1.6 14.0 1.1 13.8 0.7 14.308
273.15 0.1 16.5 2.0 17.2 2.0 16.9 13 19.085
298.15 0.1 17.0 1.7 18.0 1.9 17.7 1.0 20.459
318 0.1 19.8 2.1 209 2.1 20.6 22 21.542
353.15 0.1 20.8 2.0 219 1.7 21.7 2.0 23.394

“T is in units of K, P in MPa, D in 10~° m* s7}, and 5 in mPass. o, is the uncertainty of quantity x (95% confidence interval of the standard
deviation). D and 7 at 77.65 K and 0.1 MPa for the Hansen force field is (0.00248 + 0.00012) 10~ m” s™! and 295 + 13 mPa-s, respectively. The

90 .
values from NIST™" are shown for comparison.

molecules, respectively. In the supercritical and vapor phases,
the deviations between D; and D;° are found to be one and two
orders of magnitude lower, respectively. In this study, the vast
majority of diffusivities computed at the supercritical and vapor
conditions require finite-size corrections smaller than the
uncertainties of the simulations.

For clarity, in the remainder of this manuscript (and the
Supporting Information), the symbol D is used for
representing the finite-size corrected diffusivities. The un-
certainties of the reported densities, shear viscosities, and
diffusivities are calculated as standard deviations from at least
five independent runs, each one starting from a different initial
configuration. The confidence level of all reported uncertain-

ties in this work is 95%.
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3. RESULTS AND DISCUSSION

3.1. Force Field Validation and Selection. The
following procedure is adopted for selecting accurate force
fields to be used for the computation of the intradiffusivities of
H, and O, in H,0. The six H, and six O, force fields,
described in Section 2.1, are evaluated based on their
performance in predicting the density, self-diffusion coeflicient,
and shear viscosity of the pure gas and the intradiffusion
coefficient of the gas in H,O at low pressures. These properties
and conditions are chosen because these force fields are
primarily fitted to pure gas experimental data. For more details
on the force field parametrization procedure, the reader is
referred to the original studies, ie., for H,>*~** and 0,.77>*
Selected typical comparisons with the available experimental
data are shown in Figures 1—4. All of the MD data with the
corresponding uncertainties are provided in Table 2 (density,
self-diffusion coefficient, and shear viscosity of pure H,), Table

https://doi.org/10.1021/acs.jced.1c00300
J. Chem. Eng. Data 2021, 66, 3226—3244


https://pubs.acs.org/doi/suppl/10.1021/acs.jced.1c00300/suppl_file/je1c00300_si_001.pdf
pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00300?rel=cite-as&ref=PDF&jav=VoR

Journal of Chemical & Engineering Data pubs.acs.org/jced
(a) (a)
2.5 20 =
\ — NIST 0.1 MPa i Gertz & Loeschke /
» Bohn Baird & Davidson e
2.0 Mivano oy Akgormon & Gaimer
o $ Honden y 15| § Desiok & Forw S
! 4 i u .
£ 157 $ Vietanave o eton sl b -
€ : Jahne et al. et -~
3 o 10-|--- Corelation1 e Y ¢ e
— 1.0 | --- Correlation 2 <7 s
~ o A s
Q = &A” ¢ Lt
0.5 < 54 (¥
. ~ M ‘§ &_,,;,&
Q sy S
o—————T——T—"T— )
200 300 400 500 600 700 800 900 1000 0 T T T T T
T/ [K] 260 280 300 320 340 360
T/IK]
v (b)
b
100= Chapman—Enskog0.1 MPa|
—_ + Expt. by Winn 20T ~
T 1004 / = g‘:ac:kne\l //
7) — ¥V Vrabec L
~ + ‘_I' 15 b m\ar?éhfe\der //
€ 10714 w0 % Silvera—Goldman ya g
~ ~ s
| E e <
o -2 s g
=10 o 101 7 g/’
= L e
Q 10734 — - T—”//
] ~ 51 _/’/! Pitae -
10~4 T T T T T T Q ,*/_‘,—“/‘
50 100 150 200 250 300 350 400 T
T/IKI] 0 T T T T T
260 280 300 320 340 360
(c) T/IK]
24

—— NIST 0.1 MPa

250 300 350

T/IK]

200 400
Figure 2. Properties of pure O,: (a) density, (b) self-diffusion
coefficient, and (c) shear viscosity as a function of temperature at 0.1
MPa computed in MD simulations using the Bohn,”> Miyano,>*
Coon,”™ Hansen,”® Vrabec,”” and Watanabe™® O, force fields. The
experimental data are taken from the NIST database”® and Winn.”
The self-diffusion coefficients are corrected for system-size effects
using eq 4. The error bars have been omitted for clarity. The raw MD
data along with the error bars are listed in Tables 3 and S5 in the
Supporting Information. The symbols denoting the different force
fields are the same in (a)—(c).

3 (self-diffusion coefficient and shear viscosity of pure O,), as
well as Table S4 (density of pure H,) and Table S5 (density of
pure O,) in the Supporting Information.

Figure 1 shows the comparison of the computed densities
(Figure la), self-diffusivities (Figure 1b), and shear viscosities
(Figure 1c) of pure H, with the available experimental
data.”””" The respective comparisons with the available
experimental data’”"” for pure O, are shown in Figure 2. As
shown in Figure la, in Table 2 and Table S4 in the Supporting
Information, five of the H, force fields can accurately predict
the density (within 2.5% absolute deviation) at high temper-
atures and low pressure, while the Cracknell'' force field
deviates from experiments by ca. 8%. At low temperatures and
high pressures, four of the H, force fields can accurately predict

3230

Figure 3. Intradiffusion coeflicients of H, in H,O as a function of
temperature at 0.1 MPa from (a) experiments, and (b) MD
simulations using the Buch,*® Cracknell,*! Vrabec,>® Marx,*
Hirschfelder,”” and Silvera—Goldman® H, force fields combined
with the TIP4P/2005 H2035 force field. The experimental data are
taken from Gertz and Loeschcke,” Baird and Davidson,” Wise and
Houghton,g6 Akgerman and Gainer,”” de Blok and Fortuin,”®
Winkelmann,”> Himmelblau,” Verhallen et al,”” and Jahne et al!
Correlations 1 and 2 are fits to the experimental data using eq S (the
parameters of the fits are listed in Table 4). The computed
intradiffusion coefficients are corrected for system-size effects using
eq 4. The error bars have been omitted for clarity. The raw MD data
along with the error bars are listed in Table S.

Table 4. Parameters of the Arrhenius Fit (equation 5) to the
Experimental Data of H, in H,O at 1 Atm“

In(D,) @
correlation 1 —12.22 + 048 (—=0.199 + 0.014) x 10*
correlation 2 —13.29 + 0.37 (-0.181 + 0.011) x 10*

“The curves representing the correlations are shown in Figure 3a.

the density (within 2.3% absolute deviation), while for the case
of Hirschfelder®® and Cracknell*' force fields, the absolute
deviation is within 7.5%. For pure O,, as shown in Figure 2a
and in the additional data provided in the Supporting
Information (Table SS), four force fields show high accuracy
under all conditions studied (absolute average deviations from
the experimental data up to 1.5%), while for the case of
Miyano®* and Coon™ force fields, the absolute average
deviation is within 2.4—3.0%. Based on their overall perform-
ance in reproducing the experimental density in the temper-
ature range of 200—1000 K, at pressures of 0.1 and 50 MPa
(see Table SS in the Sup?orting Information), only the force
fields by Bohn,** Miyano,”* and Coon®’ are further considered
in this study. Nevertheless, the difference in the performance of
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Table S. Intradiffusion coefficients of H, in H,0 and O, in (a)
H,0 computed using different force field combinations for 10
. a * Han & Bartels
various temperatures at a pressure of 0.1 MPa * Gertr & Loeschke
- g *  Baird & Davidson L
H, in H,0 O, in H,0 » T Noeman & omer S
~ *  Ferrell & Himmelblau e -
T P D op D op c 61 Himmelblau * %
---. Correlation 3 e *,i’
Buch + TIP4P/2005 Bohn + TIP4P/2005 { --- Correlation 4 & **
275.15 0.1 3.0 03 LS 0.1 S 4 e
= *
298.15 0.1 47 0.7 2.6 02 =, P e
323.15 0.1 7.4 0.5 4.16 0.22 Q B
348.15 0.1 10.3 1.5 6.09 0.27 0
363.15 0.1 11.8 1.1 7.39 0.43 260 280 300 320 340 360
Cracknell + TIP4P/  Miyano + TIP4P/2005 T/IK]
2005
27S5.18 0.1 3.70 0.35 1.60 0.12 (b)
298.15 0.1 5.80 0.54 2.78 0.11 10
323.15 0.1 83 0.6 442 026 % oo
348.15 0.1 11.20 0.94 6.2 0.3 o g ® Coon :/’
| % Hansen -1
363.15 0.1 13.18 0.99 7.47 0.47 v @ Vrabec ’,/
~N ¢ Watanabe “ -
Vrabec + TIP4P/200S  Coon + TIP4P/2005 £ 61 7 -
275.15 0.1 2.97 0.26 1.58 0.11 @ :
298.15 0.1 49 03 273 0.18 S 4 .
323.15 0.1 7.16 0.46 43 02 Z R P
348.15 0.1 10.25 0.43 6.23 0.29 Q i ‘::::Z—— -
363.15 0.1 12.0 0.6 7.3 0.3 0 .
Hirschfelder + TIP4P/  Hansen + TIP4P/2005 260 280 300 320 340 360
2005 T /K]
275.18 0.1 3.22 0.16 1.89 0.11
298.15 0.1 5.09 0.46 341 021 Figure 4. Intradiffusion coeflicients of O, in H,O as a function of
323.15 0.1 745 0.46 5.07 0.38 temperature at 0.1 MPa from (a) experiments, and (b) MD
348.15 0.1 10.84 037 6.87 028 simulations using the Bohn,> Miyano,54 and Coon,>® Hansen,*®
: : - - - : 57 58 . )
363.15 ol 13.05 071 704 029 \Z/S‘(a)l;e;_,l Ozgdeatagalljie ThOz force.ﬁeldi ai:o(inl)med :vllih thfe TIP;_}IP/
orce neld. € experimen ata are taken irom an
Marx + TIP4P/2005  Vrabec + TIP4P/200 2 . : )
_— o1 a;X * /02 S raz ;C * 0/1 S and Bartels,"*" Gertz and Loeschcke,”* Baird and Davidson,”> Wise
7515 : 3. ) : ) and Houghton,g6 Akgerman and Gainer,”” Ferrell and Himmelblau,'*
298.15 0.1 5.9 18 3.29 0.11 and Himmelblau.” Correlation 4 is a fit to experimental data provided
323.15 01 8.6 0.8 4.89 023 by Han and Bartels.'”" Correlation 3 is a 25% positive shift of
348.15 0.1 12 1 6.6 0.3 correlation 4. The computed intradiffusion coefficients are corrected
363.15 0.1 132 1.8 7.84 0.29 for system-size effects using eq 4. The error bars have been omitted
Silvera—Goldman + Watanabe + TIP4P/ for clarity. The raw MD data along with the error bars are listed in
TIP4P/2005 2005 Table 5.
275.15 0.1 3.40 0.81 2.01 0.12
298.15 0.1 528 0.79 3.34 022 the case of O, self-diffusion coefficients in the vapor phase,
323.15 01 781 0.76 44 03 shown in Figure 2b (also in Table 3), the two-site force fields
348.15 0.1 10.48 0.69 7.01 0.36 (i.e, Bohn,> Miyano,54 and Coon®®) are in excellent
363.15 0.1 12.65 0.79 8.49 0.36

“T is in units of K, P in MPa, and D in 107 m? s7. ¢, is the

uncertainty of quantity x (95% confidence interval of the standard
deviation).

the chosen force fields with the ones by Hansen,*® Vrabec,””
and Watanabe®® is not very significant.

For the case of H, self-diffusion coeflicients, we compare the
computed data with the experimental data reported by Chen et
al”" at 50 and 100 MPa. It can be clearly seen in Figure 1b
(also in Table 2) that the three-site models perform
significantly better than the rest. Particularly, the Silvera—
Goldman-type*” force field has the highest accuracy (absolute
average deviation from the experimental data equal to 4.6%),
followed by the Marx* force field (deviation of 4.8%). Among
the single and two-site force fields, the Buch®® force field shows
an accuracy comparable to the three-site models (6.7%). The
force fields show mutual consistency for the majority of
temperatures and pressures, with the Silver-Goldman*’ being
the most accurate and Cracknell"' being the least accurate. For
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agreement with the experimental measurements at 0.1 MPa
reported by Winn.”” In particular, the absolute average
deviations are 6.1, 5.2, and 5.8% for the Bohn,> Miyano,‘4
and Coon>® force fields, respectively. In sharp contrast, a
strong deviation is observed at 77.65 K, where the
experimental point has a “vapor-like” value, while the MD
simulations predict “liquid-like” values for the self-diffusion
coefficient. It should also be noted that according to NIST,”
the corresponding vapor—liquid—equilibrium (VLE) temper-
ature for 0.1 MPa is ca. 90 K. Therefore, the reported
experimental value at 77.65 K may be questionable. The self-
diffusivities computed with MD are compared with calcu-
lations using the Chapman—Enskog'’ theory for the vapor
phase. An almost perfect agreement is found, as can be clearly
seen in Figure 2b.

The computed shear viscosities of pure H, and O, are
compared with the values reported by NIST.”” As shown in
Figure lc, the Buch® force field has the best performance
(absolute average deviation of 1.3%) in predicting the shear
viscosity of pure H,, clearly reproducing the trend of the NIST
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Table 6. Comparison of the Intradiffusivities of O, in H,O
(TIP4P/2005 Force Field) Computed Using Different
Force Fields with the Available Experimental Data for
Various Temperatures and Pressures”

Gy P D o
Bohn + TIP4P/2005
293.15 1.0 2.29 0.16
308.15 1.0 3.04 0.11
283.15 2.5 1.82 0.17
298.15 2.0 2.62 0.12
Coon + TIP4P/2005
293.15 1.0 2.32 0.13
308.15 1.0 3.16 0.13
283.15 2.5 1.82 0.13
298.15 2.0 241 0.13
Miyano + TIP4P/2005
293.15 1.0 2.43 0.12
308.15 1.0 3.32 0.12
283.15 2.5 1.87 0.12
298.15 2.0 2.67 0.12

“T is in units of K, P in MPa, and D in 107 m? s™\. ¢, is the
uncertainty of quantity x (95% confidence interval of the standard
deviation). The intradiffusion coefficients are corrected for system-
size effects using eq 4.

shear viscosity dataset. As shown in Figure 2c, the two-site O,
force fields are relatively accurate in reproducing the shear
viscosity reported by NIST.”” Namely, the absolute average
deviations are 9.6, 6.3, and 6.7% for the cases of Bohn,>’
Miyano,”* and Coon™ force fields, respectively.

In Figure 3a, we show all of the available experimental values
for the H, intradiffusion coeflicients in H,O as a function of
temperature at 0.1 MPa. For more details on the experiments,
the reader is referred to the review papers by Himmelblau” and
Winkelmann.” Additional experimental data for H, intra-
diffusivity in H,O have been reported by Gertz and
Loeschcke,” Baird and Davidson,” Wise and Houghton,96
Ak§erman and Gainer,”” de Blok and Fortuin,”® Verhallen et
al,” and Jahne et al." As can be seen in Figure 3a, the majority
of the experimental data fall onto two distinct, experimentally
based, Arrhenius-type curves (noted as correlations 1 and 2),
with some experimental data falling in-between the two curves.
The two curves differ by approximately 70%. The Arrhenius-
type curves are described as follows:'>"*

a
D=D e (F) (s)

where D, and a are the fitting parameters. Often, a is

—-E, . o
expressed as @ = —*, where E, is the activation energy for

diffusion and R is the universal gas constant. The values of the
parameters for the two curves are listed in Table 4.

Figure 3b and Table S5 show the MD results for the H,
intradiffusivities in H,O at 0.1 MPa as a function of
temperature along with correlations 1 and 2. As can be clearly
seen, the MD results lie closer to the lower curve (correlation
2), especially for temperatures higher than 310 K. This finding
indicates that the experimental data falling onto correlation 1
probably need to be re-evaluated. Among all force field
combinations considered for the system H,—H,O, the Buch—
TIP4P/2005 combination shows the least deviation from
correlation 2 for all temperature points (absolute average
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deviation of 16.4%), followed by the Vrabec—TIP4P/2005
combination (16.6%), while the absolute average deviation for
the remaining four combinations is in the range 24—40%.

A similar procedure is followed for the case of O, diffusing in
H,0. Himmelblau” presented an earlier review, while addi-
tional experimental data have been reported by Gertz and
Loeschcke,” Baird and Davidson,”> Wise and Houghton,96
Ferrell and Himmelblau,"* Akgerman and Gainer,”” and Han
and Bartels.'”’ Figure 4a shows all of the available
experimentally measured O, intradiffusion coeflicients in
H,O as a function of temperature at 0.1 MPa. Similar to the
H,—H,O system, the majority of the experimental data fall
onto two distinct curves (noted as correlations 3 and 4 in
Figure 4), with some data falling in-between the two curves.
The two curves differ by approximately 25%. The experimental
study by Han and Bartels'"" is by far the most extensive for the
O, intradiffusivity in H,O spanning temperatures up to 370 K.
The data points reported in this study are in excellent
agreement with correlation 4, as clearly seen in Figure 4a. Our
MD results for the O, intradiffusivities in H,O at 0.1 MPa,
along with the two correlations, are shown as a function of
temperature in Figure 4b and listed in Table 5. It is evident
that the computed intradiffusion coeflicients, regardless of the
force field used, are in very good agreement with correlation 3,
while they systematically deviate from the experimental data
reported by Han and Bartels,'”" and therefore, correlation 4.
Based on this finding, for the remainder of the study, the
experimental data falling onto correlation 3 are adopted. The
combination of our MD results with the rest of the
experiments suggests that the experimental data of Han and
Bartels'”" probably need to be revisited. Among the six force
field combinations considered for the system O,—H,O, the
Bohn—TIP4P/2005 combination showed the highest agree-
ment with the adopted correlation of experimental values
(absolute average deviation of 3.8%), followed by the Coon—
TIP4P/2005 combination (6.4%), and the Miyano—TIP4P/
2005 combination (7.4%), while the absolute average deviation
of the remaining three combinations ranged from 17.6 to
20.1%. The good performance of this force field combination is
further confirmed by additional MD simulations of O,
diffusing in H,O, performed at higher pressures, i.e., 1.0, 2.0,
and 2.5 MPa, for which the experimental data are available.'"”
These results are shown in Table 6.

Based on our findings for the pure gas (H, and O,)
properties and for the gas diffusion in H,O, we conclude that
the Buch—TIP4P/2005 force field combination is the most
suitable for modeling H, intradiffusion in H,O, and the Bohn—
TIP4P/200S force field combination is the most suitable for
modeling O, intradiffusion in H,O. Therefore, all of the
remaining simulations are performed with these two
combinations.

3.2. Engineering a Model for Predicting the Intra-
diffusivities of H, and O, in H,0. In this work, extensive
MD simulations have been performed for the computation of
the intradiffusivities of H, and O, in H,O at temperatures in
the range 275.15—975.15 K and pressures 0.1-200 MPa. In
our simulations, the self-diffusion coeflicients of pure H,O are
also computed for the same wide T and P range. All of the
results are listed in Tables 7, 8, and 9 for the intradiffusivity of
H, in H,0, O, in H,0, and the self-diftusivity of pure H,O,
respectively. Figure S5a shows an Arrhenius-type plot of the
computed intradiffusion coefficients for the H,—H,O system.
The respective results for the O,—H,O and pure H,O systems

https://doi.org/10.1021/acs.jced.1c00300
J. Chem. Eng. Data 2021, 66, 3226—3244


pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00300?rel=cite-as&ref=PDF&jav=VoR

pubs.acs.org/jced Article

ineering Data

Journal of Chemical & Eng

‘(uonyeradp prepuels
3y} JO [eATRIUI 2DUIPYUOD 9G6) X Lnyuenb Jo Ajureyreoun ayy st o - _s w O] Ul @ Pue ‘®d] Ul 4 ] Jo syun ur st T “A[pandadser {QYH pue Y 10§ pasn a1 spey 20105 «¢500T/dbdIL Pue , yong oYL,

61 (434 LTT 8861 (V44 191¢ 18¢ 990§ ot 9199 1TL 87¢6 8161 S6T Y1
91 VLT 44! L991 681 °9sT LLT SSTv 68¢ 860S 1SS 67¢EL 66ST 961 11
6 LS0T 171 LLET
'8 0'6¥1 601 8YI1 0t 000T £6T 9L£€ LT€ 8801 99¥ 188S 6STI 096
6F $'S0t1 89 ¥18 €Tl 291
9¢ 808 LT °9¢ 89 1121 61 1TH¢ x44 Tree 68¢ vSSY L9L ootL
ST TU 01 8¥1
4 YLL
I'6 1°€01 1T L1
1T 6'LY T 609 s 06 98T TL81 70T 06SST
€151 6'L961
Se T6S e 809 61 6'¢€9 a4 S99 1€T 0L¥T 049 STIS
8T 66T 8T Tre 'S St
T §se LT 9's¢ e £se 07c 9'8¢
8T €LT 8T 66T
1 8'ST £8°0 68T I'T 8T Tl St
07T L'ST 1 6'LT
wo 81°6 8L°0 6L01 60 €LTT 0 0611 8¥°0 LSTT 1+°0 60°CT 't 811
660 LT0T Lo LT0T1 wo 0,01 990 8701 ST €01
§9°0 069 ¥S°0 YT'L STo YTL 850 8¥'L 6v°0 'L
LT0 08¢ +vT0 9Ty 870 S8t 610 L8Y €0 W'Y LEO 98 L0 69t
810 86'C €0 e 0 w0t 810 66T 1€°0 86'C
00¢ 00T 0¢ 0T ST o1 S'L 0 T°0
dg a dg a ag a dg a dg a ag a dg a dg a dg a

!mohn—mwvhm pue wvhﬁumhwﬁaw.ﬁ Jo

a3uey apim e 10§ pandwo)y QY ur YH JO SIUIDIYI0)) uoIsnyIpenuy °/ dqeL

ST'EL6
ST'EL8
ST'€T8
ST'ELL
STETL
ST'€L9
ST'LS9
ST'T+9
ST'LE9
ST'€T9
ST198S
STELS
ST'€TS
ST'86¥
STELY
ST'8%¥
STety
ST'€9¢
ST'8¥¢
STece
ST'86¢
ST'SLT

d/L

https://doi.org/10.1021/acs.jced.1c00300

3233

J. Chem. Eng. Data 2021, 66, 3226—3244


pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00300?rel=cite-as&ref=PDF&jav=VoR

pubs.acs.org/jced

ineering Data

Journal of Chemical & Eng

‘(uonerAsp pIepuels
313 JO [EAIRIUL 3DUSPYUOD 9G6) ¥ Ayuenb jo Lureyrsoun a3 st 0 * s W O] Wl J PUe ‘®dN U 4 ] JO syun ur st T, ‘A[panoadsar ‘OH pue ¢Q 10 pasn a1e sp[ay 010§ . $00T/dbdLL PUE . uqod 2L,

9 0'¢8 LT 991 9¢ 065 a4 £06 0$ LTST 9s 96L1 91T SLET
06 0011 19 SEL 69 6LT1 YL 1951 611 00T LLT (3314
9¢ $'89 4t YLE €€ 08S S6 856 9 61C1
Iy 06¢€1
LT See T (434 ST S'18¢ 1€ YIL 6¢ 06 44! w81
ST (44 67 SLe 9¢ 8C¢ e ree e 8'9¢ ey 6'¢E8
91 181 91 60T 91 0¥¢ LT Y4
4 1T
ST 8l Tl el LT 8YI 6’1 0°ST LT 0°ST
€1 44! T'T 44!
6L°0 €8S 6L°0 9 080 669 18°0 €0°L o 6¢L
LLO 6L'S €0 08'S LT0 609
o 9T¥y
81°0 T 81°0 e 610 9T 170 6v'C 0 8¥'C 070 LST
LT0 11 010 0S'T
00T 00T 0¢ 0t STr 0T oS ST T°0
dg a dg a dg a dg a dg a dg a dg a dg a dy a dg a

,SaImssaig pue saxnjerddura ], jo aduey apIm e 10y pandwo)y QTH UI QO JO SIUSIOLPFI0)) UOISHYIpenu] ‘g dqe],

ST'EL6
ST'EL8
STELL
ST'ETL
ST'ELY
ST'ELS
ST'ETS
ST'86¥%
ST'8¥¥
ST ey
ST'€9¢
ST'8%¢
STECE
ST'86¢
ST'SLT

d/L

https://doi.org/10.1021/acs.jced.1c00300

3234

J. Chem. Eng. Data 2021, 66, 3226—3244


pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00300?rel=cite-as&ref=PDF&jav=VoR

pubs.acs.org/jced Article

ineering Data

‘(uoneIASp pIEpUE)S AU} JO [eAIRIUI DUSPYUOD %G6) ¥ Ayuenb jo Aureyreoun ayy st o 1| s w O] Ul  PUe ®gIN Ul 4 X Jo SHUn I SI T,

Journal of Chemical & Eng

9 0'9LT s +'0€9 6 $S6 L6 1°9¢ST 0¢ 6L81 ¥ $8¢€T 6¢ 98+¢ ST€L6
9 e 'L LY 08 0'¢eL €8 9TICI 81 I8¥1 €C 8161 LT L98¢ ST€L8
LS 8'L6 08 0'96¢ ST°€T8
8Y 89L 6L 9'S1¢ 08 8'81S 9L S'SL8 €1 POTT ST 99¥1 LT 61cT STELL
8Y 19 9'8 TIeT ¥'6 8 €Y STETL
6¢ L8y LS T'L6 19 L'€6T 69 1°69S 86 T'evL 4! L6 L1 €651 ST€L9
Se (434 8 $'89 ST°LS9
YL 6'8L1 ST'TH9
a4 +'SS 8Y 6'S9 ST°LE9
170 L9TE Te 8'8¢ 6¢ L6y oS €60t 8'S +'€9S ST'€T9
TS LTey S1°98S
Te 1'9¢ €t V'LE €e +'8¢ 0¢ L'8¢ 86 $8SH 91 201 ST'ELS
0T0 SE1T T Tye T 18T STETS
81 67T I'c L€t 0cC 6'¢T TT 0¥t ST'861
91°0 [AWAl LT0 9181 STELY
1 991 ST L91 1 691 91 691 ST8vH
+1T°0 Y611 ST0 6Tl STETH
°wo 189 110 0¢L 800 1S°L 800 L 800 WL L0°0 €L L0°0 €SL ST€9¢
900 LT'9 L00 7T 900 vT9 L0°0 979 L0°0 979 ST8v¢
90°0 (/a4 900 wy SO0 [ 44 900 LTY SO0 6Tt STETE
€00 ST €00 85T 00 19T 00 w9T SO0 w9 SO0 €97 S0°0 +9'C S1°86T
00 SS'T 700 SS'T 00 9S'1T 00 LS'T 200 LS'T ST'SLT

00¢ 00T 0¢ 0T ST (8 S'L oS 10 d/L

dg a dy a dg a do a dy a dy a dg a dy a dg a

,PIPH 92104 SO0T/d¥dLL 243 Sursn sainssaxg pue sarnjeradwa], Jo a8uey apiM e 10§ pandwo) QY Ing Jo SJUSDYII0)) UOISNPI-J[3S 6 d[qeL

https://doi.org/10.1021/acs.jced.1c00300
J. Chem. Eng. Data 2021, 66, 3226—3244

3235


pubs.acs.org/jced?ref=pdf
https://doi.org/10.1021/acs.jced.1c00300?rel=cite-as&ref=PDF&jav=VoR

Journal of Chemical & Engineering Data

pubs.acs.org/jced

-10
v 0.1 MPa
v 5.0 MPa
~ —12 ‘55 MR < 75MPa
o ° > > 10.0 MPa
T g ’o.>>< 12.5 MPa
v —14- ° ® 20.0MPa
o~ % 30.0 MPa
*, *® 100.0 MPa
=164 ".; ) 200.0 MPa
~ (1 P
S _1e] e
£ ¥,
»
—20-
T T T
0 1 2 3 4
1000/T / [K™1]
(b)
Vapo,.
per
—apor
P
Q
_ = e;percr\tirﬂ Liq
igl : i
Ejpercriﬁczl Ui
Sy,
Percri tica) unid

1000/T

Figure S. (a) Arrhenius-type plot of the computed intradiffusion
coeflicients of H, in H,O using the Buch®*~TIP4P /2005 force field
combination. The respective results for the O,—H,0 and pure H,O
systems are shown in Figure S3a,b, and Tables 8 and 9, respectively.
The computed intradiffusion coefficients are corrected for system-size
effects using eq 4. The error bars have been omitted for clarity. All raw
MD data shown here along with the error bars are listed in Table 7.
(b) A conceptual schematic representation of the diffusivity patterns
of the H, in H,0, O, in H,0, and pure H,O systems in the vapor,
liquid, and supercritical regions.

are shown in Figure S3ab, respectively, in the Supporting
Information. All systems exhibit similar patterns in their
Arrhenius plots. A conceptual schematic representation of
these patterns is shown in Figure Sb. Since our MD
simulations span a wide T and P range, the gas—H,O systems
can be in the vapor, liquid, or supercritical state. We assume
that the critical point and the VLE properties are the same as
those of the pure H,O since H, and O, are present at infinite
dilution in the aqueous phase. According to Wagner and
Pruss,'” the critical temperature T. and pressure P, of H,O
are 647.096 K and 22.064 MPa, respectively. According to
Vega and Abascal,”” the T, and P, of the TIP4P/2005 H,0
force field are 640 K and 14.6 MPa, respectively. Our analysis,
therefore, is based on the critical point of the TIP4P/2005
H,O force field. Three distinct zones can be identified in
Figure Sb, based on whether the diffusion occurs in the vapor,
liquid, or supercritical phase. Each zone has specific character-
istics. In particular, the vapor and the liquid zones exhibit
Arrhenius behavior as described by eq S. As can be seen in
Figure S, the slopes of the vapor and liquid zones in the In(D)
vs 1000/ T plot have very similar values. A very weak pressure
dependence is observed for the case of the liquid zone (Figure
Sa), while a strong pressure dependence is observed in the
vapor zone. The supercritical zone exhibits a more complex
non-Arrhenius behavior. Yet, narrow temperature ranges could
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be identified where an Arrhenius behavior is locally present.
These characteristics enable us to develop a systematic and
generalizable approach for the estimation of the intradiffusion
coeflicients at the three different zones. To establish the new
approach, we examine the gas diffusion in the three zones (i.e.,
vapor, liquid, and supercritical) separately. Figure 6 shows the
overall diffusion behavior of the three systems examined.
Namely, the intradiffusion coefficients of H, in H,O, as a
function of the inverse temperature, in the vapor (Figure 6a),
liquid (Figure 6d), and supercritical (Figure 6g) phases. The
respective intradiftusivities of O, in H,O are shown in Figures
6b,e,h. Finally, the respective self-diffusivities for pure H,O are
shown in Figure 6¢fji.

It should be noted that the experimentally measured
solubilities of H, and O, in H,O are rather low in the entire
range of temperatures and pressures examined in this
work.'%*7'% For pressures close to the atmospheric and
temperatures up to 353 K, the solubility of H, in H,O ranges
from 1.3 X 107> to 4 X 10™*. For pressures up to ca. 60 MPa
and temperatures up to 373 K, the solubilities increase by an
order of magnitude. For higher temperatures and very high
pressures, e.g., 100 MPa, the solubilities increase to a
maximum of approximately 1 X 1072'% The solubilities of
O, in H,O are in the same range.107 For high pressures, where
the solubility values of the gases in H,O are significantly higher
than in the infinite dilution limit, the computation of mutual
diffusivities (Fick and Maxwell-Stefan'”"") would be of
practical interest since the mass transport occurs due to
gradients in composition (or chemical potential). To this
purpose, one can either use Darken equation-based models'*
or can follow the well-established methodology of computing
the Maxwell-Stefan diffusivities (Dyg) from the Onsager
coefficients in MD simulations,”””"** and the thermodynamic
factor (I'), e.g, from Kirkwood—Buff inte rals.'*®'% Fick
diffusivities follow from Dpgy = I' Pys'”""* Such an
approach is outside the scope of the current work, which is to
construct an engineering model for predicting the diffusivities
of infinite diluted gases in H,O (for which Dy = Dyg =
D Ficklo) .

3.2.1. Gas Diffusivity in H,O Vapor. MD simulations are
performed for four different isobars (ie., 5.0, 7.5, 10.0, and
12.5 MPa) and various temperatures that correspond to H,O
(TIP4P/2005 force field) being in the vapor phase. From the
Arrhenius plots for H, in H,O (Figure 6a), O, in H,0O (Figure
6b), and pure H,O (Figure 6c), a linear behavior and a strong
pressure dependence can be observed. The dotted lines in
these figures show the linear fits to each isobar. Thus, a value
for the slope () and the intercept (In(D,)) can be calculated
for each one. The values for the slope and intercept are plotted
as a function of pressure in Figure 7a,b, respectively, where the
following linear behavior is established

a=mP + m,

(6)

In(D) = mP + no ?)
where my, m, ny, and n, are fitting parameters. The calculated
fitting parameters for the three systems considered in the
current study are listed in Table 10. These parameters are an
important result since they can be used to calculate the self-
and intradiffusion coeflicients for any conditions where the
solute diffusion occurs in the gaseous phase by combining eqs
5—7 into the following equation
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Figure 6. Arrhenius-type plots of the computed intradiffusion coefficients of H, in H,0, O, in H,0, and pure H,0 in the vapor (a—c), liquid (d—
f), and supercritical phase (g—i), respectively. The dotted lines in (a)—(c) are pressure specific Arrhenius fits using eq S. The red solid lines show
the generalized fits using eq 8 (the parameters of the fit are listed in Table 10). The dotted lines in (d)—(f) are unified Arrhenius fits using eq S (the
parameters are listed in Table 11). The dotted lines in (g)—(i) are fits using eq 9 (the parameters are listed in Table 13). The Buch,*® Bohn,* and
TIP4P/2005> force fields are used for H,, O,, and H,O, respectively. The computed intradiffusion coefficients are corrected for system-size effects
using eq 4. Error bars have been omitted for clarity. The raw MD data along with the error bars are listed in Tables 7, 8, and 9.

Table 10. Parameters of the Generalized Equation 8 for Predicting the Diffusivities in the Vapor Phase

H, in H,0 0, in H,0 pure H,O
g (=121 + 0.06) x 10° (=1.10 + 0.06) x 10° (—1.45 + 0.09) x 10°
m, (-0.39 + 0.07) x 10 (=043 + 0.07) x 10 (-0.61 + 0.09) x 10
1y —9.35 £ 0.12 —10.98 + 0.04 —10.63 + 0.01
n (=092 + 0.13) x 1072 (=0.63 + 0.05) x 1072 (—0.40 + 0.01) x 1072
1 that correspond to H,O (TIP4P/200S force field) being in the
D = exp| (mP + np) + (myP + mo) T (8) liquid phase. Contrary to the strong pressure dependence that
is observed for the case of gas diffusivity in the vapor phase, a
As can be seen in Figure 6a—c, the MD results and the weak pressure dependence is observed for the liquid phase.
calculations using eq 8 (solid red lines) are in very good This is expected since liquid H,O is almost incompressible. As
agreement. In particular, eq 8 can fit the MD data with an shown in Figure 6d—f, single curves (dotted lines) can fit the
absolute average deviation of 6.7, 3.9, and 7.1% for the H, in MD data in the pressure range of 0.1—-200 MPa with an
H,0, O, in H,0, and pure H,O systems, respectively. absolute average deviation of 9.3, 9.1, and 7.1% for the cases of
3.2.2. Gas Diffusivity in Liquid H,O. MD simulations are H, in H,0, O, in H,0, and pure H,O, respectively. The
performed for eight different isobars (i.e.,, 0.1, 5.0, 10.0, 12.5, corresponding parameters for the Arrhenius fit are shown in
20.0, 30.0, 100.0, and 200.0 MPa) and various temperatures Table 11. However, to increase the accuracy of the proposed
3237 https://doi.org/10.1021/acs.jced.1c00300
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Figure 7. (a) Slopes and (b) intercepts of the linear fits to the MD diffusivity data for the H, in H,0, O, in H,O, and pure H,O systems in the
vapor phase shown in Figure 6a—c as a function of pressure. The dotted lines in (a) and (b) are fits using eqs 6 and 7, respectively (the parameters
of the fits are listed in Table 10). The (c) slopes and (d) intercepts of the linear fits to the MD diffusivity data for the H, in H,0, O, in H,O, and
pure H,O systems in the liquid phase shown in Figure 6d—f as a function of pressure. The dotted lines in (c) and (d) are fits using eqs 6 and 7,

respectively (the parameters of the fits are listed in Table 12).

Table 11. Parameters of the Unified Arrhenius Fit Equation
S Using all Diffusivity Data in the Liquid Phase”

In(D,) a
H, in H,0 —14.09 + 0.08 (=0.152 + 0.003) x 10*
0, in H,0 —14.59 + 0.08 (—0.155 + 0.003) x 10*
pure H,0 —14.30 + 0.06 (=0.162 + 0.002) x 10*

“The curves representing the correlations are shown in Figure 6d—f.

methodology, we follow an approach similar to the one used
for the vapor phase. A linear fit is performed for each isobar,
and subsequently, the calculated slopes and intercepts are
expressed as a function of pressure using eqs 6 and 77. The
slopes and intercepts are shown in Figure 7c,d, respectively.
Table 12 shows the calculated fitting parameters for the three
cases considered in the current study. These parameters can be
used in eq 8 to calculate the self- and intradiffusion coefficients
for any pressure and temperature below the critical point
where the solute diffusion occurs in the liquid phase. Equation
8 can fit the MD data with an absolute average deviation of 5.1,
5.6, and 4.6% for the H, in H,0, O, in H,O, and pure H,O
systems, respectively. The resulting absolute average deviations

are improved when compared to the case of using a single
curve for all pressures.

3.2.3. Gas Diffusivity in Supercritical H,O. MD simulations
are performed for three different isobars (i.e., 20.0, 30.0, and
100.0 MPa) and various temperatures that correspond to H,0
(TIP4P/2005 force field) being in the supercritical phase. As
can be observed in Figure 6g—i for the cases of H, in H,0, O,
in H,O, and pure H,O, respectively, the supercritical zone
exhibits a more complex, non-Arrhenius behavior. Away from
the critical point, Arrhenius behavior can be observed in the
temperature range of 675—975 K. Such a behavior has also
been reﬁported by a number of studies.””*” For example, Zhao
et al.”® reported MD simulations following an Arrhenius
behavior at 25 MPa and temperatures in the range of 673—973
K. To generalize the methodology developed here, the
computed self- and intradiffusivity data for the supercritical
region have been collapsed onto a single curve that has the
following form

In(D) = o, (In(p))* + o, In(p) + 0 (9)

where p is the density of H,O (in kg/m?), while oy, 0,, and o0,
are fitting parameters. Figure 8 shows the resulting fits, while
the calculated parameters for the three cases considered in this

Table 12. Parameters of the Generalized Equation 8 for Predicting the Diffusivities in the Liquid Phase

H, in H,O
my (-1.55 + 0.01) x 10°
m, (042 + 0.07) x 107
o —13.96 + 0.02
n (=026 + 0.02) x 1073
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(-0.49 + 0.16) x 1073

O, in H,0 pure H,O
(=167 + 0.05) x 10° (=171 + 0.02) x 10°
0.13 + 0.05 0.14 + 0.03
—14.18 + 0.15 —14.03 + 0.07

(-0.45 + 0.08) x 1073
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Figure 8. Logarithm of the computed intradiffusivities of (a) H, in H,O, (b) O, in H,0, and (c) pure H,O in the supercritical region as a function
of the logarithm of density. The dotted lines are fits using eq 9 (the parameters for the fits are listed in Table 13). The Buch,*® Bohn,>* and TIP4P/
2005 force fields are used for H,, O,, and H,O, respectively. The computed intradiffusion coefficients are corrected for system-size effects using
eq 4. Error bars have been omitted for clarity. All raw MD data shown here along with the error bars are listed in Tables 7, 8, and 9.

Table 13. Parameters of the Generalized Equation 9 for
Predicting the Diffusivities in the Supercritical Phase

H, in H,0 0O, in H,0O pure H,O
0o —12.76 + 0.94 —13.83 + 1.24 —9.54 + 1.72
0, 0.76 + 0.37 0.55 + 0.49 —1.23 + 0.67
0, —0.197 + 0.035 —0.156 + 0.046 0.02 + 0.06

study are listed in Table 13. Therefore, eq 9 can be used to
calculate the self- and intradiffusion coefficients for any
pressure and temperature above the critical point where the
solute diffusion occurs in the supercritical phase. Density
values can be either from MD simulations or from NIST*® in
case no MD data are available. Equation 9 can fit the MD data
with an absolute average deviation of 6.8, 7.1, and 11.3% for
the H, in H,0, O, in H,0, and pure H,O systems,
respectively.

3.3. Additional Comparisons with the Literature. The
computed densities and shear viscosities of pure H,O, along
with the corresponding uncertainties, are reported in the
Supporting Information (Tables S6 and S7 for densities and
shear viscosities, respectively). A comparison between the MD
values with those reported by NIST” can be seen in the
Supporting Information in Figure S4a for density and Figure
S4b for shear viscosity. The self-diffusivity of H,O has been
extensively discussed in a recent review.’® The vast majority of
the experimental and computational studies discussed in that
review are at subcritical conditions (mainly liquid). Therefore,
this work provides new data for the pure TIP4P/2005 H,O in
the vapor and supercritical phase. Krynicki et al.'' reported a
correlation for the self-diffusivity of H,O based on the
extensive experimental measurements presented in that work
in the temperature range of 275—498 K and for pressures up to
150 MPa. The H,O self-diffusion coeflicients calculated with
the generalized expression developed in the current study have
an absolute average deviation of 12.7% from the correlation of
the experimental data of Krynicki et al.''* The absolute average
deviation drops to 11.1% when the actual MD values are
compared instead.

We also compared the H,O self-diffusion coefficients
computed here with other MD studies that used the TIP4P/
2005 H,O force field. Note that the comparison is limited only
to studies reporting diffusivities that have been corrected for
system-size effects or have been computed in MD simulations
of more than 1000 H,O molecules (following the recom-
mendation in the review paper by Tsimpanogiannis et al.*).
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Figure 9. (a) Comparison between the experimentally''® measured
self-diffusivities of pure H,O at 0.1 MPa with MD simulations
performed by Guevara-Carrion et al,''' Moultos et al,** and this
study using the TIP4P/2005 force field. (b) Comparison between
the experimentally''® measured self-diffusivities of pure H,O at
various pressures with MD simulations performed by Guevara-
Carrion et al. and in this study using the TIP4P/200S force field. The
self-diffusivities computed in this work have been corrected for
system-size effects using eq 4, while the ones reported by Guevara-
Carrion et al. and Moultos et al. have been computed in MD
simulations using 2000 molecules or more. The generalized fit to the
MD data of this study is performed using eq 8 (the parameters of the
fit are listed in Table 12). The unified Arrhenius fit to the MD data of
this study is performed using eq S (the parameters are listed in Table
11).

Figure 9a shows the comparison of the H,O self-diffusion
coefficients for the TIP4P/2005 H,O force field at 0.1 MPa
and temperatures up to 363 K, computed here, with the
simulations reported by Guevara-Carrion et al."'" and Moultos
et al.** The MD results are also compared with the correlation
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Table 14. Comparison of the Diffusivities Computed in this (a)
Work and in Kallikragas et al.>* Expressed as % Absolute ~12
Average Deviation (% AAD), Defined as:
ENdm pthis work _ D{Kallikmgas H: ~134
i=1 D,'this work | .
%AAD = 100 X 5, , where Ny, Denotes D141 H
ata
. E R a is worl
the Number of Data Points = O 250 Wb (Thae ot 2020 4
~ —151| ¥ 25.0 MPa (zhao et al. 2021) Qi
Q A 26.5 MPa (Zhao et al. 2020) o8 4
T range MD correlation MD = é 280 1P Etzh“‘:?’v itrka)'- 2020) "oxw
phase system (K) Nz eq 8 data — —16| @ 300 Pa- liquid (this work) o
% Critical point *Q
vapor H,inH,0  >460 21 21.4 222 17 J i phese
0,inH,0  >460 14 11.8 111 10 11 12 13 14 15 16 17
pure H,0 >460 21 183 17.7 1000/T / [K™1]
liquid H,in H,0  >460 14 17.7 4.6
H,inH,0  al 50 242 20.0 (b)
0,inH,0  >460 15 15.3 12.5
0,inH,0 all 33 19.5 162 149 g
pure H,0 >460 20 16.0 13.6 Tﬁ h
pure H,O all s1 11.2 12.1 Y —15
o
supercritical ~ H, in H,O >460 20 12.3 6.3 S
0,inH,0  >460 12 153 8.8 < _164| T 730mra (ghaoeral 2020
Q V 25.0 MPa (Zhao et al. 2021)
pure H,O >460 20 13.5 11.0 = A 265 MPa (zhao et al. 2020)
o A 28.0 MPa (Zhao et al. 2020)
- O 30.0 MPa (this work)
—174| % critical point
— Liquid phase
of the experimental measurements reported by Krynicki et 10 11 12 13 14 15 16 17
al.''® Our data deviate from the experimental correlation by 1000/T / [K™1]
11.8%. Figure 9b shows the comparison of our MD results with
the experiments of Krynicki et al. at higher pressures. The (©)
minimum deviation from the experimental correlation is 1.4%
for the 363.15 K isotherm, while the maximum deviation is —141
26.9% for the 275.15 K isotherm. The corresponding o=
.. |
deviations for the 298.15, 323.15, 448.15, and 498.15 K are, v _15]
16.2, 8.1, 10.6, and 13.3%, respectively. NE :
Next, we compared the self-diffusivities computed here with < 164 "
those reported by Kallikragas et al.”* The authors used the Q D200 e i werk) o.x
112 . . . c A 25.0 MPa (Zhao et al. 2019) Ok
SPCE H,0 force field "~ and performed simulations using 343 = 178 e iau s vond 2o |
. . . - T Critical point
molecules. The self-diffusion coefficients have been correlated = Liqui phase
for temperatures above 460 K. To this purpose, Kallikragas et 10 11 12 13 14 15 16 1.7

al. used an equation with 14 parameters based on a formulation
by Kawasaki and Oppenheim.''® Table 14 shows the
comparison of our data with the ones reported by Kallikragas
et al. for the H, diffusivity in H,O, O, in H,O, and pure H,O0.
Considering that the MD simulations of Kallikragas et al. are
performed with less than 1000 H,O molecules, while no
system-size corrections have been reported, a shift to higher
values of at least 5% should be expected for the reported MD
results. This brings our data even closer to the ones by
Kallikragas et al. Although the expression by Kallikragas et al.
can fit their MD data with an accuracy of ca. 1%, which is
higher than the accuracy of the methodology presented here, it
requires the fitting of more parameters, i.e., 14 parameters for
T > 460 K, while our model has 11 parameters for the
temperature range 275.15—-975.15 K.

Finally, we report a comparison with MD at supercritical
conditions. Figure 10 shows a comparison of our generalized
model (eq 8) with MD intradiffusivity data from Zhao et
al.” ™ for the cases of H, in H,0 (Figure 10a), O, in H,0
(Figure 10b), and pure H,O (Figure 10c). The intradiffusion
coeflicients computed in this work are corrected for system-
size effects using eq 4, while the ones reported by Zhao et al.
have no system-size corrections; however, they have been
computed with 4161, 4125, and 900 H,O molecules for the
cases of H, in H,0, O, in H,0, and pure H,0, respectively.
Very good agreement is observed between the correlations of
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1000/T / [K™1]

Figure 10. Comparison of our generalized model (eq 8) with MD
diffusivity data from Zhao et al.”> >’ for the cases of (a) H, in H,O,
(b) O, in H,0, and (c) pure H,O. The diffusion coefficients
computed in this work are corrected for system-size effects using eq 4,
while the ones reported by Zhao et al. have been computed using
900—4161 H,O, 42 H,, and 24 O,. Zhao et al. used the TIP4P/
2005,* Yang and Zhong,114 and CHARMM'"® force fields for H,O,
H,, and O,, respectively. The statistical uncertainties are in the range
of 5—10%. The error bars have been omitted for clarity.

our MD simulations (eq 9) and those reported by Zhao et
al.”>~*” In particular, the absolute average deviations between
the values obtained from eq 9 and those reported by Zhao et
al. are 7.2, 9.1, and 12.4% for the cases of diffusion of H, in
H,O (Figure 10a), O, in H,O (Figure 10b), and pure H,0
(Figure 10c), respectively.

4. CONCLUSIONS

Extensive MD simulations have been performed to compute
the intradiffusion coefficients of (i) H, and O, in H,O and (ii)
the self-diffusion coeflicients of pure H,O in a wide
temperature (275.15-975.15 K) and pressure (0.1—200
MPa) range. Initially, the accuracy of six H, and six O, force
fields was tested to select one force field for each gas for further
examination. The TIP4P/200S force field was used for
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modeling H,O. The initial screening was based on the accuracy
of the force fields in reproducing the available experimentally
measured densities, self-diffusivities, and shear viscosities of the
pure gas, and the intradiffusivity of the gas in H,O. During the
screening process, experimental measurements that exhibit
problematic behavior were identified and appropriate recom-
mendations were introduced. For H, and O,, the force fields
by Buch®® and Bohn et al”® were selected, respectively.
Subsequently, the selected force fields were used for the
computation of the intradiffusion coefficients in the wide
temperature and pressure range of interest. Finally, the MD
simulation results were used to develop an engineering model
with 11 parameters that can estimate the intradiffusion
coefficients in vapor, liquid, and supercritical H,0O, with an
accuracy of 4—11%. It is expected that the current method-
ology can be extended to the study of the intradiffusivity of
other infinite gases in H,O. In fact, the following road-map,
consisting of four steps, can be utilized for the extension to
other gas—H,O systems: (i) Select appropriate force field for
the diffusing gas (solute) based on comparison with the
available experimental data for densities, self-diffusivities, and
shear viscosities of the pure gas and the intradiffusivity of the
gas in H,0, (ii) perform MD simulations at 3—4 temperatures,
for each chosen pressure for the cases of diffusion in H,O, in
the vapor (4 pressures) and liquid (6 pressures) phase, (iii)
perform MD simulations at 4—S temperatures, for each chosen
pressure for the cases of diffusion in H,O, in the supercritical
(3 pressures) phase, and (iv) correlate the MD data using eq 8
for the case of diffusion in the vapor or liquid H,O, and eq 9
for the case in supercritical H,O.
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