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ABSTRACT: Sodium borohydride (NaBH4) has a high hydrogen
(H2 ) gravimetric capacity of 10.7 wt %. NaBH4 releases H2 through
a hydrolysis reaction in which aqueous NaB(OH)4 is formed as a
byproduct. NaB(OH)4 strongly influences the thermophysical
properties of aqueous solutions (i.e., densities, viscosities, and
electrical conductivities) and the hydrolysis reaction kinetics and
conversion of NaBH4. Here, molecular dynamics (MD) simulations
are performed to compute viscosities, electrical conductivities, and
self-diffusivities of H2 , Na+, and B(OH)4− for a temperature and
concentration range of 298−353 K and 0−5 mol NaB(OH)4/kg
water, respectively. Continuous fractional component Monte Carlo
(CFCMC) simulations are used to compute the solubilities of H2
and activities of water in aqueous NaB(OH)4 solutions for the same
temperature and concentration range. A new force field is
developed (Delft force field of B(OH)4−: DFF/B(OH)4−) in which B(OH)4− is modeled as a tetrahedral structure with a scaled
charge of −0.85. The OH group in B(OH)4− is modeled as a single interaction site. This force field is based on TIP4P/2005 water
and the Madrid-2019 Na+ force field. The MD simulations can accurately capture the densities and viscosities within 2.5% deviation
from available experimental data at 298 K up to a concentration of 5 mol NaB(OH)4/kg water. The computed electrical
conductivities deviate by ca. 10% from experimental data at 298 K for the same concentration range. Based on the molecular
simulations results, engineering equations are developed for shear viscosities, self-diffusivities of H2, Na+, and B(OH)4−, and
solubilities of H2, which can be used to design and model NaBH4 hydrolysis reactors.

1. INTRODUCTION
Aqueous borate ions are of relevance to a wide array of
industrial applications ranging from nuclear electric power to
flame retardants.1−6 The potential use of sodium borohydride
(NaBH4) for H2 storage in applications such as maritime
shipping, due to its high gravimetric capacity of 10.7 wt %,7−17

has increased the interest for aqueous borate ion chemistry.
The hydrolysis reaction of NaBH4 produces H2 and sodium
metaborate (NaBO2) according to

18,19

+ +NaBH 2H O NaBO 4H4 2 2 2 (R1)

Sodium metaborate dissolves in water forming aqueous
NaB(OH)4

19−21

+ ++NaBO 2H O Na (aq) B(OH) (aq)2 2 4 (R2)

Other hydroxyl-hydrate borates such as B(OH)3 and
B3O3(OH)4 − can also be present in the aqueous
phase;19,20,22,23 however, previous experimental and theoretical
studies of aqueous NaBO2 solutions suggest that more than
95% of borate ions in water are in the form of B(OH)4−.

20,22

Aqueous B(OH)4− ions are also formed when boric acid

(H3BO3), which acts as a Lewis acid, dissolves in water.
24−26

The dissolution of borates in water is discussed in detail in refs
22−24, 27. In this work, only hydroxyl-hydrate borate ions of
the type B(OH)4− are considered.
The solubility limit of NaBO2 at 298 K is 4.25 mol NaBO2/

kg water,28−30 which corresponds to a solubility of 5.02 mol
NaB(OH)4/kg water based on reaction R2. At the solubility
limit (at 298 K), the viscosity of the aqueous NaB(OH)4
solution is ca. 6 times higher than that of pure water.21 The
presence of NaB(OH)4 has a significant influence on the
thermophysical properties (e.g., electrical conductivities,
viscosities, and densities) of the solution21 and influences the
reaction rates of NaBH4 hydrolysis.31−33 Uncontrolled
crystallization of NaB(OH)4 is one of the major concerns in
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NaBH4 hydrolysis reactors.
29,34,35 Detailed knowledge of the

thermophysical properties of aqueous NaB(OH)4 will help in
modeling the crystallization rates and the design of NaBH4
hydrolysis reactors.
The densities, viscosities, and electrical conductivities of

aqueous NaB(OH)4 solutions (0−5 mol NaB(OH)4/kg water)
at 298 and 323 K have been measured experimentally by Zhou
et al.21 To the best of our knowledge, thermophysical
properties of aqueous NaB(OH)4 solutions at temperatures
higher than 323 K are not available, despite being relevant for
NaBH4 hydrolysis reactors, which usually operate at 298−363
K.36−38 Data on the solubilities of H2 and the self-diffusivities
of H2, Na+, and B(OH)4− in NaB(OH)4 solutions are also not
available even though H2 mass transfer

31 and NaB(OH)4
crystallization29,34,35 are crucial for optimizing the performance
of NaBH4 hydrolysis reactors. Molecular simulation, specifi-
cally molecular dynamics (MD) and Monte Carlo (MC)
simulations, provides a complementary approach to experi-
ments for investigating thermophysical properties that are
difficult to measure experimentally39−43 (i.e., self-diffusivities of
ions and H2 ) at elevated temperatures (ca. 353 K) and salt
molalities (ca. 5 mol NaB(OH)4/kg water). MD or MC
simulations of aqueous NaB(OH)4 require force fields that are
either based on ab-initio calculations or parameterized based
on existing experiments.44,45 Zhou et al.20 have used ab-initio
simulations and empirical potential structure refinement
(EPSR) to investigate the structure and hydration of aqueous
NaB(OH)4. The EPSR potential of Zhou et al.

20 can accurately
model radial distribution functions (RDFs) and the hydration
numbers of the ions; however, it is not parameterized for
viscosities and electrical conductivities of the solution. Despite
the significant influence of the NaB(OH)4 concentration on
the transport properties of the solution,21 no attempts have
been made to develop a classical B(OH)4− force field that can
describe and predict the densities, viscosities, and electrical
conductivities of NaB(OH)4 solutions.
In this work, we propose a new classical force field for

B(OH)4− (the so-called Delft force field for B(OH)4−, which
will be referred to hereafter as DFF/B(OH)4−), which
combined with TIP4P/2005 water46 and the Madrid-2019
Na+ force field47 can accurately model densities and viscosities
of NaB(OH)4 solutions with a maximum deviation of 2.5%
from experimental results up to the solubility limit at 298 K.
B(OH)4− is modeled as a tetrahedral structure with a scaled net
charge of −0.85. The OH group in B(OH)4− is modeled as a
single interaction site. DFF/B(OH)4− is an addition to the
Delft force field family (see our work on the DFF/OH−41).
The computed electrical conductivities of aqueous NaB(OH)4
solutions using the DFF/B(OH)4− at 298 and 323 K are within
10% of available experimental data. The densities, viscosities,
and self-diffusivities of H2, Na+, and B(OH)4− in aqueous
NaB(OH)4 solutions at 298−353 K and 0−5 mol NaB(OH)4/
kg water are computed using MD simulations. The solubilities
of H2 and activities of water in aqueous NaB(OH)4 solution
for the same temperature and concentration range are
computed using continuous fractional component Monte
Carlo (CFCMC)48−50 simulations. To allow for simple
extraction of the computed properties, engineering equations
are developed by us.40,41 All the computed viscosities of
aqueous NaB(OH)4 solutions, self-diffusivities for H2, Na+,
and B(OH)4−, and the solubilities of H2 are fitted to empirical
equations, which can be used to model NaBH4 hydrolysis
reactors.

This paper is organized as follows: In Section 2, the force
fields used for H2O, Na+, and H2 are presented and the details
for the MD and CFCMC simulations48−50 are explained. In
Section 3.1, a force field for B(OH)4− is developed based on
experimental densities, viscosities, and RDFs of aqueous
NaB(OH)4 at 298 K and 1 bar. The computed densities and
viscosities for a temperature range of 298−353 K are discussed
in Section 3.2. The electrical conductivities and the self-
diffusivities of ions are reported in Section 3.3. The self-
diffusivities of H2, solubilities of H2, and activities of water in
aqueous NaB(OH)4 solutions are discussed in Sections 3.4 and
3.5. Our conclusions are outlined in Section 4.

2. METHODOLOGY
2.1. Force Fields. Lennard-Jones (LJ) and electrostatic

interactions are used to model interatomic interactions. H2O is
modeled using the four-site rigid TIP4P/200546 force field.
This water force field can accurately capture the densities, self-
diffusivities, and viscosities of pure H2O and H2O solutions
(e.g., aqueous NaCl,40,47 KCl,47 NaOH, and KOH41) for a
wide range of conditions.42,51−55 For Na+ ions, the Madrid-
201947 and Madrid-Transport56 force fields are used. Both
Madrid Na+ force fields are non-polarizable force fields, which
make use of scaled charges.47,56 In non-polarizable models,
charges of ions in water and for ionic liquids are commonly
scaled down.47,56,57 In the Madrid-201947 and Madrid-
Transport56 model, the charges of Na+ ions are scaled down
to 0.85 and 0.75, respectively. This charge scaling leads to
more accurate viscosity predictions for aqueous electrolyte
solutions (e.g., NaCl and Na2SO4) compared to using unscaled
charges.47 The use of scaled charges is discussed in detail in
refs 47, 56, 57. The three-site Marx58 model is used for
computing the H2 solubilities and self-diffusion coefficients.
Analytic tail corrections for the LJ interactions are applied for
computing energies and pressures. The B(OH)4 − force field is
developed in this work and is discussed in Section 3.1. All force
field parameters for H2O, Na+, and H2 are listed in Tables S1−
S3 of the Supporting Information. All molecules and ions are
considered rigid. The Lorentz−Berthelot mixing rules44,45 are
used with the exception of [Na+/B(OH)4 −−H2O] LJ
interactions as specified in Tables 1 and S3.
2.2. MD Simulations. MD simulations are carried out

using the open-source large-scale atomic/molecular massively
parallel simulator (LAMMPS)59 (version August, 2018).
Sample LAMMPS input files are provided as Supporting
Information and can also be downloaded from here: https://
github.com/omoultosEthTuDelft/B-OH-4�Delft-Force-
Field-. Rigid body constraints are applied to all molecules.60

The Verlet algorithm is used to integrate Newton’s equations
of motion with a time step of 1 fs.61 The particle−particle
particle−mesh (PPPM)44,62 method is used (relative error of
10−5) for long-range electrostatic interactions. The PPPM
method is numerically efficient and suitable for large systems
(i.e., ca. 103 point charges or more).63,64 A cutoff radius of 10
Å is used for LJ and the real space contribution of the PPPM
method for electrostatic interactions. Periodic boundary
conditions are imposed in all directions. The Nose−́Hoover
thermostat and barostat44,65,66 are applied, with coupling
constants of 100 and 1000 fs, respectively. The modifications
proposed by Kamberaj67 for the Nose-́Hoover algorithm of
rigid bodies are used in LAMMPS.
The OCTP plugin68 is used to compute RDFs, self-diffusion

coefficients of all species (i.e., H2O, Na+, B(OH)4 −, and H2),
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Onsager coefficients,69 and the viscosities of the solutions
using Einstein relations. For all details of the OCTP plugin, the
reader is referred to ref 68. For each state point (temperature,
pressure, and salt molality), the volume of the simulation box is
obtained using a 5 ns equilibration run (NPT ensemble) and a
consequent 5 ns production run (NPT ensemble), in which the
average volume is computed. The average volume computed in
NPT simulations is used in subsequent NVT simulations to
compute transport properties and radial distribution functions
(RDFs). In the NVT ensemble, an equilibration run of 1 ns
and a production run of 20−50 ns is used. All self-diffusivities
shown here are corrected for finite-size effects using the Yeh−
Hummer equation.70−73 Dynamic viscosities computed using
MD are not subject to finite-size effects.69,72,74,75 The electrical
conductivities (κ) in this work are computed using the
Einstein−Helfand approach.76,77

= e N
Vk T

z z
i j

i j ij

2

B , (1)

where e is the elementary charge, N is the total number of
molecules, V is the volume of the simulation box, kB is the
Boltzmann factor, and T is the absolute temperature. zi and zj
are the charges of ions of type i and j, respectively. It is
important to note that zi represents the ionic charge of the
component, e.g., for Na+ it would be 1. This means that if
scaled charges are used in the force field, zi remains unaffected.
Λij is the Onsager coefficient between ions of type i and j,78−80

which is defined here as69

= [ ]·

[ ]

= =

i

k
jjjjjj

y

{
zzzzzz

N t
t

t

r r

r r

1
lim

1
6

( ) (0)

( ) (0)

ij
t k

N

l

N

k i k i

l j l j

1 1
, ,

, ,

i j

(2)

where t is time, Ni is the number of ions of type i, Nj is the
number of ions of type j, and rk,i(t) is the position vector of the
k-th ion of type i at time t. The exact electrical conductivities
including ion−ion correlations are computed using eq 1. For

dilute electrolyte solutions, the electrical conductivities can be
approximated using the Nernst−Einstein (NE) equation (κNE),
which neglects ion−ion correlations:81

= e
Vk T

Nz D
i

i i iNE

2

B

2

(3)

where Di is the self-diffusivity of ion i.
MD simulations are carried out in systems consisting of

1000 H2O molecules and 0−90 Na+ and B(OH)4 − ions,
depending on the molality. Two H2 molecules are added to
these systems to compute self-diffusivities of H2 in aqueous
NaB(OH)4 solutions. The exact number of species used for
every state point is provided in Table S4 of the Supporting
Information. The simulations are carried out at 298, 323, 343,
and 353 K and 1 bar. For each temperature and molality, five
independent simulations are carried out, each starting with a
different set of initial velocities. Based on these five
independent simulations, a mean and a standard deviation
for densities, viscosities, self-diffusivities, and electrical
conductivities are obtained. All initial configurations are
created using the PACKMOL software (v20.3.1).82 All the
raw data for densities, viscosities, and self-diffusivities of H2,
Na+, and B(OH)4− in aqueous NaB(OH)4 solutions are listed
in Table S6 of the Supporting Information. The DelftBlue
supercomputer83 is used for performing MD simulations.
2.3. CFCMC Simulations. To compute the solubilities of

H2 and the activity coefficients of H2O in aqueous NaB(OH)4
solutions, CFCMC simulations are carried out using the open-
source BRICK-CFCMC software package.84,85 Sample
BRICK-CFCMC input files are provided as Supporting
Information and can also be downloaded from here: https://
github.com/omoultosEthTuDelft/B-OH-4�Delft-Force-
Field-. All simulations are carried out in the continuous
fractional component48−50 isobaric-isothermal (CFCNPT)
ensemble. The methodology used to compute solubilities of
H2 follows from refs 40, 41. The MC simulation boxes are
cubic, and periodic boundary conditions are applied in all
directions. The simulation boxes consist of 300 water
molecules and 0−27 molecules of NaB(OH)4, depending on
the molalities of the solution (ranging from 0 to 5 mol
NaB(OH)4/kg water). The exact numbers of NaB(OH)4
molecules and the corresponding molalities are provided in
Table S5 of the Supporting Information. To investigate finite-
size effects, the solubility of H2 is also computed in a system
with 450 H2O molecules. The computed solubility of H2 for a
system with 450 H2O molecules is within the error bars of the
computed solubility for a system with 300 H2O molecules.
Finite-size effects of MC simulations can be prominent in sub-
critical conditions but are usually very small far from the
critical point of the solvent.86 Therefore, the finite-size effects
of MC simulations are not considered further in this work. The
Ewald summation with a relative precision of 10−6 is used for
the long-range electrostatic interactions.44 As the MC
simulations have a smaller system size than the MD
simulations, a more accurate relative precision is used, i.e.,
10−6 versus 10−5. A damping parameter (α) of 0.38 Å−1 is
used, and the number of vectors in each direction (kmax) is set
to 8 for the Ewald summation. A cutoff radius of 10 Å is used
for LJ and the real space contribution of the Ewald summation
for electrostatic interactions. More details on the implementa-
tion of Ewald summation in BRICK-CFCMC can be found in
the Supporting Information of ref. 84 The solubilities of H2

Table 1. Force Field Parameters for B(OH)4 −a

B(OH)4− force
field

qOH/
[e]

qB/
[e]

qB(OH)d4
/

[e]
σ(OH)(OH)/

[Å]
σ(OH)(Ow)/

[Å]

V1 -0.65 1.75 -0.85 2.75 2.91
V2 -0.75 2.15 -0.85 2.85 2.96
V3 -0.85 2.65 -0.75 2.95 3.01
V4 (DFF/
B(OH)4−)

-0.85 2.55 -0.85 2.95 3.01

aOH is modeled as a single site with a charge of qOH. The B atom has
a charge of qB and is not a LJ site as it is surrounded by four OH.
qB(OH)d4

is the total charge of B(OH)4− and is based on the scaled
charges used in Madrid-2019 (0.85)47 and Madrid-Transport
(0.75).56 ϵ(OH)(OH) is the LJ energy parameter for OH−OH
interactions and is equal to ϵ(OH)(OH)/kB = 50.32 K. σ(OH)(OH) and
σ(OH)Ow are the LJ size parameters for OH−OH and OH−Ow (O of
water) interactions. For ϵ(OH)Ow, ϵ(OH)Na+, and σ(OH)Na+ the Lorentz−
Berthelot mixing rules44,45 are used. The V4 force field is
recommended as it leads to the best agreement with experimental
densities and viscosities of aqueous NaB(OH)4 solutions compared to
the V1−V3 force field. The parameters of the new DFF/B(OH)4− are
the ones of V4.
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and the activity coefficients of H2O are evaluated at 298, 323,
and 353 K for a H2 partial pressure of 1 bar.
To compute the solubilities of H2 and the activity

coefficients of H2O, the excess chemical potentials of H2 and
H2O (ideal gas reference state48) in the aqueous phase is
needed. To find the excess chemical potential of H2 and H2O,
a so-called fractional molecule of H2 and H2O is introduced.
Fractional molecules have their interactions scaled by a
continuous order parameter λ, such that at λ = 0, the molecule
behaves as an ideal gas, while at λ = 1, it is fully interacting
(i.e., like a ”whole” or normal molecule) with its environment.
Details of fractional molecules and the λ parameter are
discussed in depth in refs 48−50, 84. To compute the
probability of occurrence for different λ values, a histogram of
100 bins is created. A biasing function for λ (W(λ)) is created
using the Wang−Landau algorithm.87,88 The biasing function
ensures a flat observed probability distribution of λ and avoids
sampling issues due to energy barriers in λ-space. The
Boltzmann probability distribution of λ (pB (λ)) can be
obtained from the observed probability distributions of λ (pobs
(λ)) and W(λ) using40,41,48

=
[ ]

[ ]
p

p W

W
( )

( )exp ( )

exp ( )B
obs

(4)

in which the brackets define ensemble averages. The excess
chemical potentials (μex) of H2 and H2O (ideal gas reference
state) are related to pB(λ) using40,41,48

=
=
=

k T
p

p
ln

( 1)

( 0)
ex

B
B

B (5)

pB (λ = 1) and pB (λ = 0) are the Boltzmann probabilities of
λ for λ = 1 and λ = 0, respectively.40,41,48 The solubilities of H2
are computed using Henry coefficients (HHd2

). In this work,
Henry coefficients are defined using40,41

=H
f

c c
lim

/f
H

0

H

H 0
2

H2

2

2 (6)

where f Hd2
is the fugacity of H2 , cHd2

is the solubility of H2 (in
mol/L), and c0 is a reference concentration set to 1 mol/L. As
the solubilities of H2 are computed at H2 partial pressure of 1
bar, it is safe to assume that the fugacity coefficient of H2 at
these conditions is 1. The Henry coefficient is related to the
excess chemical potential of H2 using

41

=
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
H c RT

k T
expH 0

H
ex

B
2

2

(7)

where R is the gas constant. As the solubility of H2 in water is
very low (mole fraction of ca. 10−5 H2 at a H2 partial pressure
of 1 bar40,41,89), it is assumed that the excess chemical potential
of H2 can be computed at infinite dilution using a single
fractional molecule of H2. The mole fractions of H2 (xHd2

) in
aqueous NaB(OH)4 solutions are computed using

=
+ +

x
c V

n n c VH
H

H O NaB(OH) H
2

2

2 4 2 (8)

where ⟨V⟩ is the average volume of the simulation box
computed in the CFCNPT ensemble. nHd2O and nNaB(OH)d4

are

the number of moles of H2O and NaB(OH)4 molecules in the
simulation box, respectively.
The activity coefficient of H2O (γm) at a molality m of

NaB(OH)4 can be computed using the excess chemical
potential of pure H2O (μHd2O,0

ex ) and in solution (μHd2O,m
ex )

according to90
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where ⟨ρw⟩ and ⟨ρw,0⟩ are the number density of H2O
molecules in a solution with a molality m NaB(OH)4 and in
the pure H2O solution, respectively. xw is the mole fraction of
H2O in the aqueous solution. μHd2O,m

ex and μHd2O,0
ex are the excess

chemical potentials of H2O in a solution with a molality m
NaB(OH)4 and in the pure H2O solution, respectively. The
activity of water (aw) can be computed by multiplying the
activity coefficient and mole fraction of water, i.e., aw = γm ×
xw. To compute [μHd2O,m

ex −μHd2O,0
ex ] accurately, long simulations

are required.89 For all simulations, 5 × 105 equilibration cycles
are carried out followed by 1.5 × 106 production cycles. A
cycle refers to N trial moves, with N corresponding to the total
number of molecules, with a minimum of 20. For each state
point (concentration, temperature, and pressure), 100
independent simulations are performed. The Boltzmann
probability distributions are averaged from blocks of 20
simulations to obtain five independent Boltzmann probability
distributions for lambda of H2O and H2 , from which the
uncertainties are estimated. MC simulations are performed
serially. Performing 20 independent simulations and averaging
the final Boltzmann distributions eliminate the computation-
ally less favorable case of running a long simulation on a single
processor. For all averaged distributions, the excess chemical
potentials, activities of H2O, and solubilities of H2 are
calculated to obtain a mean value and the standard deviation
of the five independent blocks. Trial moves are selected with
the following probabilities: 1% volume changes, 35% trans-
lations, 29% rotations, 25% λ changes, and 10% reinsertions of
fractional molecules at random locations inside the simulation
box. The maximum displacements for volume changes,
molecule translations, rotations, and λ changes are adjusted
to obtain an acceptance probability of ca. 50%. The details of
the trial moves are described in refs 84, 85. All the raw data for
excess chemical potentials of H2 and H2O, the solubilities of
H2, and the activities of H2O in aqueous NaB(OH)4 solutions
are listed in Table S7 of the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. B(OH)4− Force Field Development. To compute the

diffusivities of H2 and ions (Na+, B(OH)4−) in aqueous
NaB(OH)4 solutions, a force field for B(OH)4 − is required,
which can accurately model the experimental densities
(maximum of 2.5% deviation) and viscosities (maximum of
5% deviation) of aqueous NaB(OH)4 solution. To the best of
our knowledge, no B(OH)4− force field is available for this
purpose. In this work, the OH group of B(OH)4− is modeled
using a single interaction site (i.e., H is modeled implicitly,
contrary to the DFF/OH− in which O and H are two distinct
sites41). B(OH)4− is a tetrahedral structure with the B atom in
the center (OH−B−OH angle of 109.5°) as shown in Figure 1.
The bond length between B and OH is set to 1.49 Å, which
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equals the bond length between B and O as reported in a prior
density functional theory study of aqueous NaB(OH)4.

20

This B(OH)4− force field is parameterized based on the
TIP4P/2005 water model.46 There are two distinct interaction
sites in B(OH)4− (i.e., (OH)δ− and Bδ+), and the total charge is
equal to qB(OH)d4

= qB + 4 × q(OH). The total charge of B(OH)4−

matches the charge of Na+ such that qB(OH)d4
+ qNa = 0. In this

work, the charge distribution (i.e., qB and q(OH)) is considered
as an additional degree of freedom to obtain accurate densities
and viscosities for aqueous NaB(OH)4 solutions. As such the
force fields developed in this work should not be used to
compute the octupole moment of the B(OH)4 − structure,
which depends on the charge distribution inside the ion.92,93

The B atom in B(OH)4 is not an LJ site as it is surrounded by
four OH groups. Two different Na+ force fields are considered,
i.e., the Madrid-201947 (qNa = 0.85) and the Madrid-
Transport56 (qNa = 0.75). Other than having different charges,
these two Na+ force fields have different cross interaction
parameters with the TIP4P/2005 water force field.46 The
complete details of these force fields can be found in Table S3
of the Supporting Information. For each Na+ force field, ca.
900 different B(OH)4− models are created with varying LJ
parameters for the OH group and charge distributions (i.e.,

different values of qB and qOH). The LJ parameter ranges and
grid, and the charge distributions are discussed in Figure S1 of
the Supporting Information. As shown in Figure S1, for all
these models, the deviation of computed density versus the
experimental density is evaluated at 5 mol NaB(OH)4/kg
water at 298 K and 1 bar. Based on these simulations, four
different versions of the B(OH)4− force field are probed (e.g.,
V1−V4) and listed in Table 1, which accurately model
experimental densities with a maximum deviation of 2.5%.
Different charge distributions (i.e., q(OH) and qB) are used for
the V1−V4 models. These different charge distributions are
probed to investigate which B(OH)4− force field can accurately
model both the densities and viscosities of aqueous NaB(OH)4
solutions. V1, V2, and V4 have a total charge of −0.85 and are
based on the Madrid-2019 Na+ force field.47 V3 has a total
charge of −0.75 and is combined with the Madrid-Transport
Na+ force field.56 Details of the four different versions of the
B(OH)4− model during the force field development phase are
listed in Table 1.
Figure 2 shows the computed densities and viscosities as

functions of the NaB(OH)4 molality for the V1−V4 models at
298 K and 1 bar. The experimental data of Zhou et al.21 at the
same conditions are also shown in Figure 2 as dashed lines.
Based on Table 1, it can be observed that B(OH)4− models
with larger absolute values of qOH and qB (comparison between
V1, V2, and V4) require larger values of σ(OH)(OH) and
σ(OH)(Ow) to reach similar densities as shown in Figure 2a.
Despite the accurate density predictions of all force fields, the
viscosities of the V1−V4 force fields differ by more than 50 %.
As shown in Figure 2b, reducing the absolute value of the
charge on (OH)− (q(OH)) (comparison between V1, V2, and
V4) and/or the total charge on B(OH)4− (qB(OH)d4

) (compar-
ison between V3 and V4) leads to lower viscosities. The
densities and viscosities of the EPSR NaB(OH)4 force field of
Zhou et al.20 (assuming a rigid structure for B(OH)4 −) in
TIP4P/2005 water46 are computed as a comparison. Both the
density (1240 ± 1 kg/m3) and viscosity (4.3±0.4 mPa s) of
the rigid EPSR force field20 at 5 mol NaB(OH)4/kg water and
298 K are underpredicted compared to experimental values by
ca. 2.5 and 26%, respectively. Despite being rather accurate for
the density, the viscosity computed at 5 mol NaB(OH)4/kg
water using the EPSR force field20 is an order of magnitude

Figure 1. B(OH)4− is modeled as a rigid tetrahedral structure (OH−
B−OH angle of 109.5 °) with a single interaction site for OH. The
B−(OH) bond length in this model equals 1.49 Å, which is the
computed bond length between B−O reported in a prior density
functional theory study of aqueous NaB(OH)4 by Zhou et al.20

iRASPA is used for this visualization.91

Figure 2. Computed (a) densities (ρ) and (b) viscosities (η) as functions of NaB(OH)4 molality (m) at 298 K and 1 bar. The V1−V4 models
(details in Table 1) are combined with TIP4P/2005 water,46 and the Madrid-201947 and the Madrid-Transport56 Na+ force fields. The
experimental correlation for densities and viscosities of Zhou et al.21 are shown as dashed lines.
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more inaccurate compared to the viscosities computed using
the V4 force field of B(OH)4 −.
Overall, the V4 force field with a charge scaling of 0.85 leads

to optimal agreement with experimentally measured viscosities
at 298 K (within 2% deviation). Zeron et al.47 have also shown
that by applying a charge scaling of 0.85, the viscosities of
Na2SO4 and K2SO4 can be computed accurately (less than 1%
deviation from experiments). The recent work by Blazquez et
al.56 and Habibi et al.41 has shown that the 0.75 charge scaling
is optimal for computing the viscosities of aqueous NaCl, KCl,
NaOH, and KOH solutions. This indicates that there is a
different optimal charge scaling for computing viscosities of
electrolyte solutions, depending on the system. Since the V4
force field has the best agreement with experimental densities
and viscosities, the final parameters of the DFF/B(OH)4− are
the ones of V4 (see Table 1). We have carried out an
additional transferability check for DFF/B(OH)4− with a recent
modification of TIP4P/2005 developed by Rahbari et al.94

(denoted here as TIP4P/μ) shown in Figure S2 of the
Supporting Information. Although TIP4P/2005 can accurately
model the densities and transport properties of water, it is less
accurate in capturing properties such as the experimental
saturated vapor pressures.46,53,94 TIP4P/μ94 can accurately
model the saturated vapor pressures of water despite having
less accurate predictions for the liquid viscosities compared to
TIP4P/2005.46 As shown in Figure S2, the combination of
DFF/B(OH)4 − with TIP4P/μ results in accurate densities
(maximum deviation of 2%) for aqueous NaB(OH)4 −

solutions.
The radial distribution functions (RDF: g(r)) for B (B of

B(OH)4−)−Ow (O of water), B−B, Na+ −Ow, and Na+ −Na+
are shown in Figure 3. The first RDF peak for B−Ow is at ca.
3.80 Å (Figure 3a). For Na+ −Ow, the first peak at 2.31 Å is
found (Figure 3b). These results agree with the atomistic
simulations of aqueous NaB(OH)4 of Zhou et al.20 The
authors indicated the first peak of 3.72 and 2.34 Å for B−Ow
and Na+ −Ow, respectively. The first hydration number (nhyd)
of B and Na+ can be computed from41,47

=n g r r dr4 ( )
r

hyd w 0 w
2min

(10)

where ⟨ρw⟩ is the average number density of water molecules, r
is the radial distance, gw (r) is the RDF of either B or Na+ with
Ow, and rmin is the first minimum of gw (r). The computed
hydration numbers of B and Na+ at 5 mol NaB(OH)4 are 10.9

and 5.6, respectively. Zhou et al.20 report hydration numbers in
the ranges from 12.9−15.6 to 3.7−5.4 for B and Na+,
respectively. A prior diffraction study of aqueous NaB(OH)4
solutions by Zhou et al.95 reports hydration numbers in the
ranges from 6 to 12 and 5.8 to 6.0 for B and Na+, respectively.
In general, the location of the computed first peaks for RDFs of
B−Ow and Na+ −Ow is in excellent agreement with previous
works in the literature,20,95 while a reasonable agreement is
found for the hydration numbers of B and Na+.20,95 These
results for the structure of aqueous NaB(OH)4 indicate that
the hydrodynamic radius of the B(OH)4− and Na+ is modeled
reasonably and that no crystallization occurred during the MD
simulations.
From this section onwards, the DFF/B(OH)4− (version V4

of Table 1) is used to compute densities, transport properties
(e.g., viscosities and electrical conductivities), solubilities of
H2, and activities of water in aqueous NaB(OH)4 solutions.
The B(OH)4− model developed in this work may also be used
to study other systems such as aqueous KB(OH)4 or
LiB(OH)4 systems as K+ and Li+ force fields have been
developed in Madrid-2019.47 Studying the performance of the
B(OH)4− force field for different cations is beyond the scope of
this work.
3.2. Temperature Dependence of Viscosities and

Densities. Figure 4 shows the temperature dependence of
computed densities and viscosities of aqueous NaB(OH)4
solutions at different molalities of NaB(OH)4. The densities
and viscosities shown in Figure 4 are computed from MD
simulations using the DFF/B(OH)4− of B(OH)4−, the TIP4P/
2005 water force field,46 and the Madrid-2019 Na+ force
field.47 The experimental data of Zhou et al.21 at 298 and 323
K are also plotted in Figure 4. As shown in Figure 4a, the
computed densities in this work are in excellent agreement
(within 2.5% deviation) with the experimental results of Zhou
et al.21 for both temperatures. The viscosities computed in this
work at 298, 323, 333, 343, and 353 K are fitted to an empirical
correlation of the form:

= +
Ä
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ÅÅÅÅÅÅÅÅ
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ÑÑÑÑÑÑÑÑA m

A
T

exp0 1
2

(11)

where η0, A1, and A2 are fitting constants. The values of these
fitting constants are listed in Table 2. The results of this
empirical correlation are shown as solid lines in Figure 4b,c.
The viscosity of pure water as a function of temperature is

Figure 3. Radial distribution functions (g(r)) for (a) B(B(OH)4 −)−Ow (O of water) and B(B(OH)4 −)−B(B(OH)4 −), and (b) Na+ −Ow and
Na+ −Na+, as a function of radial distance r (Å), at 298 K, 1 bar, and a concentration of 5 mol NaB(OH)4/kg water. The DFF/B(OH)4− is used and
combined with the TIP4P/200546 water and Madrid-201947 Na+ force fields.
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reproduced using eq 11 with a maximum deviation of 10% for
a temperature range of 298−353 K as shown in Figure S3 of
the Supporting Information.

As shown in Figure 4b, the computed viscosities at 323 K
agree with the results of Zhou et al.21 The viscosities deviate by
2% up to a molality of 3 mol NaB(OH)4/kg water, and by ca.
10% at a molality of 5 mol NaB(OH)4/kg water at 323 K.
Overall, it can be concluded that the MD simulations can
accurately model both the densities and viscosities at 323 K
even though the B(OH)4− force field is only fitted to data at
298 K. In Figure 4c, an exponential increase in the viscosities is
observed as a function of the reciprocal temperature (η ∝
exp[A2/T]). This behavior has also been observed in other
experimental and simulation studies of aqueous electrolyte
solutions (e.g., NaCl and NaOH).40,41,96,97

3.3. Electrical Conductivities and Self-Diffusivities of
Ions. The computed electrical conductivities of aqueous
NaB(OH)4 solutions are shown in Figure 5a,b. The finite-
size corrected70,71,98 self-diffusivities of Na+ and B(OH)4− in
aqueous NaB(OH)4 solutions are shown in Figure 5c,d,
respectively. The computed finite-size corrected self-diffusiv-
ities (Ds) of Na+ and B(OH)4− are fitted to an empirical
function with a functional form of

=
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑD D B m

B
T

exps s,0 1
2

(12)

where Ds,0, B1, and B2 are fitting constants. m is the molality of
NaB(OH)4 in units of mol NaB(OH)4/kg water, and T is in
units of K. The values of these fitting constants for Na+ and
B(OH)4− are listed in Table 3. The results of the fitting
equation are shown in Figure 5c,d as solid lines. The
experimentally measured infinite dilution diffusion coefficients
at 298 K for Na+ and B(OH)4− are 1.33 × 10−9 m2/s and 0.96
× 10−9 m2/s, respectively.20,47 The infinite dilution self-
diffusivities at 298 K obtained in this work by fitting the
computed self-diffusivities (Ds,0) for Na+ and B(OH)4− are 1.2
× 10−9 m2/s and 0.94 × 10−9 m2/s, respectively. The
computed (finite-size corrected70,71) self-diffusivities of Na+
and B(OH)4− at a molality of 0.5 mol NaB(OH)4/kg water and
298 K are (1.13 ± 0.03) × 10−9 m2/s and (0.85 ± 0.06) ×
10−9 m2/s, respectively. These values are in agreement with the
values predicted from eq 12 and the experimentally measured
infinite dilution diffusion coefficients for Na+ and B(OH)4− in
water.20,47

In Figure 5a, the electrical conductivities at 298 K computed
using the NE approximation (eq 3) and the exact expression
(eq 1) are compared to the experimental results of Zhou et
al.21 Consistent with what is found for other aqueous
electrolyte solutions,76,81 the NE equation overestimates
electrical conductivities with respect to the exact expression
(eq 1). The ion−ion correlations, which are ignored in the NE
approximation and accounted for in the exact expression, lower
the electrical conductivities and play an important role in
accurate predictions of electrical conductivities.81 This is also
observed in the literature for other systems such as aqueous

Figure 4. Computed (a) densities (ρ) and (b) viscosities (η) as
functions of molality m in units of mol NaB(OH)4/kg water at 298
and 323 K at 1 bar. In (c), η is shown as a function of the reciprocal
temperature (T−1) at 1, 3, and 5 m at 1 bar. The experimental
densities and viscosities of Zhou et al.21 at 298 and 323 K are shown
in (a) and (b). The dashed lines are the experimental fits for densities
and viscosities based on the results of Zhou et al.21 The solid lines
represent eq 11 based on the parameters shown in Table 2. The
densities and viscosities are computed from MD simulations using the
DFF/B(OH)4− combined with the TIP4P/2005

46 water and Madrid-
201947 Na+ force fields.

Table 2. Parameters of Eq 11 for the Computed Viscosities
of Aqueous NaB(OH)4 Solutionsa

η0/[mPa s] 1.018 × 10−3

A1/[(molNaB(OH)d4
/ kgHd2O)

−1] 3.379 × 10−1

A2/[K] 2.030 × 103
aThe viscosities are computed from MD simulations using the DFF/
B(OH)4− combined with the TIP4P/2005

46 water and Madrid-201947

Na+ force fields. These parameters are valid at a concentration range
of 0−5 mol NaB(OH)4 /kg water at 298−353 K.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c01422
Ind. Eng. Chem. Res. 2023, 62, 11992−12005

11998

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01422/suppl_file/ie3c01422_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01422?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01422?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01422?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01422?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c01422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


NaCl.76,81 At the limit of low NaB(OH)4 molalities (m → 0),
the NE expression and the exact expression (eq 1) are identical
by definition. This is (by definition) not the case for exact
expression (eq 1) and the NE expression with the Yeh−
Hummer correction70,71 ionic diffusivities. At the limit of low
NaB(OH)4 molalities (m → 0), the exact expression (eq 1) is
expected to have the same finite-size effects as the NE
expression without the Yeh−Hummer corrected diffusivities.
As shown in Figure S4 and briefly discussed in its caption, the
finite-size effects of the exact electrical conductivities (for m
larger than zero) are within the error bars of the values
computed with MD simulations (ca. 10%). Thus, no definite
conclusion regarding the precise magnitude of these finite-size
effects can be made here. We feel that the derivation of an

analytic expression for correcting the finite-size effects of
electrical conductivities computed using eq 1 is beyond the
scope of this work.
In Figure 5b, the exact electrical conductivities (eq 1) at 298

and 323 K are compared to the experimental results of Zhou et
al.21 At both temperatures, the computed electrical con-
ductivities initially increase as a function of salt molality and
then decline at higher concentrations. The initial increase in
electrical conductivities is due to the increase in the number of
charge carriers, while the subsequent decline is attributed to
the increase in the viscosity (and decrease in ion diffusivities)
at higher salt molalities.76 This behavior has also been
observed for other electrolyte solutions.99,100 The decrease in
the self-diffusivities of Na+ and B(OH)4− as a function of salt
molality can be observed in Figure 5c,d, respectively. Overall,
the infinite dilution diffusivities of the ions and the electrical
conductivities (and their temperature variations) are accurately
modeled by the newly fitted DFF/B(OH)4− developed here
despite the force field being trained only on densities,
viscosities, and RDF data.
3.4. Self-Diffusivities of H2 in Aqueous NaB(OH)4

Solutions. The computed self-diffusivities of H2 (DHd2
) in

aqueous NaB(OH)4 solutions are shown in Figure 6. To the
best of our knowledge, no experimental data are available for
diffusivities of H2 in aqueous NaB(OH)4 solutions. Therefore,
our simulations are the first predictions of this property.
Similar to the self-diffusivities of Na+ and B(OH)4−, the self-

Figure 5. Computed electrical conductivities of aqueous NaB(OH)4 as functions of NaB(OH)4 molality (m) are shown in (a) and (b). In (a), the
electrical conductivities computed using the exact (eq 1) and the Nernst−Einstein (eq 3) equation at 298 K and 1 bar are shown. The self-
diffusivities of ions used in the Nernst−Einstein equation (eq 3) are corrected for finite-size effects using the Yeh−Hummer correction.70,71 In (b),
the computed exact electrical conductivities (eq 1) are shown at 298 and 323 K. The experimental fit of Zhou et al.21 for electrical conductivities at
298 and 323 K is shown in (a) and (b) as dashed lines. The computed finite-size corrected self-diffusivities of (c) Na+ (DNa) and (d) B(OH)4−

(DB(OH)d4
) are shown as functions of m at 1 bar and different temperatures (298−353 K). The solid lines represent eq 12 with the fitting parameters

listed in Table 3. The DFF/B(OH)4− is used and combined with the TIP4P/2005
46 water and Madrid-201947 Na+ force fields.

Table 3. Parameters of Eq 12 for the Computed Finite-Size
Corrected Self-Diffusivities of Na+ and B(OH)4− in Aqueous
NaB(OH)4 Solutionsa

B(OH)4− Na+

Ds,0/[m2/s] 1.998 × 10−6 2.736 × 10−6

B1/[(molNaB(OH)d4
/kgHd2O)

−1] 2.820 × 10−1 2.642 × 10−1

B2/[K] 2.283 × 103 2.303 × 103
aThe finite-size corrected self-diffusivities are computed from MD
simulations using the DFF/B(OH)4− combined with the TIP4P/
200546 water and Madrid-201947 Na+ force fields. These parameters
are valid at a concentration range of 0−5 mol NaB(OH)4 /kg water at
298−353 K.
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diffusivities of H2 are fitted to eq 12. The fitting constants of eq
12 for the self-diffusivities of H2 are listed in Table 4. This

empirical correlation has also been used to model the self-
diffusivities of H2 in aqueous NaCl solutions

40 for a wide range
of temperatures (298−523 K) and concentrations (0−6 mol
NaCl/kg water).
In Figure 6a, an exponential decay of the self-diffusivities of

H2 as a function of NaB(OH)4 molalities is observed. This is
consistent with the increase of viscosities as a function of
NaB(OH)4 molalities as the self-diffusivities of gasses and
viscosities of the solution are inversely related.40,41 As shown in
Figure 6b, the self-diffusivities of H2 have an Arrhenius relation
with respect to the temperature (DHd2

∝ exp[−A/T]). These
findings are consistent with other simulations and experiments
for gas diffusion in aqueous solutions.40,41

3.5. Solubilities of H2 and Activities of Water in
Aqueous NaB(OH)4 Solutions. Figure 7 shows the
computed solubilities of H2 and activities of water in aqueous
NaB(OH)4 solutions at 1 bar. The ratio between the
solubilities of H2 (expressed as a mole fraction) in the aqueous
solution over the computed solubility in pure water (xHd2

/xHd2 ,0)
is plotted as a function of NaB(OH)4 concentration in Figure
7a. The reduction of H2 solubilities in aqueous solutions due to
addition of salts (i.e., salting-out effect) is a well-established
phenomenon.40,41,101 To the best of our knowledge, no
experimental data are available for the solubilities of H2 in
aqueous NaB(OH)4 solutions. The salting-out of H2 in
aqueous solutions is commonly modeled using the Sechenov
relation.101 The Sechenov relation and constants provided by
Weisenberger and Schumpe101 are used in this work to

compute xHd2
/xHd2 ,0 for aqueous NaCl, NaI, NaNO3, and

NaClO4 as shown in Figure 7a. Similarly to B(OH)4−, Cl−, I−,
NO3

−, and ClO4
− are monovalent and do not have a dipole

moment. The computed salting out of H2 in aqueous
NaB(OH)4 solutions shown in Figure 7a is in qualitative
agreement with other aqueous electrolyte solutions and in
quantitative agreement with the salting out of H2 in aqueous
NaCl solutions.
All the computed solubilities of H2 (xHd2

) at a H2 partial
pressure of 1 bar (298, 323, and 353 K) are fitted to an
empirical equation inspired by the Sechenov relation:101
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ÅÅÅÅÅÅÅÅÅÅÅ
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where f 0 and f1 are fitting constants. m is the molality of
NaB(OH)4 in units of mol NaB(OH)4/kg water, and T is in
units of K. xHd2 ,0 is the computed solubility of H2 in pure water
at a H2 partial pressure of 1 bar and is fitted to
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where f 3, f4, and f5 are additional fitting parameters to capture
the temperature dependence of H2 solubilities in pure water.
All the fitting constants for eqs 13 and 14 are shown in Table
5. Equation 14 is also used by Young102 to model the
experimental solubilities of H2 in water. The computed
solubilities of H2 in water using the Marx H2

58 force field
and the TIP4P/200546 water force field underestimate
experimental solubilities of H2

102 by ca. 10%. The comparison
of the experimental H2 solubilities in water from 298 to 353 K
with the solubility of Marx H2 force field in the TIP4P/2005
water model is discussed in more detail in refs 40, 41. The
results of eq 13 for the solubilities of H2 in aqueous NaB(OH)4
solutions at 298, 323, and 353 K are shown as solid lines in
Figure 3c.
The computed activities of water in aqueous NaB(OH)4

solutions at 298 and 353 K are compared to the activities of
water in aqueous NaCl solutions (based on the activity
correlation of Tang et al.103) in Figure 7c. It can be observed
that the computed activities of water in this work are not
strongly dependent on temperature. This is also observed in
other works for activities of water (in the liquid phase) in

Figure 6. Self-diffusivities (D) of H2 as a function of (a) NaB(OH)4 molality (m in mol NaB(OH)4/kg water) and (b) reciprocal of temperature
(T−1 in K−1). The DFF/B(OH)4− is used and combined with the TIP4P/2005

46 water, Madrid-201947 Na+, and the Marx58 H2 force fields. All self-
diffusivities are corrected for finite-size effects using the Yeh−Hummer equation.70,71

Table 4. Parameters of Eq 12 for the Computed Finite-Size
Corrected Self-Diffusivities of H2 in Aqueous NaB(OH)4
Solutionsa

Ds,0/[m2/s] 4.503 × 10−6

B1/[(molNaB(OH)d4
/kgHd2O)

−1] 2.240 × 10−1

B2/[K] 2.084 × 103
aThe finite-size corrected self-diffusivities of H2 are computed from
MD simulations using the DFF/B(OH)4− combined with the TIP4P/
200546 water, Madrid-201947 Na+, and Marx58 H2 force fields. These
parameters are valid for a concentration range of 0−5 mol NaB(OH)4
/kg water at 298−353 K.
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aqueous NaCl solutions.104 At lower salt molalities (below 3
mol salt/kg water), both NaB(OH)4 − and NaCl lead to
similar changes to the water activities. At higher salt molalities
(5 mol salt/kg water), the water activities start to deviate.
Similar to the solubilities of H2 , there are no experimental
values for the activities of water in aqueous NaB(OH)4
solutions. The values computed in this work can be used as
the first estimate for this property to predict vapor pressures of
water in aqueous NaB(OH)4 solutions. All H2 solubilities and
activities of water at 298, 323, and 353 K computed in this
work are shown in Table S7 of the Supporting Information.

4. CONCLUSIONS
In this work, the transport and thermodynamic properties of
H2/H2O/NaB(OH)4 mixtures are investigated. The Delft
force field for B(OH)4− (DFF/B(OH)4−) is proposed and
parameterized based on TIP4P/2005 water46 and the Madrid-
201947 Na+ force field. The combination of the DFF/B(OH)4−
with the Madrid-201947 Na+ force field in TIP4P/200546 water
can accurately predict the densities and viscosities of aqueous
NaB(OH)4 solutions up to the solubility limit at 298 K with
2.5% deviation from experimental results. These force fields are
used to compute the viscosities, electrical conductivities, and
self-diffusivities of H2, Na+, and B(OH)4− for a concentration
range of 0−5 mol NaB(OH)4/kg water at 298−353 K and 1
bar. CFCMC simulations are used to compute the solubilities
of H2 and activities of water in NaB(OH)4 solutions in the
same temperature and concentration ranges as the MD
simulations. The salting-out of H2 in aqueous NaB(OH)4
solutions is observed similar to the salting out of H2 in other
aqueous electrolyte solutions. The viscosities, self-diffusivities
of the ions and H2, and the solubilities of H2 in aqueous
NaB(OH)4 solutions are fitted to engineering equations. These
engineering equations can be used for modeling the
crystallization of NaB(OH)4 in the aqueous solution and for
designing NaBH4 hydrolysis reactors.

Figure 7. Computed (a,b) solubilities of H2 and (c) activities of water (aw) in aqueous NaB(OH)4 solutions at a H2 partial pressure of 1 bar. In (a),
the mole fractions of H2 (xHd2

) in the solution at 298 K divided by the computed H2 solubility in pure water at 298 K (xHd2 ,0), are shown as functions
of concentration in units of mol salt/L solution. xHd2

/xHd2 ,0 of H2 in aqueous NaCl, NaI, NaNO3, and NaClO4 is plotted in (a) using the correlations
provided by Weisenberger and Schumpe.101 xHd2

/xHd2 ,0 at 298, 323, and 353 K are shown as functions of molality (m) in units of mol salt/kg water in
(b). The computed solubilities are fitted to an engineering equation (eq 13) and are shown as solid lines in (b). The DFF/B(OH)4− is used and
combined with the TIP4P/200546 water, Madrid-201947 Na+, and the Marx58 H2 force fields. In (c), the computed activities of water (aw) are
plotted as a function of m at 298 and 353 K. The experimental activities of water at 298 K in aqueous NaCl solutions are plotted in (c) using the
correlation provided by Tang et al.103

Table 5. Parameters of Eqs 13 and 14 for the Computed
Solubilities of H2 in Aqueous NaB(OH)4 Solutionsa

f 0/[(molNaB(OH)d4
/ kgHd2O)

−1] − 5.473 × 10−1

f1/[(K molNaB(OH)d4
/kgHd2O)

−1] 1.195 × 10−3

f 2/[−] 5.844 × 10−5

f 3/[K] − 1.145 × 101

f4/[ln(K)−1] − 2.624 × 10−1

aThe solubilities of H2 are computed from CFCMC simulations using
the DFF/B(OH)4− combined with the TIP4P/2005

46 water, Madrid-
201947 Na+, and Marx58 H2 force fields. These parameters are valid
for a concentration range of 0−5 mol NaB(OH)4 /kg water at 298−
353 K.
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We validated the performance of DFF/B(OH)4− in
combination with the TIP4P/μ94 force field. Such a trans-
ferability check is important because although TIP4P/2005
can accurately model the densities and transport coefficients of
water,41 it is less accurate in capturing properties such as the
experimental saturated vapor pressures.94 When considering
the vapor−liquid equilibrium of water/salt/H2 systems, the
hydrogen phase will contain a small amount of water. This can
be accurately captured using TIP4P/μ.94 In this work, we have
shown that the combination of DFF/B(OH)4 − with TIP4P/
μ89 yields accurate predictions for experimental densities of
aqueous NaB(OH)4 solutions (maximum 2% deviation). A
future outlook for expanding this work would be to validate the
performance of DFF/B(OH)4− for different cations (e.g., K+)
and in combination with other water force fields. Also, it would
be interesting to investigate the exact magnitude of the finite-
size effects of electrical conductivities using the exact
expression (eq 1) in MD simulations.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01422.

Force field parameters (Tables S1−S3); additional
information on MD and CFCMC simulations (Tables
S4 and S5); raw data of MD simulations for self-
diffusivities (Table S6); raw data of CFCMC simulations
(Table S7); densities of aqueous NaB(OH)4 solutions
using different B(OH)4− force fields (Figure S1);
densities of aqueous NaB(OH)4 solutions using the
TIP4P/μ force field of water (Figure S2); viscosities of
pure water (Figure S3); and finite-size effects of
computed electrical conductivities (Figure S4) (PDF)
Sample simulation files for MD and MC simulations in
LAMMPS and BRICK-CFCMC software (ZIP)

■ AUTHOR INFORMATION
Corresponding Author

Othonas A. Moultos − Engineering Thermodynamics, Process
& Energy Department, Faculty of Mechanical Engineering,
Delft University of Technology, 2628 CB Delft, The
Netherlands; orcid.org/0000-0001-7477-9684;
Email: o.moultos@tudelft.nl

Authors
Parsa Habibi − Engineering Thermodynamics, Process &

Energy Department, Faculty of Mechanical Engineering, Delft
University of Technology, 2628 CB Delft, The Netherlands;
Department of Materials Science and Engineering, Faculty of
Mechanical Engineering, Delft University of Technology,
2628 CD Delft, The Netherlands

Julien R. T. Postma − Complex Fluid Processing, Process &
Energy Department, Faculty of Mechanical Engineering, Delft
University of Technology, 2628 CB Delft, The Netherlands

Johan T. Padding − Complex Fluid Processing, Process &
Energy Department, Faculty of Mechanical Engineering, Delft
University of Technology, 2628 CB Delft, The Netherlands;
orcid.org/0000-0003-4161-0748

Poulumi Dey − Department of Materials Science and
Engineering, Faculty of Mechanical Engineering, Delft
University of Technology, 2628 CD Delft, The Netherlands;
orcid.org/0000-0003-4679-1752

Thijs J. H. Vlugt − Engineering Thermodynamics, Process &
Energy Department, Faculty of Mechanical Engineering, Delft
University of Technology, 2628 CB Delft, The Netherlands;
orcid.org/0000-0003-3059-8712

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.3c01422

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the project SH2IPDRIVE:
Sustainable Hydrogen Integrated Propulsion Drives, funded
by the RVO under grant MOB21013. This work was
sponsored by NWO Domain Science for the use of
supercomputer facilities. O.A.M. gratefully acknowledges the
support of NVIDIA Corporation with the donation of the
Titan V GPU used for this research.

■ REFERENCES
(1) Gu, W.; Li, F.; Liu, X.; Gao, Q.; Gong, S.; Li, J.; Shi, S. Q. Borate
chemistry inspired by cell walls converts soy protein into high-
strength, antibacterial, flame-retardant adhesive. Green Chem. 2020,
22, 1319−1328.
(2) Li, B.; Ling, X.; Liu, X.; Li, Q.; Chen, W. Hydration of Portland
cements in solutions containing high concentration of borate ions:
Effects of LiOH. Cem. Concr. Compos. 2019, 102, 94−104.
(3) Xu, W.; Wang, X.; Wu, Y.; Li, W.; Chen, C. Functionalized
graphene with Co-ZIF adsorbed borate ions as an effective flame
retardant and smoke suppression agent for epoxy resin. J. Hazard.
Mater. 2019, 363, 138−151.
(4) Stockmann, T. J.; Boyle, P. D.; Ding, Z. Preparation and crystal
structure of tetraoctylphosphonium tetrakis(pentafluorophenyl)-
borate ionic liquid for electrochemistry at its interface with water.
Catal. Today 2017, 295, 89−94.
(5) Gulsoy, S. K.; Eroglu, H. Influence of Sodium Borohydride on
Kraft Pulping of European Black Pine as a Digester Additive. Ind. Eng.
Chem. Res. 2011, 50, 2441−2444.
(6) Ferguson, J. P.; Arcis, H.; Zimmerman, G. H.; Tremaine, P. R.
Ion-Pair Formation Constants of Lithium Borate and Lithium
Hydroxide under Pressurized Water Nuclear Reactor Coolant
Conditions. Ind. Eng. Chem. Res. 2017, 56, 8121−8132.
(7) Van Hoecke, L.; Laffineur, L.; Campe, R.; Perreault, P.;
Verbruggen, S. W.; Lenaerts, S. Challenges in the use of hydrogen for
maritime applications. Energy Environ. Sci. 2021, 14, 815−843.
(8) Zhang, Q.; Wu, Y.; Sun, X.; Ortega, J. Kinetics of Catalytic
Hydrolysis of Stabilized Sodium Borohydride Solutions. Ind. Eng.
Chem. Res. 2007, 46, 1120−1124.
(9) Mosier-Boss, P. A.; Becker, C. A.; Anderson, G. W.; Wiedemeier,
B. J. Feasibility Studies of the NaBH4/H2O Hydrolysis to Generate
Hydrogen Gas to Inflate Lighter than Air (LTA) Vehicles. Ind. Eng.
Chem. Res. 2015, 54, 7706−7714.
(10) Manoharan, K.; Palaniswamy, V. K.; Raman, K.; Sundaram, R.
Investigation of solid state hydrogen storage performances of novel
NaBH4/Ah-BN nanocomposite as hydrogen storage medium for fuel
cell applications. J. Alloys Compd. 2021, 860, No. 158444.
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