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transport applications are hydrogen-based energy carriers. NaBH,
is a hydrogen energy carrier and produces hydrogen bubbles when
it is dissolved in water. The formation of hydrogen bubbles hinders ~ BHs
experimental measurements of the thermodynamic and transport
properties of aqueous NaBH, solutions at elevated temperatures.
Accurate knowledge of these properties is essential for the NaBH, Na*
hydrolysis reactor modeling and design. Molecular dynamics (MD)
simulations provide the option to study the thermodynamic and
transport properties of NaBH, aqueous solutions without hindering
hydrogen bubble formation. In this work, a new force field is
developed for BH;, namely, the Delft force field of BH; (DFF/BH} ), which, combined with additional force fields, can accurately
describe experimental densities and viscosities of 0 to 5 m (mol salt/kg water) NaBH,, 0 to 3 m NaB(OH),, and 1 m NaOH aqueous
solutions at 295 K within 1.8% and 10.8% maximum deviation, respectively. Empirical fitting correlations are created for densities,
viscosities, and self-diffusivities obtained from the MD simulations of 0 to 5 m NaBH,, 0 to S m NaB(OH),, and 0 to 1 m NaOH
aqueous solutions at 295—363 K for NaBH, hydrolysis reactor modeling and design purposes.
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B INTRODUCTION to fresh water during the transport period, and hence, reducing
the fuel weight requirement at the start of transport.”*®***

Hydrogen-based energy carriers are investigated as one of the
As NaBH, reacts with water, an aqueous mixture of NaBH,

options to reduce greenhouse gas (GHG) emissions.'

Hydrogen gas has a high gravimetric energy density of 120 and NaB(OH), is formed.””*”* Both the concentrations of
to 142 MJ/kg and is therefore a prime candidate as an NaBH, and NaB(OH), change the thermodynamic and
alternative energy carrier.>™? Unfortunately, the volumetric transport properties, such as density and viscosity, of aqueous
energy density of gaseous or liquefied hydrogen is limited, solutions. Increasing the concentration of both NaBH, and
which is why there is an increased interest in alternatives that NaB(OH), by 5 m (mol salt/kg water) increases the viscosity
offer higher volumetric energy densities such as solid hydrogen by a factor of ca. 7, which influences the hydrodynamics of
carriers.”*~'” NaBH, is considered one of the most promising NaBH, hydrolysis reactors. To the best of our knowledge,
solid hydrogen carriers with a high gravimetric hydrogen limited information on thermodynamic and transport proper-
capacity of 10.7 wt 9.%'*** NaBH, reacts with H,O to create ties is available for aqueous solutions of NaBH, and mixtures

hydro.gen 835 Za(?d the side' product NaB(OH)4, following of NaBH, with NaB(OH),, even though these properties are
Reaction 1. The reaction rate of Reaction 1 can be crucial for performance optimization of NaBH, hydrolysis

. -\ 18,2730
enhanced using a catalyst (based on Ru, Pt, Co, or Ni). reactors. The lack of available property data is most likely due
NaBH,(aq) + 4H,0(l) » NaB(OH),(aq) + 4H,(g) to the difficulty of obtaining reliable experimental data, while
(1) NaBH, reacts in aqueous solution. The reaction of NaBH, in

For NaBH,, a potential use has been found in different -
transport applications (vehicles, small apparatuses, and drones) Recfnved: NOYember 1, 2024
as a hydrogen-based energy carrier, due to its stable and safe Revised: Apr¥1 2, 2025
storage in the solid state. >'®*'™** It should be noted that Accepted:  April 4, 2025
Reaction 1 is mainly considered for maritime applications’ Published: April 18, 2025
due to the continuous availability of water, utilizing reverse

37,38 . . .
Reverse osmosis enables the conversion of brine

0Smosis.
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aqueous solution forms hydrogen bubbles, which lead to
inconsistencies in the experimental measurements of most
thermodynamic and transport properties such as viscosity,
density, and diffusivity.'”***>**~*" Experimental measure-
ments at higher temperatures (323—363 K) will only increase
in difficulty due to the increase in the NaBH, hydrolysis
reaction rate and H, bubble formation.'”***>** The NaBH,
reaction and H, bubble formation can be reduced sufficiently
with the addition of NaOH to the aqueous solution, according
to Minkina et al,** to measure thermodynamic and transport
properties at lower temperatures (283—303 K) of NaBH,
aqueous solutions.*”*” Obtaining thermodynamic and trans-
port properties at varying temperatures and salt compositions
will provide further insight into the NaBH, hydrolysis reactor
and NaB(OH), crystallizer modeling and design.**™>* The
thermodynamic and transport properties of NaBH, and
NaB(OH), aqueous solutions without any bubbles have
specific relevance in resolved multiphase computational fluid
dynamics (CFD) simulations when the hydrogen bubbles and
electrolyte solution are considered separately. Such resolved
CFD simulations are urgently needed to understand and
predict the interplay between hydrodynamics, mass and energy
transfer, and reactions occurring in heterogeneously catalyzed
systems. Furthermore, to predict the performance of a full
NaBH, hydrolysis reactor system, it may be necessary to use
effective mixture densities and viscosities of gas—liquid
mixtures, which can also be found through resolved CFD
simulations based on the results presented in this work.
Classical force field-based molecular dynamics (MD)
simulations provide the solution to the bubble interference
problem by not considering the chemical reaction of NaBH,
with H,O. For the MD simulations in this work, the Lennard-
Jones (LJ) and electrostatic interactions are the only
intermolecular interactions considered, while still providing
accurate thermodynamic and transport properties of aqueous
salt solutions compared with new experimental data at low
temperatures (295 K).>>7>% A force field for BF; was recently
developed by Nufiez-Rojas et al.>” for LiBF, in propylene
carbonate solutions, with a similar tetrahedral structure as
BHj. The fluorine atom of the BF} force field has similar L]
parameters (6 = 4.47 A and € = 144.8 K) to the proposed L]
parameters of BH}, which is most likely due to the similarities
in size. A force field for NaBH, was already developed by Li,*’
but this force field describes interactions of BH; and Na* with
H,0 in the gaseous phase and the NaBH, (and NaBH,-2H,0)
crystal geometry, density, and compressibility in the solid state.
Furthermore, the force field developed by Li® is not a L] and
partial charge force field and is therefore not considered
comparable or compatible with the force field developed in this
work. Hence, currently no force field is available for BH
anions in aqueous solutions. In this work, a new classical force
field is developed for NaBH, and compared with new
experimental density and viscosity data at low temperatures
and stabilized alkaline conditions. The force field is combined
with the DFF/B(OH); force field*® and compared with new
experimental density and viscosity data at low temperatures
and stabilized alkaline conditions. Densities, viscosities, and
self-diffusivities of NaBH, and NaB(OH), aqueous solutions
are computed at varying temperatures and salt compositions,
based on expected hydrolysis reactor operating conditions
(323—363 K and 1 bar). Empirical fitting correlations are
created from the computed thermodynamic and transport
properties of NaBH,, NaB(OH), and NaOH aqueous
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solutions, which can be used for modeling and design of
NaBH, hydrolysis reactors.

B EXPERIMENTAL METHOD

Solution Preparation. Experiments are performed to
obtain thermodynamic and transport properties (density and

Table 1. Details of All Species Used in the Experiments of
This Work

chemical purity
component formula CAS number supplier [%]
Milli-Q water  H,O 7732-185 >99.9
sodium NaOH 1310-73-2 Sigma-Aldrich >99.9
hydroxide
sodium NaBO,-4H,0 10555-76-7  Thermo Fisher =~ >98.5
metaborate Scientific
tetrahydrate
sodium NaBH, 16940-66-2 CPH >98.0
borohydride Chemicals
3.2 -
o o
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Figure 1. Viscosities (17) of NaBH,, NaOH, and NaB(OH), aqueous
solutions vs shear rate (7). The viscosity is measured using the MCR
320 rheometer with a 1 mm gap between the 50 mm diameter parallel
plate and bottom plate to ensure low viscosity (close to 1 mPa s)
stability. Four measurements are shown: two measurements with
increasing shear rate as a function of time (i.e,, Forward 1 and 2) and
two measurements with decreasing shear rate (i.e., Backwards 1 and
2). The left part of the scatter curve shows low torque limits effects
and the right part shows secondary flow effects. Both of these effects
are common for plate rheometer measurements.®’ In between these
limits, the gray area, a stable viscosity value can be measured (2.77
mPa s in this measurement).

viscosity) of stable NaBH, aqueous solutions at ambient
conditions (295 K and 1 bar pressure). NaOH is added to
experimental aqueous solutions of NaBH, [and NaB(OH),] to
suppress the self-hydrolysis reaction of NaBH, (i.e., to prevent
bubble formation) during the experimental measurements. All
experimental aqueous solutions are stabilized with a 1 m
NaOH (mol NaOH/kg water) concentration to obtain reliable
and reproducible experimental data according to Minkina et
al.*® All solutions are prepared as follows. To stabilize the
solution, NaOH is added to Milli-Q water first before adding
NaBH,. The experimental solutions of NaBH, and NaOH
have a concentration range of 0 to S m NaBH, with 1 m
NaOH. The experimental mixture solutions of NaBH,,
NaB(OH),, and NaOH are made in a similar way as the
NaBH, solutions, but in a concentration range of 1 to 3 m
NaB(OH), with 1 m NaBH, and 1 m NaOH. The

https://doi.org/10.1021/acs.jced.4c00629
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experimental mixture solutions of NaBH,, NaOH, and
NaB(OH), are made using solid NaBH,, solid NaBO,
4H,0, solid NaOH, and Milli-Q_ water. The NaBO,-4H,0
dissolves in water and forms NaB(OH),, as shown in Reaction
2. All materials used in the experiments can be found in Table
1. All experimental measurements are performed at a
temperature of 295 K, and the composition of each solution
is shown in Table 7.
NaBO,-4H,0(s) — Na* + B(OH); (aq) + 2H,0(])
2)
Density and Viscosity Experiments. The densities of the
experimental solutions are measured using an Anton Paar
density meter DMA 5000. The viscosity is measured using an
Anton Paar Modular Compact Rheometer (MCR) 302. The
rheometer uses a stainless steel parallel-plate geometry for the
rotating top and a steady stainless steel bottom. The spacing
between the plates is 1 mm and is entirely filled with the
selected solution. The bottom and top are both heated to 295
K. After the desired temperature is reached, the top plate is
rotated with a logarithmically increasing shear rate from 0.1 to
1000 s~" (forward measurement), followed by a logarithmically
decreasing shear rate from 1000 to 0.1 s~ (backward
measurement). All equipment used for the density and
viscosity measurements is first calibrated with pure water and
compared with literature values at a temperature of 295 K.
Figure 1 shows a typical example of two separate forward
(increasing shear rate) and backward (decreasing shear rate)
viscosity measurements for a mixture of 1 m NaOH, 1 m
NaBH,, and 2 m NaB(OH), aqueous solution. At low shear
rates (ca. 0.1 to S s7'), the measurements show fluctuating
results due to low torque limit effects.’’ At medium shear rates
(ca. S to 100 s7'), the gray area, the fluctuations are reduced
significantly and provide a stable measurement for the viscosity
of the sample. At high shear rates (ca. 100 to 1000 s™'), the
apparent solution viscosity increases with shear rate due to
secondary flow effects.’’ All viscosity measurements can be
found in the Supporting Information Figure S1.

B SIMULATION METHOD

Force Fields. H,O is modeled using the four-site rigid
TIP4P/2005% force field which accurately captures the

Table 2. Force Field Parameters for BH;“

force field
DFF/BH,

e/ Ky [K]
148

OBHj [A]
4.50

gy Le]
0.85
“The BHj ion is modeled as a single interaction site in which all the
hydrogen atoms are positioned inside the boron atom. BH; has a total
charge of 0.85 (qBH_), which is based on the charge scaling of Madrid-
» 4
2019°° (0.85). The 1J energy parameter €py; is based on the LJ

energy parameter of CH, by Martin and Siepmann.”® The values of €
and o for all combinations with BH} follow the Lorentz—Berthelot
mixing rules.”®””

density, diffusivity, and viscosity of pure H,O for a wide
range of conditions.”>"® This force field is suitable not only
for pure water, but also for salt solutions, such as NaCl,>’
NaOH,” and NaB(OH), solutions, at varying concen-
trations, pressures and temperatures. Na* is described using the
Madrid-2019°® force field, which has a charge scaling of 0.85.
Charge scaling was first proposed by Leontyev and

1832

Table 3. Details of All Species Used in the MD Simulations
of This Work

chemical

component formula CAS number force field
water H,0 7732-18-5  TIP4P/2005%
sodium Na* 7440-23-5  Madrid-2019°°
hydroxide OH™ 14280-30-9 DFF/OH" force

field>

tetrahydroxyborate ~ B(OH); 15390-83-7 DEZQE,(OH)‘* force
borohydride BHj 16971-29-2  DFE/BH, force field

Table 4. Number of Water, Na*, BH,, and OH~ Molecules
Used in the MD Simulations for Mixture Type 1

MNaBH, MNa0H Nu,o Nyat NBH; Now (V)
1 1 1000 36 18 18 30,790
3 1 1000 72 54 18 32,972
N 1 1000 108 90 18 35,187

“m, is in mol of ion x/kg water and V is the average volume of the
simulation in units of A% All simulations are run at 1 bar and 295 K
and are used for optimization of the force field to minimize deviation
from the experimental densities and viscosities at different
concentrations of NaBH, and 1 m NaOH.

Stuchebrukhov,”~"* and it provides a simple way to correct
for polarization effects in aqueous electrolyte solutions at the
cost of less accurate 5predictions of properties such as free
energies of hydration. 664-66 B(OH); is modeled using the
DFF/B(OH);>° model with a charge scaling of 0.85. The
DFF/B(OH); model with a charge scaling of 0.85 ¢ can
accurately predict densities and viscosities of NaB(OH),
aqueous solution in the 0 to S m concentration range. OH™
is modeled using the Delft force field of OH™ (DFF/OH")
model,” with a charge scaling of 0.85. The DFF/OH™ model
yields accurate densities and viscosities values within the 0 to 3
m NaOH concentration range in aqueous solution.

The DFF/BH] model is developed in this work, and the
optimized LJ interaction parameters and charges can be found
in Table 2. The DFF/BH, model has a single interaction site,
similar to the TraPPE CH, force field.”” Due to the low atomic
mass of hydrogen compared to boron, the lack of hydrogen
bond interactions with the hydrogen atom, and the decrease in
computational demand, a single interaction site is considered
sufficient for the simulation of BH,. The DFF/BH] model is
optimized using experimental densities and viscosities for
varying concentrations of NaBH, at 295 K and 1 m NaOH
aqueous solutions. All force field parameters [TIP4P/2005%
water force field, Madrid-2019°® Na* force field, DFF/OH™~
force field,”> DFF/B(OH); force field*® and the BHj force
field developed in this work] used in this study are shown in
Tables S1—SS of the Supporting Information and the CAS-
numbers can be found in Table 3.

All molecules and ions are considered rigid and follow the
Lorentz—Berthelot mixing rules except for the Na*/—0,, and
B(OH);/—0,, L] interaction which are specified in Tables S2
and S5 of the Supporting Information.”*"”

Simulation Settings. All MD simulations in this work are
performed with the open-source large-scale atomic/molecular
massively parallel simulator (LAMMPS)”® (version August
2018). Interactions between any pair of ions or (nonbonded)
atoms are described by an L] (12-6) term and an electrostatic
term. The SHAKE’® and Rigid Body® algorithms in

https://doi.org/10.1021/acs.jced.4c00629
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Table 5. Number of Water, Na*, B(OH);, BH;, and OH™ Molecules Used in the MD Simulations for Mixture Type 2

MNaBH, MNaB(OH), MN20H Nu,0
1 1 1 1000
1 2 1 1000
1 3 1 1000

Nyt Npy; Nz (ony; Now~ (V)
54 18 18 18 31,761
72 18 36 18 32,681
920 18 54 18 33,633

“m, is in mol of ion x/kg water and V is the average volume of the simulation in units of A*. All simulations are run at 1 bar and 295 K and are used
for optimization of the force field to minimize deviation from the experimental densities and viscosities at different concentrations of NaB(OH),

with 1 m NaBH, and 1 m NaOH.

Table 6. Number of Water, Na*, B(OH),, BH;, and OH"
Molecules Used in the MD Simulations for Mixture Type 3

MNaBH, MNB(OH), Nu,0 Nyt Nj BH, N B(OH); (V)
1 0 1000 18 18 0 31,371
1 1000 36 18 18 32,383
1 3 1000 72 18 54 34,394
1 S 1000 108 18 90 36,423
3 0 1000 54 54 0 33,603
3 1 1000 72 54 18 34,609
3 3 1000 108 54 54 36,621
3 S 1000 144 54 90 38,633
S 0 1000 90 90 0 35,858
N 1 1000 108 90 18 36,869
S 3 1000 144 90 54 38,864
S N 1000 180 90 90 40,857

“m, is in mol of ion x/kg water and V is the average volume of the
simulation in units of A%, All simulations are run at 1 bar and 323—
363 K and are used as input data for empirical correlations at different
concentrations of NaB(OH), and NaBH,.

LAMMPS”® are used to fix the bond lengths and bond angles
of all molecules and ions in the MD simulations. The Rigid
Body®® algorithm is used to accommodate the addition of
B(OH); ions and requires longer computation time. There-
fore, only simulations which include B(OH); ions use the
Rigid Body™ algorithm. All other simulations use the SHAKE
algorithm.”” The particle—particle particle—mesh
(PPPM)"**'~%3 method is used to handle long-range electro-
static interactions (relative uncertainty of 107°). A cutoff radius
of 10 A is applied to the L] and real space contribution of the
electrostatic interactions. Analytic tail-corrections are applied
for computing energies and pressures in the LJ interactions
beyond a cutoff radius of 10 A. To integrate the equation of
motion, the Verlet algorithm®* is used with a time step of 1 fs.
Periodic boundary conditions are imposed in all directions. To
maintain constant pressure and temperature, the Nosé—
Hoover thermostat and barostat’®*>*® are applied to all
simulations with coupling constants of 100 and 1000 fs,
respectively. The Nosé—Hoover algorithm is adjusted for rigid
bodies, as proposed by Kamberaj.®” The On-the-Fly
Calculation of Transport Properties (OCTP)™ plugin is
used for computing the dynamic viscosities, densities, and
self-diffusion coefficients of all species [H,O, Na*, B(OH)j,
BH;, OH™]. The initial configurations for each mixture type
are created using PACKMOL™ (v20.3.1). For each starting
condition, the volume of the simulation box is determined by a
1 to 2 ns equilibration run in the isorbaric-isothermal (NPT)
ensemble, followed by a 1 to 2 ns production run (NPT
ensemble) to obtain the average box size. This average box size
is subsequently used in the canonical (NVT) ensemble to
compute the properties mentioned before. The NVT ensemble
includes a 1 ns equilibration run (NVT ensemble) and a 10 to
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30 ns production run (NVT ensemble). Densities are
calculated using the average box volume from the NPT
simulations. OCTP uses the Einstein relations’”?°™* to
compute the dynamic viscosities (shown in eq 3), which are
not influenced by finite-size effects.”>”

= lim —— f Pyt de
'7(1/; oo 2t kBT<( 0 a/}( ) ) > (3)
where 7 is the viscosity, ¢ is time, kg is Boltzmann’s constant, T
is temperature, and P represents the pressure tensor. Self-
diffusivities for each ion/molecule are determined from the
mean square displacements (MSD) (shown in eq 4).”77~'%!

N,
. 1 '

Dil,\égf = lim <z (r',i(t) - rj,i(o))2>
t—oo 6Nt st

= )
where D, is the self-diffusion coefficient for molecule/ion
type i, N; is the number of molecules/ions of type i, and r;;
represents the (unfolded) position of the j-th molecule/ion of
species i. Equations 3 and 4 are valid at time scales where the
slope of the MSD as a function of time is 1 in a log—log plot.

The self-diffusivities are corrected for finite size effects using

the Yeh—Hummer”*'*>~'%* correction, as shown in eq 5
D. . = pMP kgT¢
iself — i,self
6L ©)

where 7 is the dynamic viscosity, which is not influenced by
finite-size effects,””°° L is the length of the (cubic) simulation
box, and £ is a dimensionless number equal to 2.837298 for a
cubic simulation box. The DelftBlue supercomputer'’® is used
for performing MD simulations.

Mixture Types. MD simulations are performed for the
following three mixture types. Mixture type 1 consists of 1000
H, 0 molecules with 18 to 108 Na*, 0 to 90 BH;, and 18 OH™
ions at 295 K and 1 bar, as shown in Table 4. The average box
size (V) in units of A® is shown in Table 4 for each molality at
295 K and 1 bar. The MD simulations of mixture type 1
provide a comparable molality concentration range as applied
in the NaBH, and NaOH aqueous solution experiments
performed in this work.

Mixture type 2 consists of 1000 H,O molecules with 54 to
90 Na*, 18 to 54 B(OH);, 18 BH;, and 18 OH™ ions at 295 K
and 1 bar, as shown in Table S. The average box size (V) in
units of A% is shown in Table 5 for each molality at 295 K and
1 bar. The MD simulations of mixture type 2 provide a
comparable molality concentration range as applied in the
NaBH,, NaB(OH),, and NaOH aqueous solution experiments
performed in this work.

Mixture type 3 consists of 1000 H,O molecules with 18 to
180 Na*, 0 to 90 B(OH)j, and 18 to 90 BHj at 323, 343, 353,
and 363 K and 1 bar, as shown in Table 6. The average box
size (V) in units of A® is shown in Table 6 for each molality at
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323 K and 1 bar. The MD simulations of mixture type 3
provide a comparable molality concentration and temperature
range as found in the operating conditions of NaBH,
hydrolysis reactors.””*"'%

B RESULTS AND DISCUSSION
BH; Force Field (DFF/BH;) Optimization. To obtain

densities, viscosities, and self-diffusivities for NaBH, aqueous

1150

— Expt.

11254 MD

950 — T T T T T
4.0 4.2 4.4 4.6 4.8 5.0

.a/[A].

Figure 2. BH; force field is optimized to match experimental density
(p) measurements with the corresponding Opy; at 295 Kand 1 bar.

For the BHj force field optimization, €pyy;/kg and g, are 148 K and
4

0.85 ¢, respectively. Both simulations and experiments use a 5 m
concentration of NaBH, with 1 m NaOH in aqueous solution. The
DFF/BHj force field is combined with TIP4P/ 2005%* water, Madrid-
2019°® Na* and DFF/OH™ force field*>> An acceptable deviation
(within 1.5%) from the experimental density is found for Opu;
between 4.45, 4.50, and 4.55 A. The error bars for densities are
smaller than the symbol size and have therefore been removed for
clarity. The densities and density uncertainties of the MD simulations
for each sigma can be found in Table S8.
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Figure 3. Deviations in density (p/[%]) vs deviations in viscosity (17/
[%]) for experimental density and viscosity of S m [mol salt/kg water]
NaBH, and 1 m NaOH in aqueous solution, compared to computed
MD simulations of § m [mol salt/kg water] NaBH, and 1 m NaOH in
aqueous solution at ¢ = 4.45 A (blue), 4.50 A (green), and 4.55 A
(purple). Force field parameters DFF/BH, are used for the
simulations, combined with TIP4P/2005°* water, Madrid-2019°*
Na* and DFF/OH" force field.*

solutions from MD simulations, a force field for BHj is
required. For the MD simulations in this work, the LJ and
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Figure 4. (a) Densities (p) and (b) viscosities (1) as a function of salt
m [mol salt/kg water]. The square symbols (red: experiments, green:
MD simulations) represent the densities and viscosities at different
concentrations of NaBH, from 0 to S m [mol NaBH,/kg water] with
1 m NaOH in aqueous solution at 295 K and 1 bar. The circle
symbols (yellow: experiments, blue: MD simulations) represent the
densities and viscosities at different concentrations of NaB(OH),
from 1 to 3 m [mol NaB(OH),/kg water] with 1 m NaBH, and 1 m
NaOH in aqueous solution at 295 K and 1 bar. Force field parameters
of DFF/BHj are used for the simulations, combined with the TIP4P/
2005°* water, Madrid-2019°* Na*, DFF/B(OH);>® and DFF/OH"~
force field.>® The error bars of viscosities for the experiments and MD
simulations are presented as one standard deviation. The error bars
for densities are smaller than the symbol size and have therefore been
removed for clarity. The uncertainties of viscosity and density for
experiments can be found in Table 7. Uncertainties for the MD
simulations can be found in the Supporting Information Excel file
provided.

electrostatic interactions are the only intermolecular inter-
actions considered. For the MD simulations in this work,
intramolecular interactions are not accounted for and a rigid
structure is used. For both L] and electrostatic interactions
combined, three parameters can be used to optimize and tune
the BH; force field: & (in units of A), e/kg (in units of K), and
q (in units of e). In this work, both q and ¢/kj are fixed to 0.85
e and 148 K, respectively. It should be noted that q = 1 is not
considered in this work. In previous work, Joung—Cheatham
developed a q = 1 nonpolarizable force field for NaCl, which
was unsuccessful in simultaneously predicting both free
energies of hydration and transport properties at higher
molalities of NaCL'?” Hence, to avoid this issue and maintain
consistency in the Na* charge scaling in aqueous mixtures of

https://doi.org/10.1021/acs.jced.4c00629
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Table 7. Experimental Measurements of Density (p), One Standard Deviation of the Density Data (p,,,), Viscosity (77), and
One Standard Deviation of the Viscosity Data (7],,,,,) for Different Concentrations of NaBH, and NaB(OH), for Aqueous
Solution of 1 m of NaOH Solutions at 295 K and 1 bar Pressure”

molality NaB(OH), [m [mol salt/kg water]] molality NaBH, [m [mol salt/kg water]] p [kg/m’] Perror Lkg/m’] 7 [mPa s] Nereor L MPa s]
0 0 1040.5 0.078 1.20 0.024
0 1 1044.4 043 1.26 0.025
0 3 1048.1 0.50 1.39 0.029
0 S 1050.0 0.21 1.63 0.030
1 1 1106.1 0.097 1.85 0.025
2 1 1161.2 0.10 2.82 0.036
3 1 1209.4 0.14 4.19 0.025

“Densities are measured using a DMA 5000 densitometer, and viscosity is measured with the MCR 320 rheometer. All solutions for these
measurements are stabilized using 1 m of NaOH to prevent any hydrogen bubble formation during the measurements. The uncertainty of density
(Perror) and viscosity (Mewor) shown in this table are one standard deviation from the experimental data.

Na*, BH;, OH", and B(OH)j, the value of q is fixed at 0.85. 1 ¥ n
The value of €/kg is fixed at 148 K to match the energy M= 1-—
minimum of methane (CH,), which has a similar structure and i=1 i (7)

size to BH;.”> Therefore, the force field is exclusively
optimized using o to minimize the deviation from experimental
densities and viscosities within the desired concentration range
of NaBH, (0 to 5 m NaBH, in aqueous solution). It should be
noted that ion pairing, salt clustering, and crystallization do not

where N is the size of the data set.

The self-diffusivity of BH] is compared with a single
experiment by Wang et al.'”® for which the diffusion coefficient
of (1.62 + 0.05) X 107 m?/s is measured with a concentration
; i : ) of 0.02 m NaBH, and 1 m NaOH at 303 K. A comparable BH
occur in any of our MD simulations, as shown by the radial self-diffusion coefficient of (1.82 + 0.16) X 10~° m?/s is found
distribution functions (RDFs) in Figure S4 of the Supporting for simulations with a concentration of 0.11 m NaBH, and 1 m
Information, as the anions are only present outside the second NaOH at 303 K after Yeh—Hummer correction. A
hydration layer of Na'. If one would exclusively focus on the
predicted density of a S m NaBH, with 1 m NaOH aqueous
solution at 295 K, as used in the experiments, Figure 2 shows
that the computed density has minimal deviation from the

concentration of 0.11 m of NaBH, is similar to adding two
ions of BHj to a system of 1000 water molecules; hence, using
fewer ions would not provide reliable results. It should be
noted that the corrected self-diffusion is in agreement with the

experimental density when ¢ is in the range of 4.45-4.55 A experiment of Wang et al.'® at infinite dilutions conditions
(within 1.5% maximum deviation). The precise value of o is despite the force field not being optimized on the self-diffusion
chosen as a balance between matching the experimental of BHj.
density and matching the experimental viscosity of an aqueous Experimental Salt Mixtures Compared with MD. In
solution of S m NaBH, with 1 m NaOH. Figure 3 shows that the previous subsection, the DFF/BH, model was optimized
for all choices of ¢ within the range 4.45—4.55 A, where the using experimental aqueous solutions of NaBH4 and NaOH.
density deviation is acceptably small, the smallest viscosity To use the DFF/BH; model for hydrolysis reaction
deviation occurs at 6 = 4.50. For the BH; force field, therefore, conditions, the research is extended to aqueous solutions of
a 0 of 4.50 A is chosen due to having the best agreement with NaBH,, NaB(OH),, and NaOH. Several mixture compositions
viscosity, while maintaining a density deviation below 1%. The are prepared for a comparative study between experiments and
BH; force field with a ¢ of 4.50 A will be referred to as the MD simulations. The experimental densities and viscosities
DFF/BH; and is used for the MD simulations. Figure 4a,b measured for aqueous mixtures of 0 to 3 m NaB(OH),, 1 m
shows the experimental densities and viscosities (red squares) NaBH,, and 1 m NaOH at 295 K and 1 bar, respectively, are
compared with MD simulations (green squares) for aqueous shown in Table 7. Figure 4a,b shows the experimental densities
solutions of 0 to S m NaBH, with 1 m NaOH. The DFF/BH and viscosities (yellow circles) compared with MD simulation
has maximum deviations for densities and viscosities of 0.7% (blue circles) for aqueous mixture solutions of 1 to 3 m
and 10.8%, respectively, and average deviations of 0.4% and NaB(OH),, 1 m NaBH,, and 1 m NaOH. The experimentally
6.4%, respectively, at 295 K compared with experimental data. measured mixture densities and viscosities (yellow) match the
The maximum deviation is defined as the largest deviation mixture MD simulations (blue) within 1.8% maximum
between a MD simulation compared with an experimental data deviation for density and 8.3% maximum deviation for
point with a matching concentration, as shown in eq 6. viscosity. It should be noted that the maximum deviations
for densities only increased from 0.7 to 1.8%, and for
[ . ] viscosities, the maximum deviation decreased from 10.8 to
Oy = max| |1 — — 8.3% when extending the force field capabilities to
i (6) experimental mixture solutions, while none of the force fields
are further tuned for mixture solutions. The increase in
where ny; is the ith data point for data type k (MD simulations maximum deviation from 0.7% to 1.8% in density for the DFF/
or empirical fit inputs) and ny; is the ith data point for data type BH; is most likely caused by the accumulative deviations of all
| (experiments or MD simulations). The absolute average the additional force fields used in the mixture simulations. The
deviation is defined as the average of all deviations for each maximum deviations of density and viscosity (1.8% and 10.8%)
MD simulation compared with their respected experimental are similar to maximum deviations of densities and viscosities
data point, as shown in eq 7 reported in other works (typically 0.5-2% and S—
1835 https://doi.org/10.1021/acs.jced.4c00629
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Table 8. Density (p) Fitting Parameters of Eq 8 for NaBH,,
NaB(OH),, and NaOH Aqueous Solutions”

dependency parameter value
na. Po 7.59 x 10° kg/m?
NaB(OH), A, 5.66 X 10" kg/m® m;”!
NaBH, A, 9.54 X 107! kg/m? m;"
NaOH As 424 x 10 kg/m® m;"
NaB(OH),-NaBH, A, -1.63 x 10° kg/m?* m" my!
NaBH,-NaOH A -2.53 x 10° kg/m® m; " my!
T Ag 7.50 x 10* kg/m* K

“Densities are computed using MD simulations with the DFF/BH,
the DFF/B(OH);,”® Madrid-2019°® Na* force field, DFF/OH™ force
ﬁeld,55 and TIP4P/2005°% water. These fitting parameters are for the
concentration and temperature range of 0 to S m NaBH,, 0 to S m
NaB(OH),, 0 to 1 m NaOH, and 295—363 K. m™" is in units of kg
water/mol salt.
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12701 20%).°>°91997113 Bagsed on these results, the DFF/BH; force

1260 field, in combination with the other force fields [TIP4P/
" 1250 - 2005%% water force field, Madrid-2019°® Na* force field, DFF/
£ OH~ force field®® and DFF/B(OH); force field*®, is
0 12401 considered to be sufficiently accurate for concentrations of 0
< 15304 to S m NaBH,, 0 to S m NaB(OH), and 0 to 1 m NaOH and a
< temperature range from 295 to 363 K. Therefore, in the

1220 remainder of this work, we will focus on simulation results to

1210 A formulate empirical correlations for densities, viscosities, and

1200 diffusion coeflicients within the aforementioned concentration
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Figure 5. Computed densities (p) of NaBH, and NaB(OH), aqueous
solutions at 1 bar and 323 (yellow), 343 (blue), 353 (purple), and
363 (green) K are shown as circles in (a—c). (a) Densities for pure
NaBH, aqueous solutions with the increasing NaBH, concentration at
different temperatures. (b) Densities for NaBH, and NaB(OH),
aqueous solutions with a fixed NaB(OH), concentration of S m and
increasing NaBH, concentration at different temperatures. (c)
Densities for NaBH, and NaB(OH), aqueous solutions with a fixed
NaBH, concentration of 3 m and increasing NaB(OH), concen-
tration at different temperatures. The empirical correlation is
represented by solid lines and follows eq 8 with the parameters in
Table 8. The error bars for densities are smaller than the symbol size
and have therefore been removed for clarity. Uncertainties can be
found in the Supporting Information Excel file provided.
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range.

Correlations for Salt Mixture Properties. For detailed
reactor design purposes, a large data set of computed densities,
viscosities, and self-diffusivities at different compositions of
NaBH, and NaB(OH), in aqueous solution is created at
varying temperatures (323—363 K). All densities are computed
from MD simulations for aqueous solutions of 1 to 5 m NaBH,
and 0 to S m NaB(OH), at different temperatures (323—363
K), as shown in Figure S. It should be noted that the increase
in the NaBH, concentration has an increasing and a decreasing
effect on density depending on the absolute density value. This
phenomenon is also found in experiments using a higher
concentration of NaOH, as shown in Figure S3 of the
Supporting Information. The following empirical correlation
for the density has been created based on MD simulations data
from different concentrations of 0 to S m NaBH,, 0 to S m
NaB(OH),, and 0 to 1 m NaOH in aqueous solutions at 295—
363 K. The density at different temperatures is described using
linear dependencies of concentrations and an inverse
correlation for temperature, which is commonly used for
density fitting of aqueous solutions."' "'

P =p, +Am + Aymy + Aym; + Amm, + Agm,my
+ A

T (8)
where m,, m,, and m; are the molalities (m) of NaB(OH),,
NaBH,, and NaOH, respectively, T is the absolute temper-
ature, and p, and A,...A¢ are the density fitting parameters. The
cross terms A, and Ay for the molalities of NaB(OH), and
NaBH, and NaBH, and NaOH are added to describe the
influence of NaBH, on the density of the aqueous solution.
The molality of NaBH, will decrease the density of the

https://doi.org/10.1021/acs.jced.4c00629
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Figure 6. Computed viscosities () of NaBH, and NaB(OH),
aqueous solutions at 1 bar and 323 (yellow), 343 (blue), 353
(purple), and 363 (green) K are shown as circles in (a—c). (a)
Viscosities for pure NaBH, aqueous solutions with the increasing
NaBH, concentration at different temperatures. (b) Viscosities for
NaBH, and NaB(OH), aqueous solutions with a fixed NaB(OH),
concentration of § m and increasing NaBH, concentration at different
temperatures. (c) Viscosities for NaBH, and NaB(OH), aqueous
solutions with a fixed NaBH, concentration of 3 m and increasing
NaB(OH), concentration at different temperatures. The empirical
correlation is represented by solid lines and follows eq 9 with the
parameters in Table 9. Uncertainties can be found in the Supporting
Information Excel file provided.
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Table 9. Viscosity (1) Fitting Parameters of Eq 9 for
NaBH,, NaB(OH),, and NaOH Aqueous Solutions”

dependency parameter value

na. Mo 193 x 1073 mPa s
NaB(OH), B, 334 x 107! mi!
NaBH, B, 9.54 X 1072 my!
NaOH B, 249 x 107! m3!
T B, 1.81 x 10° K

“Viscosities are comg)uted using MD simulations with the DFF/BHj,
the DFF/B(OH);,*® Madrid-2019°® Na* force field, DFF/OH™ force
field,* and TIP4P/2005%* water. These fitting parameters are for the
concentration and temperature range of 0 to S m NaBH,, 0 to S m
NaB(OH),, 0 to 1 m NaOH, and 295—363 K. m™" is in units of kg
water/mol salt.

aqueous solution when the overall density is above a threshold
(approximately 1000 kg/m?). Similarly, the molality of NaBH,
will increase the density of the aqueous solution when the
overall density is below the threshold. This same behavior is
also found in the density experiments with higher concen-
trations of NaOH, as shown in Figure S3 in the Supporting
Information. It should be noted that for all empirical
correlations, the simulations for pure water, NaOH aqueous
solutions, NaB(OH), solutions in water and NaBH, with
NaOH aqueous mixtures at varying temperatures (295—363
K) are included in the correlation. The fitting parameters for
the empirical density correlation are listed in Table 8. This
empirical density correlation has an average deviation of 0.4%
from the MD simulations.

All viscosities are computed from MD simulations for
aqueous solutions of 1 to 5§ m NaBH, and 0 to S m NaB(OH),
at different temperatures (323—363 K), as shown in Figure 6.
The following empirical correlation for viscosity has been
created based on MD simulations data from different
concentrations of 0 to 5 m NaBH,, 0 to 5 m NaB(OH),,
and 0 to 1 m NaOH aqueous solutions at 295—363 K. The
viscosity at different concentrations and temperatures is
described using an exponential correlation for concentration
and temperature, which is commonly used for fitting viscosities
of aqueous solutions.”>"'*'"

B
n =1, exp Bym; + B,m, + Bym; + ? ©)
where 7y and B,..B, are the viscosity fitting parameters. No
cross terms are added to the empirical viscosity fit since no
inconsistencies are found for the viscosity relation between
NaBH,, NaB(OH), or NaOH molalities. The fitting
parameters are listed in Table 9. The empirical correlation
has an average deviation of 5.0% from the MD simulations.
All self-diffusivities of the BH, are computed from MD
simulations for aqueous solutions of 1 to S m NaBH, and 0 to
S m NaB(OH), at different temperatures (323—363 K), as
shown in Figure 7. All values of self-diffusivity of BH] are
corrected for finite size effects using the Yeh—Hummer
correction.””'?*7'%* The following empirical correlation for
self-diffusivity of BHj (D,g¢py;) has been created based on MD

simulations data at different concentrations of 0.11 to S m
NaBH,, 0 to 5 m NaB(OH),, and 0 to 1 m NaOH aqueous
solutions at 295—363 K. The self-diffusivity of BH} at different
concentrations and temperatures is described using an
exponential correlation for concentration and temperature,

https://doi.org/10.1021/acs.jced.4c00629
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Figure 7. Computed self-diffusivities of BH} (Dself,BH;) for NaBH,

and NaB(OH), aqueous solutions at 1 bar and 323 (yellow), 343
(blue), 353 (purple), and 363 (green) K are shown as circles in (a—
c). The self-diffusivities of BHj are corrected for finite size effects
using the Yeh—Hummer correction.”™' 9271 (3) Self-diffusivities of
BH, for pure NaBH, aqueous solutions with increasing NaBH,
concentration at different temperatures. (b) Self-diffusivities of BH;
for NaBH, and NaB(OH), aqueous solutions with a fixed NaB(OH),
concentration of 5 m and increasing NaBH, concentration at different
temperatures. (c) Self-diffusivity of BH; for NaBH, and NaB(OH),
aqueous solutions with a fixed NaBH, concentration of 3 m and
increasing NaB(OH), concentration at different temperatures. The
empirical correlation is represented by solid lines and follows eq 10
with the parameters in Table 10. The error bars for self-diffusivity of
BH; are presented as one standard deviation. Uncertainties can be
found in the Supporting Information Excel file provided.

1838

Table 10. Self-Diffusivity of BH, (Dself,BH;) Fitting

Parameters of Eq 10 for NaBH,, NaB(OH),, and NaOH
Aqueous Solutions”

dependency parameter value

na. N 1.83 x 107° m*/s
NaB(OH), C, -2.91 x 107! my!
NaBH, C, —1.11 x 107! my!
NaOH G, —2.07 x 107! m3!
T C, —2.04 x 10° K

“Self-diffusivities of BH; are computed using MD simulations with
the DFF/BHj, the DFF/B(OH)j3,*® Madrid-2019°® Na* force field,
DFF/OH™ force ﬁeld,55 and TIP4P/2005%> water. The self-
diffusivities of BH] are corrected for finite size effects using the
Yeh—Hummer correction.”*'%>7'%* These fitting parameters are for
the concentration and temperature range of 0 to S m NaBH,, 0 to S m
NaB(OH),, 0 to 1 m NaOH, and 295—363 K. m™" is in units of kg
water/mol salt.

which is commonly used for self-diffusivity fitting of aqueous
solutions.* >’

D.gpr; = Do exp| Cymy + Cymy + Cymy + T

i (10)
where Dgso and C,..C, are the self-diffusivity fitting
parameters. Also here, no cross terms are added to the
empirical self-diffusivity fit since no inconsistencies are found
for the self-diffusion relation between NaBH,, NaB(OH), or
NaOH molalities. The fitting parameters are listed in Table 10.
The empirical correlation has an average deviation of 4.4%
from the MD simulations.

B CONCLUSIONS

The reactive nature of NaBH, in aqueous solution makes it
difficult to experimentally determine thermodynamic and
transport properties of aqueous NaBH, solutions, such as
density and viscosity, especially at elevated temperatures. New
experimental results for densities and viscosities are measured
for 1-5 m NaBH, aqueous solutions, stabilized by 1 m of
NaOH at 295 K. In this work, a new classical BH; force field
(DFE/BH}) is developed (combined with the TIP4P/2005%
water force field, Madrid-2019°® Na* force field, and DFF/
OH™ force field””) and optimized using the experimental
results of stabilized NaBH, and NaOH aqueous solutions. The
DFF/BH; force field can accurately describe the densities and
viscosities of NaBH, and NaOH aqueous solutions, in the
concentration range of 0 to S m of NaBH, and 1 m of NaOH
at 295 K and 1 bar, within 0.7% and 10.8% maximum
deviation, respectively. The applicability of the DFF/BH]
force field is further tested with the addition of the DFF/
B(OH); force field*® (in addition to the previously mentioned
force fields) to the MD simulations. New experimental results
for densities and viscosities are measured for 1-3 m
NaB(OH),, 1 m NaBH,, and 1 m NaOH stabilized aqueous
solutions at 295 K. The combined force fields (TIP4P/2005°*
water force field, Madrid-2019°® Na* force field, DFF/OH™
force field,”> DFF/BHj force field, and DFF/B(OH); force
field*®) accurately describe the densities and viscosities of 0 to
3 m NaB(OH),, 1 m NaBH,, and 1 m NaOH aqueous
solutions at 295 K, within 1.8% and 8.3% maximum deviation,
respectively. The MD simulations concentration and temper-
ature range are extended to align with the expected application
range of 0 to S m of NaBH, and 0 to S m of NaB(OH), in
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aqueous solutions at 323—363 K. Empirical correlations have
been derived for densities, viscosities, and self-diffusivities
using only MD simulations results in the concentration range
of 0 to S m NaB(OH),, 0 to S m NaBH,, and 0 to 1 m NaOH
and a temperature range of 295—363 K. The empirical
correlations derived in this work provide the thermodynamic
and transport properties needed for the modeling and design
of NaBH, hydrolysis reactors at varying temperatures and salt
compositions. The data used for these empirical correlations
can be found in the Supporting Information Excel file. It
should be noted that the force fields used in this work [ TIP4P/
2005°* water force field, Madrid-2019°® Na* force field, DFF/
OH~ force field,”> DFF/BH; force field, and DFF/B(OH);
force field*® are only optimized within their respected
concentration and temperature ranges. The empirical
correlation for densities overestimates the simulation data for
pure aqueous solutions at low temperatures to a maximum
deviation of 1.32% [0 m NaBH, and 0 m NaB(OH), at 298
K]. The empirical correlation for viscosities underestimates the
simulation data at higher combined concentrations of NaBH,
and NaB(OH), at lower temperatures to a maximum deviation
of 25.2% [5 m NaBH, and S m NaB(OH), at 323 K]. The
empirical correlation for self-diffusivities of BH} overestimates
the simulation data at higher combined concentrations of
NaBH, and NaB(OH), at lower temperatures to a maximum
deviation of 29.5% [S m NaBH, and 5 m NaB(OH), at 323
K]. It is not advised to use empirical correlations outside the
recommended concentration and temperature range. It should
be noted that NaB(OH), has a higher influence on both
densities and viscosities than NaBH,, which makes the
empirical correlation more suited for high concentrations of
NaB(OH), (more than 5 m) with lower concentrations of
NaBH, (0 to 3 m) as shown in Figure S2 of the Supporting
Information. It should also be noted that the DFF/B(OH);
force field*® is not optimized for higher concentrations of
NaB(OH), (more than S m). We recommend, for future
research, expanding the DFF/BH; force field to cations such
as K* for applications of KBH, as another potential hydrogen
carrier.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jced.4c00629.

Force field parameters; viscosity measurements; com-
puted MD simulations of viscosity for elevated (1—11
m) molalities (mol salt/kg water) of NaB(OH), with 1
m NaBH, and 1 m NaOH at 353 K and 1 bar; computed
densities and viscosities for the elevated molalities of
NaB(OH), with 1 m NaBH, and 1 m NaOH at 353 K
and 1 bar; experimental densities (p) for different
concentrations of NaOH, and NaBH, concentration in
aqueous solution; experimental densities (p) and one
standard deviation of the experimental densities (Do)
for different concentrations of NaBH, and NaOH in
aqueous solution; MSDp, | equation used for Figure S5
(eq S1); MSDy, , equation used for Figure SS (eq S2);
RDFs g(r) versus radial distance [A] for different ion
and atom combinations with Na* mean square displace-
ment curves for calculating self-diffusivity and shear

viscosity; and MD densities and one standard deviation
for optimization of the DFF/BH; (PDF)
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Sample simulation files for the MD simulations in
LAMMPS software (ZIP)

All MD simulation data used for development of the
empirical correlations of density, viscosity, and self-
diffusivity (BH;) (corrected with Yeh—Hummer); all
self-diffusivities of Na* and H,O and the self-diffusivities
of Na*, BH; and H,O which are not corrected for finite
size effects (no Yeh—Hummer corrections); and
uncertainties of densities (p,,.,), viscosities (#,.,) and
self-diffusivities D, ..., (Na*, BH; and H,0) for all MD
simulations (XLSX)
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