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ABSTRACT
Vapor–Liquid Equilibria (VLE) of hydrogen (H2) and aqueous electrolyte (KOH and NaCl) solutions are central to numerous industrial
applications such as alkaline electrolysis and underground hydrogen storage. Continuous fractional component Monte Carlo simulations
are performed to compute the VLE of H2 and aqueous electrolyte solutions at 298–423 K, 10–400 bar, 0–8 mol KOH/kg water, and 0–6
mol NaCl/kg water. The densities and activities of water in aqueous KOH and NaCl solutions are accurately modeled (within 2% deviation
from experiments) using the non-polarizable Madrid-2019 Na+/Cl− ion force fields for NaCl and the Madrid-Transport K+ and Delft Force
Field of OH− for KOH, combined with the TIP4P/2005 water force field. A free energy correction (independent of pressure, salt type, and
salt molality) is applied to the computed infinite dilution excess chemical potentials of H2 and water, resulting in accurate predictions (within
5% of experiments) for the solubilities of H2 in water and the saturated vapor pressures of water for a temperature range of 298–363 K.
The compositions of water and H2 are computed using an iterative scheme from the liquid phase excess chemical potentials and densities, in
which the gas phase fugacities are computed using the GERG-2008 equation of state. For the first time, the VLE of H2 and aqueous KOH/NaCl
systems are accurately captured with respect to experiments (i.e., for both the liquid and gas phase compositions) without compromising the
liquid phase properties or performing any refitting of force fields.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/) https://doi.org/10.1063/5.0221004

I. INTRODUCTION

The accurate prediction of Vapor–Liquid Equilibria (VLE)
of H2 and aqueous electrolyte systems (e.g., aqueous NaCl and
KOH solutions) is crucial for the design and optimization of envi-
ronmental and industrial processes such as water electrolysis,1–4

electrochemical compression of water,5,6 and underground hydro-
gen storage.7–9 For example, the VLE of H2 and aqueous KOH
solutions influences the product gas purities in alkaline water
electrolyzers,3,10,11 and the presence of water in compressed hydro-
gen affects the thermophysical properties (e.g., the Joule–Thompson
coefficients) of the gaseous mixture.6 Excess water can also block

porous membranes in PEM fuel cells.12,13 All of these factors
are relevant for the production, storage, and subsequent use of
H2.4,6,10,12,13

The VLE of H2 and aqueous systems are traditionally mea-
sured in experiments.14–16 Nevertheless, such experiments at high
pressures (up to ∼700 bar) are costly and time consuming con-
sidering the vast range of conditions of interest [i.e., type of
aqueous salts, salt molality (m), and temperature].3,10,17,18 Alkaline
water electrolyzers typically operate at ∼360 K, 2–8 mol KOH/kg
water, and at pressures of 1–100 bar.3,10,17 For underground stor-
age of H2, H2 gas is in contact with brine solutions with molal-
ities up to 5 mol NaCl/kg water, pressures up to 300 bar, and
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temperatures ranging from 348 to 372 K.18 As an alternative to
experiments, molecular simulation, e.g., Monte Carlo (MC), can be
used to compute the VLE of H2 with aqueous electrolyte solutions
(i.e., KOH and NaCl) for a wide range of temperatures, pressures,
and salt concentrations.19–23

The accuracy of MC simulations depends on the underly-
ing models (i.e., semi-empirical force fields or ab initio simula-
tions), which are used to describe the interactions between different
species.24,25 Two-body force fields with point charges (non-
polarizable) are widely used for computing the VLE of H2 and aque-
ous electrolyte systems due to their computational efficiency, small
number of parameters, and accuracy in predicting various ther-
mophysical properties of aqueous solutions.6,19,20,26 Rahbari et al.6
computed the VLE of H2 and pure water systems using MC simu-
lations for a temperature range of 298–423 K and pressures up to
1000 bar. Rahbari et al.6 showed that the TIP4P/200527 water force
field (which is parameterized based on liquid densities, transport
properties, and the temperature of maximum density) can accurately
model the solubilities of H2 in water but fails to predict the water
content in compressed H2 gas due to incorrect predictions of the
saturated vapor pressure of water. Other non-polarizable water force
fields such as TIP3P (which is trained on the vaporization energy of
water),28,29 do not predict the solubilities of H2 in water but cor-
rectly capture the water content in H2 gas.6 TIP4P/2005 and TIP3P
also cannot correctly predict the second virial coefficient (and hence
the non-idealities) of water in the gas phase.30,31 In other molecu-
lar simulation studies in the literature (such as in Refs. 19–22, 32,
and 33), the solubilities of H2 in the aqueous phase are calculated
without computing the solubility of water in compressed H2. This is
done by either assuming an ideal H2 gas phase (for pressures below
100 bar) and computing the Henry constants of H2 or by neglecting
the water content in the gas phase at higher pressures (as the experi-
mental water content is below 1% for temperatures below 363 K and
pressures above 100 bar).6,19–22,32,33

Accurate modeling of the free energies in the aqueous solu-
tion is necessary for predicting the VLE of H2 and aqueous elec-
trolyte solutions.26 Non-polarizable force fields of water such as
SPC/E34 and TIP4P/2005,27 which accurately model the liquid den-
sities and transport properties,26 cannot accurately predict the free
energies of liquid water. Already in 1987, Berendsen et al.34 discov-
ered a fundamental issue when parameterizing the non-polarizable
SPC/E force field of water, i.e., fitting force fields to the vapor-
ization energies of water results in excluding the self-polarization
energy of water (i.e., the “missing term” mentioned in the title of
the paper by Berendsen et al.34). Berendsen et al.34 showed that
the inclusion of the self-polarization energy of liquid water by
enhancing the dipole moment of water significantly improves pre-
dictions of transport properties, densities, and RDFs, at the cost
of less accurate predictions for the vaporization energy of water.
Recently, we developed a new approach to accurately modeling the
free energies of water using the non-polarizable TIP4P/2005 water
force field by adding a temperature dependent free energy cor-
rection to the partition function of the isolated water molecule.26

The free energy correction is independent of pressure, salt type,
and molality and leads to accurate predictions for saturated vapor
pressures in water. This free energy correction can be used to
correct for the influence of the self-polarization energy (i.e., the
“missing term”) on the computed free energies and is especially rel-

evant for systems that exhibit strong electrostatic interactions and
polarizability.26

Despite the importance of the VLE data for H2 and aqueous
electrolyte (i.e., KOH and NaCl) solutions, none of the existing
molecular simulation studies have accurately computed both the
equilibrium water composition in H2 and the solubilities of H2 in
aqueous solutions at different KOH and NaCl concentrations. In
this work, the excess chemical potentials (i.e., with respect to the
ideal gas reference state35) of H2 and water in the liquid phase are
computed using Continuous Fractional Component Monte Carlo
(CFCMC)35–37 simulations. As derived in Ref. 26, a temperature-
dependent free energy correction is used to shift the excess chemical
potential of the TIP4P/2005 water force field (at a molality of
0 mol salt/kg water). A constant free energy correction for the
infinite dilution excess chemical potential of the Marx H2 force
field38 in TIP4P/200527 is also applied. This results in an accu-
rate prediction of H2 solubilities in water (and the temperature of
minimum H2 solubility in water) for 298–363 K at a H2 fugacity
of 1 bar (within 5% deviation from experiments15). The Madrid-
Transport K+39 and the Delft Force Field of OH− (DFF/OH−)20

are used to model KOH, and the Madrid-2019 force fields40 of
Na+ and Cl− are used to model NaCl. These ion force fields are
shown to accurately model the densities and activities of water
(and their temperature-dependence) with respect to experiments
(within 2% deviation). The equilibrium compositions of H2 and
water are computed from the liquid phase excess chemical poten-
tials and densities using an iterative scheme in which the gas phase
fugacities and densities are computed using the GERG-2008 Equa-
tion of State (EoS).41 This approach accurately predicts the scarcely
available experimental equilibrium compositions of water and H2
for H2/aqueous NaCl systems14,15 (within 5%) without any refitting
of force fields or modifying the Lorentz–Berthelot24 (LB) mixing
rules. The CFCMC simulations are then performed for a wide
range of conditions to simulate the VLE of H2 and aqueous elec-
trolyte solutions at 298–423 K, 10–400 bar, 0–8 mol KOH/kg water,
and 0–6 mol NaCl/kg water.

This paper is organized as follows. In Sec. II, details are pro-
vided for force fields, the CFCMC simulations, the free energy
correction, and the iterative scheme for computing the VLE of H2
and aqueous KOH/NaCl solutions. In Sec. III, the computed densi-
ties and activities of water (and their temperature dependence) for
aqueous KOH and NaCl solutions are shown, the influence of the
free energy correction on the saturated vapor pressure of water and
solubility of H2 in pure water is discussed, and the VLE data for H2
and aqueous KOH and NaCl solutions are provided. Conclusions
and recommendations are outlined in Sec. IV.

II. COMPUTATIONAL METHODS
A. Force fields

Water is modeled using the four-site rigid TIP4P/200527 force
field. For aqueous NaCl solutions, the Na+ and Cl− force fields of
Madrid-201940 are used. For aqueous KOH solutions, the K+ ions
are modeled using the Madrid-Transport force field,39 and the OH−

ions are modeled using the Delft Force Field of OH− (DFF/OH−).20

H2 is modeled using the three-site Marx38 force field. The combina-
tion of Marx38 H2 and TIP4P/2005 water has performed accurately
in prior studies in predicting the diffusivities and solubilities of H2
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in water.19,20,22,33,42 The force field choices are justified in Sec. III
of this work. Ion charges are commonly scaled in non-polarizable
models.39,40,43 In Madrid-2019,40 the unit charge of ions is scaled
by a factor of 0.85, and in Madrid-Transport39 and DFF/OH−,20

charges are scaled by a factor of 0.75. Charge scaling leads to accu-
rate density, viscosity, electrical conductivities, and water activity
predictions for aqueous electrolyte solutions (e.g., NaCl and KOH)
compared to using unscaled charges.19,20,33,40,44 Charge scaling is dis-
cussed in detail in Refs. 39, 40, and 45. All force field parameters
for H2O, Na+, Cl−, K+, OH−, and H2 are listed in Tables S1–S5
of the supplementary material. The LB mixing rules24,25 are used
in all simulations, with the exception of [Na+/K+/Cl−–H2O] and
[Na+–Cl−] Lennard-Jones (LJ) interactions as specified in Tables
S3 and S4 of the supplementary material. The Ewald summation24

is used for electrostatic interactions (relative precision of 10−6). A
cutoff radius of 10 Å is used for the LJ interactions and the real
space contribution of the Ewald-Summation, as the Madrid-201940

Na+/Cl−, the Madrid-Transport39 K+, and the DFF/OH− force
fields20 are parameterized with this cutoff radius. Analytic tail cor-
rections for energies and pressures are applied for the LJ part of the
interactions.

B. MC simulations
A schematic of our computational methodology is shown in

Fig. 1. To compute the VLE of H2 and aqueous electrolyte solu-
tions of NaCl and KOH, the chemical potentials of H2O and
H2 in the liquid phase are equated to the gas phase chemi-
cal potentials at constants T and P. The liquid phase chemical
potentials are computed using CFCMC simulations,35–37 which
are carried out using the open-source BRICK-CFCMC software
package46,47 in the Continuous Fractional Component isobaric-
isothermal (CFCNPT) ensemble.35–37 The gas phase is modeled
using the GERG-2008 EoS,41 as the TIP4P/2005 water force field
is a poor EoS of water in the vapor phase.30 For all CFCNPT
simulations, periodic boundary conditions are applied in all direc-
tions of the cubic simulation box. The simulations consist of 300
water molecules and 0–43 molecules of KOH (corresponding to
0–8 mol KOH/kg water) or 0–32 molecules of NaCl (correspond-
ing to 0–6 mol NaCl/kg water), depending on the molalities of the
solution. The exact numbers of KOH and NaCl molecules and the
corresponding molalities are provided in Tables S6 and S7 of the
supplementary material. The VLE of H2 and aqueous NaCl/KOH
solutions are calculated at the following temperatures: 298, 323, 363,
393, and 423 K. The pressures considered are 10, 50, 100, 200, and
500 bar.

To compute the chemical potentials of H2O and H2, the excess
chemical potentials of H2 and H2O (i.e., with respect to the ideal
gas reference state35) in the aqueous phase are required. The excess
chemical potentials of H2 and H2O are computed by introducing
a single fractional molecule of H2 and H2O. For details on the
fractional molecules, the λ parameter (an order parameter that
modifies the interactions of fractional molecules with surrounding
molecules), and the sampling of the λ-space in CFCMC simulations,
the reader is referred to Refs. 35–37 and 46. At λ = 0, fractional
molecules behave as an ideal gas molecule, and at λ = 1, the
fractional molecules fully interact with the surrounding molecules.
The probability of occurrence for different λ values is computed by

FIG. 1. Schematic representation of the methodology used in this work. To com-
pute the vapor–liquid equilibrium (VLE) of H2 and aqueous electrolyte (i.e., KOH
and NaCl) systems, the chemical potentials of water and H2 in the liquid phase are
equated with the gas phase chemical potentials at constant temperature and pres-
sure. Continuous fractional component Monte Carlo (CFCMC)35–37 simulations are
used to compute the excess chemical potentials (μex

L,MC,i for species i) of water and
H2 in the liquid phase. These excess chemical potentials are then shifted using the
free energy correction, ϵi , [as described in Ref. 26 and Eq. (3) in this manuscript],
to yield the final μex

L,i . The compositions of water and H2 are computed using an
iterative scheme as discussed in Sec. II, in which the gas phase excess chemical
potentials (μex

G,i) and fugacity coefficients (ϕi) are obtained from the GERG-2008
equation of state.41

constructing a histogram of 100 bins. The Wang–Landau
algorithm48,49 is used to create a biasing function for λ [W(λ)]
to avoid sampling issues due to energy barriers in λ-space (i.e., to
create a flat observed probability distribution in λ-space). The Boltz-
mann probability distribution of λ [pB(λ)] is then computed using
the observed probability distributions of λ [pobs(λ)] and W(λ)
using19,20,35

pB(λ) =
⟨pobs(λ) exp [−W(λ)]⟩
⟨exp [−W(λ)]⟩

, (1)

in which the brackets indicate ensemble averages. The liquid phase
excess chemical potentials of species i (μex

L, MC,i) are computed
using19,20,35

μex
L, MC,i = −kBT ln

pB(λ = 1)
pB(λ = 0)

, (2)

where pB(λ = 1) and pB(λ = 0) are the Boltzmann probabilities of λ
for λ = 1 and λ = 0, respectively.19,20,35 The computed excess chem-
ical potentials of water and H2 at a salt molality of 0 mol salt/kg
water are corrected using a free energy correction ϵi. Details on this
free energy correction are given in Ref. 26. The TIP4P/2005 force
field can accurately model the change in free energy as a function
of pressure or salt molality, but not the absolute values of the excess
chemical potentials.26 To correct for the initial offset of the excess
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chemical potentials of water and H2 at m = 0, the computed excess
chemicals are shifted using

μex
L,i = μex

L, MC,i + ϵi, (3)

where μex
L,i refers to the corrected excess chemical potential of

species i in the liquid phase. The free energy correction for
TIP4P/200527

(ϵH2O) is derived in Ref. 26 and is a weak function of
temperature,

ϵH2O = A0 + A1T, (4)

where A0 = 5.00 kJ mol−1 and A1 = −4.36 × 10−3 kJ mol−1 K−1.
A0 and A1 are fitted parameters (i.e., for TIP4P/200527) and differ
for different water force fields.26 Using the free energy correction
term ϵH2O, the computed excess chemical potentials of water in the
liquid phase using the TIP4P/200527 force field match the experi-
mental values.26 The free energy correction for the infinite dilution
excess chemical potential of Marx H2 (ϵH2) in TIP4P/2005 water is
independent of temperature and is equal to ϵH2 = −0.27 kJ mol−1

(computed in this work based on the solubilities of H2 in water at
298 K and a H2 fugacity of 1 bar).

Equating the chemical potential of water in the liquid phase
with the gas phase results in Ref. 26,

yH2O =
kBTρL,H2O

PϕH2O
exp [

μex
L,H2O

kBT
], (5)

where yH2O is the gas phase mole fraction of water, ϕH2O is the fugac-
ity coefficient of water, and ρL,H2O is the number density of water in
the liquid phase (in units of molecules/m3). Equation (5) is derived
from the supplementary material in Ref. 26. Here, the gas phase
consists of only H2 and H2O (i.e., yH2 + yH2O = 1) since salts such
as NaCl and KOH are not volatile. yH2O, yH2 , and ρL,H2 (i.e., sol-
ubility of H2 in the liquid phase) are unknowns. Equation (5) is
solved iteratively by initially assuming that ϕH2O = 1. Starting from
an initial value of yH2O (and yH2 as we have a binary gas mixture),
the value of ϕH2O is updated at the given composition, T, and P
using the GERG-2008 EoS.41 The new value of ϕH2O is then used
to update yH2O. This is repeated until yH2O is changed by less than
0.1%. The non-ideality of gaseous H2–H2O mixtures is captured
using GERG-2008 EoS41 instead of using the TIP4P/2005 water
and Marx H2 force fields, as TIP4P/2005 cannot accurately model
the virial coefficients of gaseous water30,50 and hence neither the
non-idealities of the gas phase. After obtaining yH2O and yH2 , the
number density of H2 in the liquid phase ρL,H2 can be computed
using

ρL,H2 =
PϕH2 yH2

kBT
exp [−

μex
L,H2

kBT
]. (6)

Equation (6) is a rearrangement of Eq. (5) for H2. Equation (6)
assumes that the excess chemical potential of H2 in the liquid phase
μex

L,H2
is independent of the H2 density in the aqueous phase, i.e.,

that μex
L,H2

is equal to the infinite dilution excess chemical potential,
computed using a single fractional molecule of H2 plus the correc-
tion term ϵH2 . This assumption is valid, as the mole fraction (i.e.,
solubility) of H2 in the aqueous phase is well below 1% for all the

conditions considered in this work.6 ρL,H2 is converted to the unit of
mole fraction in the aqueous phase using

xH2 =
ρL,H2⟨V⟩

nH2O + ns + ρL,H2⟨V⟩
, (7)

where ⟨V⟩ is the ensemble averaged volume of the simulation box,
computed in the CFCNPT ensemble. nH2O and ns are the number
of moles of H2O and salt (i.e., NaCl or KOH) in the simulation
box, respectively. The activity coefficient of H2O (γH2O) in the liq-
uid phase at a molality m of salt can be computed using the excess
chemical potential of pure water (μex

H2O,0) and in solution (μex
H2O,m)

according to Ref. 51,

γH2O =
ρL,H2O,m

xwρL,H2O,0
exp [

μex
H2O,m − μex

H2O,0

kBT
], (8)

where ρL,H2O,m and ρL,H2O,0 are the number density of water
molecules in a solution with salt of molality m and in the pure
water solution, respectively. xH2O is the mole fraction of water in the
aqueous solution. The activity of water (aH2O) can be computed by
multiplying the activity coefficient and mole fraction of water in the
liquid phase, i.e., aH2O = γH2O × xH2O.

In all simulations, 2 × 105 equilibration cycles are carried out,
followed by 1 × 106 production cycles. A cycle refers to N trial
moves, with N corresponding to the total number of molecules,
with a minimum of 20. Trial moves are selected with the following
probabilities: 29% rotations, 35% translations, 1% volume changes,
25% λ changes, and 10% reinsertions of fractional molecules at
random locations inside the simulation box. The maximum dis-
placements for volume changes, molecule translations, rotations,
and λ changes are adjusted to obtain an acceptance probability of
∼50%. For a detailed discussion of the CFCMC simulations, the
reader is referred to Refs. 46 and 47. For each pressure, temperature,
and salt concentration, 100 independent simulations are performed.
The Boltzmann probability distributions are averaged from blocks
of 20 simulations to obtain 5 independent distributions for the
order parameter λ of water and H2, from which the uncertainties
are computed. For all averaged distributions, the excess chemical
potentials, activities of water, and solubilities of H2 are calculated
to obtain a mean value and the standard deviation of the 5 inde-
pendent blocks. All raw data are listed in Tables S8–S13 of the
supplementary material.

III. RESULTS AND DISCUSSION
A. Liquid phase densities and activities of water

Before computing the VLE of aqueous KOH/NaCl solutions
and H2, the densities and activities of water in the liquid phase are
validated with respect to experimental data. Figures 2(a) and 2(b)
show the liquid densities as functions of the salt molality for aque-
ous KOH and NaCl solutions, respectively, at 298 and 363 K at
50 bar. The experimental correlations of Laliberté and Cooper52 for
aqueous NaCl and KOH solutions are used for comparison. These
correlations can accurately model the densities of various aqueous
salts (e.g., NaCl, KOH, LiCl, and AlCl3) with average deviations of
0.1 kg m−3 compared to experiments. As shown in Figs. 2(a) and
2(b), the MC results computed using the Madrid-Transport K+,39
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FIG. 2. Computed liquid densities (ρ) in units of kg/m3 solution for aqueous (a) KOH and (b) NaCl solutions as functions of salt molality (m) in units of mol salt/kg water.
Computed activities of water for aqueous (c) KOH and (d) NaCl solutions as functions of m. ρ and aH2O are computed at 298 and 363 K at 50 bar. The experimental correlation
of Laliberté and Cooper52 for densities of aqueous KOH and NaCl solutions is shown in (a) and (b) at 298 and 363 K as solid lines. The experimental correlation of Balej53

and the data of Clarke and Glew54 for aH2O of aqueous KOH and NaCl solutions are used, respectively.

the DFF/OH−,20 and Madrid-2019 Na+/Cl− force fields40 com-
bined with TIP4P/200527 can accurately model the variations of the
liquid density with respect to KOH/NaCl molality and tempera-
ture compared to the experimental correlations (deviations smaller
than 1%).

Figures 2(c) and 2(d) show the computed activities of water as
functions of KOH/NaCl molalities at 298 and 363 K at 50 bar. The
experimental correlation of Balej53 and Clarke and Glew54 for the
activities of aqueous KOH and NaCl solutions is shown as solid lines
in Figs. 2(c) and 2(d), respectively. As shown in Fig. 2(c), the activ-
ities of aqueous KOH solutions can be computed accurately with
respect to experiments (within error bars) using the non-polarizable
Madrid-Transport K+,39 DFF/OH−20 (with scaled charges of +0.75
[e]/−0.75 [e]), and TIP4P/2005 water. To the best of our knowl-
edge, this is the first time that the activities of water in aqueous
KOH solutions have been computed using molecular simulations.
The experimental activities of water in aqueous KOH solutions show
a small temperature dependence (i.e., ∼3% deviation between aH2O
at 298 K and 363, at 8 mol KOH/kg water). The slight increase of
aH2O as a function of temperature is also observed in the MC simu-
lations [Fig. 2(c)], despite the fact that the error bars are of the same
order of magnitude as the variations in temperature. As discussed

by Resnik and Chirife55 for aqueous NaCl, LiCl, and H2SO4 solu-
tions, the temperature dependence of water activities depends on the
specific salt type and is mainly present at higher salt concentrations
(i.e., up to 4 mol salt/kg water, barely any temperature dependence
is experimentally observed).

As shown in Fig. 2(d), the non-polarizable Madrid-2019
Na+/Cl− force fields (with scaled charges of +0.85/−0.85 [e]) com-
bined with TIP4P/2005 can accurately capture the experimental
activities of water in aqueous NaCl solutions. These results are in
line with the findings of Ref. 26. Accurate modeling of the activities
of water entails that the change in the chemical potential of water
(i.e., μex

H2O,m − μex
H2O,0) and the liquid densities as a function of m are

well-captured in the MC simulations. This also ensures that the vari-
ation of the water content in the gas phase (yH2O) as a function of
KOH/NaCl can be correctly predicted.

B. Gas phase fugacity coefficients
Accurate calculations for the VLE of water and H2 systems

require models that can model both the densities and excess chem-
ical potentials of the liquid phase and the fugacity coefficients of
the gas phase [as shown in Eq. (5) of the methodology section].
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FIG. 3. Computed (a) excess chemical potentials (i.e., μex
G,H2O with respect to the ideal gas reference state) of pure gaseous TIP4P/2005 water27 as a function of pressure

(P) at 350 K. The computed μex
G,H2O values are compared to the data from REFPROP56 and the GERG-2008 equation of state41 for pure water. μex

G,H2O can be estimated
from the second virial coefficient (B2V) of water vapor (the derivation is shown in Sec. S1 of the supplementary material). Values of B2V for water vapor (experimental) and
TIP4P/2005 at 350 K are obtained from Harvey and Lemmon57 and Rouha et al.,30 respectively. Computed fugacity coefficients of (b) water (ϕH2O) and (c) H2 (ϕH2

) in the
gas phase as functions of total pressure (P) at 363, 383, and 403 K. The fugacity coefficients are computed at a water mole fraction (yH2O) of 0.001 and a H2 mole fraction
(yH2
) of 0.999 using the GERG-2008 equation of state.41

Figure 3(a) shows the computed (using CFCMC simulations) excess
chemical potentials of gaseous TIP4P/200527

(μex
G,H2O) at 350 K as

a function of P. The MC simulations are compared to data from
REFPROP56 and the GERG-2008 EoS.41 μex

G,H2O is also approxi-
mated using the second virial coefficients of both gaseous water
(experimental) and TIP4P/2005 water force fields reported by Har-
vey and Lemmon57 and Rouha et al.,30 respectively. The relation
between the fugacity coefficient of water, excess chemical poten-
tials of water, and the second virial coefficient is shown in Sec. S1
of the supplementary material. As shown in Fig. 3(a), TIP4P/2005
overestimates the non-ideality of the gas phase (i.e., more neg-
ative excess chemical potentials) compared to the data of REF-
PROP.56 The results of Fig. 3(a) show that the TIP4P/2005 force
field, which is trained on the liquid phase properties, should not
be used to make predictions for the gas phase (e.g., for fugacities
and μex

G,H2O).
Instead of using classical non-polarizable force fields to model

the gas phase, the GERG-2008 EoS41 is used to model the rela-
tion between composition, T, P, ϕ, and the gas phase densities.
The GERG-2008 EoS41 is the ISO-standard for natural gasses and

is trained based on 21 natural gasses (including H2 and water vapor)
and their binary mixtures. This EoS can model the excess chemical
potentials of pure gaseous water with deviations of ∼0.005 kJ/mol
at 350 K and 0.3 bar [shown in Fig. 3(a)]. The computed fugac-
ity coefficients (using the GERG-2008 EoS41) of water and H2 as
functions of pressure are shown in Figs. 3(b) and 3(c). As shown
in Fig. 3, at pressures of already ∼100 bar, the fugacity coefficients of
water and H2 deviate by more than 5% from ideality in a binary gas
mixture with a water mole fraction of 0.001. Simple cubic EoS such
as Peng–Robinson58 (without optimizing the mixing rules) are not
suitable for water and H2 mixtures due to the polar nature of water,
as discussed by Rahbari et al.6

C. VLE of pure water and solubilities of H2 in water
In this section, the computed VLE of pure water and the solu-

bilities of H2 in water are validated against experiments. Figures 4(a)
and 4(b) show the computed saturated vapor pressures of water
(PH2O) and solubilities of H2 (xH2O) in water, respectively, as func-
tions of temperature. The experimental correlation of Sako et al.59
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FIG. 4. Computed (a) saturated vapor pressures of pure water (PH2O) as a function of temperature T at 1 bar and (b) solubilities of H2 (xH2
) in units of mole fraction in the

liquid phase at a H2 fugacity of 1 bar. The experimental correlation of Sako et al.59 is used for the saturated vapor pressures of water, and the correlation of Torín-Ollarves
and Trusler15 is used for the solubilities of H2 in water. The results computed using the free energy correction [as discussed in Eq. (3) and Ref. 26] for both water and H2 are
compared with the results without the free energy correction.

for the saturated vapor pressure of water and the correlation of
Torín-Ollarves and Trusler15 for the solubilities of H2 in water are
also shown in Figs. 4(a) and 4(b), respectively. The results obtained
with and without the free energy correction (as introduced in Eq. (3)
and in Ref. 26) are compared in Fig. 4. The free energy correction
shifts the excess chemical potentials of water at infinite salt dilution
and allows for accurate modeling of the saturated vapor pressures of
water using TIP4P/2005.27 Without the free energy correction, the
saturated vapor pressures of TIP4P/2005 are underpredicted with
respect to the experiments as shown in Fig. 4(a) (i.e., by a factor of 4
at 298 K).

As shown in Fig. 4(b), the solubilities of H2 in water for a tem-
perature range of 298–363 K can be accurately modeled using the
Marx H2 force field combined with TIP4P/200527 water, provided
that a constant (temperature-independent) free energy correction
(trained at 298 K) is applied to the infinite dilution excess chemi-
cal potential of H2 in water. Kerkache et al.22 have also accurately
modeled the solubilities of H2 in water using the Marx-TIP4P/2005
combination by modifying the LB24 mixing rules. Kerkache et al.22

state that deviating from LB24 mixing rules (by a factor of 1.05) indi-
rectly corrects the influence of polarizability on the free energies,
leading to accurate excess chemical potentials of H2. The Marx H2
force field combined with the TIP4P/μ5 water force field can accu-
rately model the solubilities of H2 in water at 298 K, as shown in Fig.
S1 of the supplementary material. However, the variation of the H2
solubilities with respect to temperature is not correctly captured (no
minimum in H2 solubility as observed experimentally15), resulting
in an inaccurate prediction of H2 solubilities in water at 363 K (by
∼20%). As shown in this section, applying a free energy correction
for H2 and water is an alternative method to account for polariz-
ability when using non-polarizable force fields, which can lead to an
accurate computation of both PH2O and xH2 and their temperature
dependence.

D. VLE of aqueous KOH and NaCl solutions and H2

Figures 5(a) and 5(b) show the computed equilibrium compo-
sitions for water vapor (yH2O) in H2 and solubilities of H2 (xH2),

respectively, for H2/H2O/salt (i.e., KOH and NaCl) systems at 323 K.
At m = 0 mol salt/kg water, the experimental data for yH2O in H2 of
Bartlett,14 which are listed in the supplementary material of Ref. 6,
are plotted for comparison. The experimental correlations of Torín-
Ollarves and Trusler15 for xH2 in aqueous NaCl (for m = 0 and m = 6
mol NaCl/kg water) solutions are shown in Fig. 5(b).

Obtaining both yH2O and xH2 accurately for H2/H2O systems
using molecular simulations is a difficult endeavor. As discussed
by Rahbari et al.,6 the TIP4P/2005 water force field [without the
free energy correction defined in Eq. (3)] cannot accurately cap-
ture yH2O because the saturated water vapor pressures are inaccurate,
but can capture the experimental values of xH2 . Other water force
fields such as TIP3P can accurately predict yH2O and the saturated
water vapor pressures but fail to yield precise xH2 because the liquid
water interactions are not correctly captured.6 For this reason, prior
studies19,20,32 on molecular simulations of H2/H2O/salt (e.g., NaCl)
systems mainly focus on the solubilities of H2 in the aqueous phase
and do not consider the amount of water in the gas phase. Here,
both yH2O and xH2 are modeled accurately with respect to the exper-
iments. As shown in Fig. 5(a), the computed yH2O as a function of
P shows excellent agreement with the available experimental data at
m = 0 and 323 K. The computed values of xH2 at m = 0 and m = 6
mol NaCl/kg water also show excellent agreement with respect to
the experimental correlation (within 5% deviations).

As shown in Fig. 5(a), the values for yH2O at m = 6 mol NaCl/kg
water are quantitatively in line with the values computed at m = 8
mol KOH/kg water (both lower by ∼20% from the data at m = 0).
This is consistent with the fact that the activities of water for aque-
ous KOH at m = 8 mol KOH/kg water and for aqueous NaCl at
m = 6 mol NaCl/kg water are both ∼0.80 [as shown in Figs. 2(c) and
2(d)]. The solubility of H2 in the aqueous solution exhibits a stronger
decrease as a function of the salt molalities [Fig. 5(b)]. This decrease
in H2 (which is a non-polar gas) solubilities is due to the salting-out
effect60 and is discussed in Refs. 15, 19, 20, 22, and 61 for aqueous
KOH and NaCl solutions.

Figures 5(c) and 5(d) show yH2O as a function of m for aque-
ous KOH and NaCl solutions, respectively, at 323, 393, and 423 K
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FIG. 5. Computed vapor–liquid equilibrium (VLE) composition of (a) water vapor (yH2O) in H2 and (b) H2 (xH2
) in aqueous NaCl and KOH solutions as functions of pressure

at 323 K. The experimental data listed in Ref. 6 at 323 K for yH2O of pure water (i.e., salt molality of m = 0 mol salt/kg water)-H2 system are also shown (a). The experimental
correlation of Torín-Ollarves and Trusler15 for xH2

in aqueous NaCl solutions is shown in (b) for m = 0 and m = 6 mol NaCl/kg water. The VLE composition of water vapor in
H2 as functions of m for (c) aqueous KOH and (d) NaCl solutions at 50 bar are shown for 298, 393, and 423 K.

at 50 bar. Temperature has the strongest influence on yH2O [as dis-
cussed in Eq. (5), there is an exponential dependence on 1/T]. The
salt molality changes the computed values of yH2O by ∼10%–25% for
a molality of 4–8 mol salt/kg water, as shown in Fig. 5, with NaCl
having a stronger effect on yH2O values at a given molality compared
to KOH. To the best of our knowledge, no other molecular sim-
ulation result is available for yH2O for H2/H2O/salt (i.e., KOH and
NaCl) systems. The computed yH2O values for H2/H2O/salt systems
can be used to model alkaline electrolyzers, electrochemical com-
pression processes, and underground hydrogen storage. All raw data
for the computed yH2O and xH2 values for aqueous KOH/NaCl solu-
tions at 10–500 bar and 298–423 K are shown in Tables S8–S13 of
the supplementary material.

IV. CONCLUSIONS
In this work, for the first time, the VLE of H2 and aqueous

KOH/NaCl solutions are computed at 298–423 K, 10–400 bar, 0–8
mol KOH/kg water, and 0–6 mol NaCl/kg water using molecular
simulations. The excess chemical potentials of water and H2 are

computed using CFCMC simulations. Free energy corrections are
applied to the computed excess chemical potentials of water and H2
to accurately model the experimental saturated vapor pressures of
water and solubilities of H2 in water using the TIP4P/2005 water
force field and the Marx H2 force field. Applying a constant free
energy correction to the excess chemical potentials of Marx H2 in
TIP4P/2005 water (at a salt molality of 0) results in accurate pre-
dictions for H2 solubilities for a temperature range of 298–373 K.
The densities and activities of water (and their temperature depen-
dence) in the aqueous phase for aqueous KOH and NaCl solutions
are modeled accurately using the non-polarizable Madrid-2019 force
field of Na+/Cl−, the Madrid-Transport force field of K+, and the
DFF/OH− force field combined with TIP4P/2005 water (2% devi-
ation with respect to experimental densities and water activities).
The compositions of water and H2 are computed using an itera-
tive scheme from the liquid phase excess chemical potentials and
densities, in which the gas phase fugacities are computed using the
GERG-2008 EoS. For the first time, the equilibrium compositions
of both water and H2 (and their pressure dependence) for systems
of H2 and aqueous KOH/NaCl solutions are modeled with excellent
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agreement with respect to the available experimental data (within
5%) without any additional refitting of force fields or changing the
LB mixing rules. The VLE data provided in this work can be used
to model the water content in the H2 stream of alkaline electrolyz-
ers (for aqueous KOH solutions) and for underground hydrogen
storage (for aqueous NaCl solutions).

SUPPLEMENTARY MATERIAL

Derivation of the relation between the excess chemical poten-
tial (i.e., with respect to the ideal gas reference state) and the second
virial coefficient in the gas phase (Sec. S1); computed solubilities
of the Marx H2 force field38 in TIP4P/μ water (discussed in the
supplementary material of Ref. 5) force field (Fig. S1); force field
parameters (Tables S1–S5); number of molecules used in CFCMC
simulations (Tables S6 and S7); raw data tables for the vapor–liquid
equilibria of H2 and aqueous KOH and NaCl solutions (Tables
S8–S13).
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