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Liquid-liquid extraction is one of the methods for separating rare earth elements (REE) in the
presence of an extractant. The separation of REE ions, complex with an extractant, involves
interfacial migrations that are influenced by the diffusion of the respective ions. Therefore,
we performed molecular dynamics simulations on REE ions (La%*, Sm*, Eu**, Gd**, and
Tb%) in a water-n-hexane system to determine if each ion exhibited a distinct diffusion
coefficient. By employing molecular dynamics simulations, we calculated diffusion
coefficients for these ions based on the Einstein relation. The diffusion coefficients for La®*,
Sm3*, Eu®*, Gd**, and Tb®* were found to be 4.21x10°°, and 3.96x10°6, 4.57x10°5, 4.17x10"
8, and 5.19x10°5 cm?/s, respectively. However, statistical analysis via the Kruskal-Wallis test
revealed no significant variance in the diffusion coefficients (p-value greater than 0.05),
indicating that diffusion is not a rate-limiting factor in REE separation. The findings suggest
that effective mixing during extraction can eliminate the role of diffusion as a differentiating
factor in REE separation. Overall, this study offers critical insights into optimizing REE

extraction processes.

INTRODUCTION

Rare earth elements (REE) have many
potential applications, including electronics,
catalysis, sensors, and medicine. La;O; can
enhance the specific capacitance and effective
conductive area of reduced graphene oxide (RGO),
making it a potential candidate for electrode
material in supercapacitors [1]. The perovskite
compound SmCoOs is used as a catalyst in
converting methane and carbon dioxide into syngas
[2]. Eu®* complexes are used as spectroscopic
probes, such as luminescent probes for detecting
singlet oxygen and nitric oxide [3][4]. Gd**
complexes are contrast agents in magnetic
resonance imaging (MRI) [5][6][7][8]. The
photocatalytic activity of ZnS quantum dots can be
enhanced by doping with Th®" [9]. Therefore, the
optimization of REEs separation from ores is
essential.

Liquid-liquid extraction is widely used in
metal separation. A well-known example of its
application is in the PUREX (plutonium uranium
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reduction extraction) process, i.e., separating
plutonium and uranium from used nuclear fuel.
Fundamentally, liquid-liquid metal extraction
involves the transfer of metal ions (which are
hydrophilic) from the aqueous phase to the
hydrophobic organic solvent phase. The complex
formation of metal ions with hydrophobic ligands
is crucial in the extraction process [10][11].

Some widely used extractant ligands are tri-
n-butylphosphate (TBP) in the PUREX process
[10][11], di-2-ethylhexyl  phosphoric  acid
(D2EHPA) for Sc** extraction [12], bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272) for
In3* and Ga** extraction [13], and trialkylphosphine
oxide (Cyanex 923) for REEs extraction [14]. A
suitable extractant ligand should have low
solubility in water, be resistant to hydrolysis, be
reusable for multiple extraction cycles, and have
good mixing ability with diluents [15]. However, if
a suitable extractant ligand must have low water
solubility, it raises the question of how complex
formation between metal ions and ligands can
occur. Several theoretical studies have shown that
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metal ions in the aqueous phase and ligands in the
organic phase migrate toward the aqueous-organic
phase interface, where they subsequently react to
form complexes [11][16][17]. Therefore, that
reaction is diffusion-controlled because it relies on
the migration of reactants (metal ions and ligands)
to meet each other at the interface. As a result, the
diffusion rate of metal ions in water and ligands in
the organic phase significantly influences the rate
of complex formation and can even affect the
kinetics of extraction [18][19].

D'Angelo et al. [20] and Passler & Rode [21]
have conducted molecular dynamics simulation
studies of REE ions in water but have not calculated
the diffusion coefficients. Therefore, to study the
diffusion factors in the extraction for separating
REEs among them, we calculated the diffusion
coefficients of La®*, Sm3", Eu®*, Gd**, and Th*" in
water in the water-n-hexane system (two
immiscible solvents). The diffusion coefficient is
obtained from the molecular dynamics simulation
trajectories analysis based on the Einstein relation.
La®* and Sm® represent light REEs, while Eu®",
Gd®*, and Th*" represent heavy REEs. The Kruskal-
Wallis test was carried out to evaluate a significant
difference in the diffusion coefficient among those
ions.

EXPERIMENT
Simulation System Preparation

The water-n-hexane system (two immiscible
solvents) was prepared by Packmol [22][23] with
dimensions 100x60x60 A. There are five
simulation systems. Each system consists of the
same ten REE ions and 30 CI" ions in the aqueous
phase. Chloride ions were used as counter ions to
neutralize the system. The solvent and ion
coordinates are the same for all REEs simulation
systems.

Molecular Dynamics Simulation

The force field used for REE ions, Cl, and
H,O is TIP3P [24][25], while that for n-hexane is
GAFF [26][27] with the partial charge of the atom
set to 0. Minimization was carried out for 10,000
cycles using the steepest descent method. Heating
from 0 to 300 K under constant volume conditions
for 75 ps, followed by density equilibration for 2.5
ns at 300 K under NPT conditions. Subsequently, a
mixing simulation was conducted for 0.2 ns at 500
K under constant volume conditions. A
temperature of 500 K was used to model collisions

150

during the mixing process [11]. Production
simulations were conducted for 100 ns under NPT
conditions. Temperature regulation uses a
Langevin thermostat, while pressure regulation
uses a Berendsen barostat. Non-bonded interaction
calculations were carried out using the PME
method with a cutoff of 10 A. The SHAKE
algorithm for hydrogen-involved bonds was
employed during the equilibration to production
simulation. Five replications were carried out from
the minimization stage to production. Molecular
dynamics simulations were performed with Amber
20 [28], while trajectory analysis was done with
CPPTRAJ [29]. The calculation of diffusion
coefficients (D) based on the Einstein relation is:

2nD = @

1)
where n is the number of dimensions, t is time, and
MSD is the mean square displacement [28][29].

RESULT AND DISCUSSION

Chemical reactions in condensed systems are
generally diffusion-controlled. According to the
Stokes-Einstein law, the factors influencing ion
diffusion include temperature, the viscosity of the
medium (n°), and Stokes radius (rs), also known as
hydrodynamic  radius. The Stokes-Einstein
equation is expressed as [30][31]:

kT
T emnnrs

)

In the microscopic version of the Stokes—
Einstein law, D can be calculated using the ion
micro-viscosity (n;) and the ionic radius (ri),
replacing n° and rs. In the context of aqueous
solutions, n; can be interpreted as the viscosity of
water molecules within the first hydration shell,
which can explain the influence of metal ions on
the dynamics of water molecules in that hydration
shell. If an ion has ni> 1, it acts as a structure maker
for water molecules, whereas if ni< n’, it acts as a
structure breaker [30].

lons that act as structure makers attract more
water molecules in their first and second
coordination shells, resulting in a large rs compared
to ions that act as structure breakers. Structure-
breaker ions' disruption of the hydration shell
facilitates ion mobility; therefore, structure-breaker
ions have higher mobility than structure-maker ions
[18][30]. Particle transport in a fluid involves the
movement of particles towards voids (free volume)
that can accommodate those particles. Diffusion
occurs due to the redistribution of free volume in
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the fluid, which can be associated with the free
volume created by the movement of water from the
hydration shell to the bulk phase [32]. That
indicates that the interaction between solutes and
solvents is crucial in studying transport properties.
The effect of temperature on the mobility of ions in
aqueous solutions, including the interaction of ions
with water molecules, can be studied through
molecular dynamics simulations by explicitly
including water molecules.

Based on the obtained 25 x 100-ns
trajectories, we calculated the diffusion coefficients
for all studied REE ions using Einstein's relation
(Equation 1). As illustrated in Figure 1, the D
values for La** are generally lower than those for
other REE ions. This is likely due to the larger ionic
radius of La®*", which allows it to coordinate with
more water molecules, as reported by D’Angelo et
al. [20]. The range of average diffusion coefficients
for these ions is from 3.96 x 10° to 5.19 x 10°
cm?/s, with Sm* having the lowest diffusion
coefficient and Tb®" having the highest diffusion
coefficient, as tabulated in Table 1. Overall, the D
values for all REE ions tend to increase from La®*
to Tb%, corresponding to a decrease in ionic radii
(Figure 1).

D (cm/s)
-

..
.

La’ Eur Tb*

Rare Earth Element lons

Figure 1. Dot plots of D for all studied REE ions. The
REE ions include La%, Sm®, Eu®", Gd*, and Th*".
Every data point was calculated from a 100-ns molecular
dynamics simulation.

However, the Kruskal-Wallis test indicates
no significant difference in diffusion coefficients
among these ions (p = 0.5386, a = 5%), suggesting
that diffusion is not a differentiating factor. Mixing
in the extraction can diminish the diffusion as a
rate-determining factor of the extraction. The
influence of diffusion is limited to the area around
the interface, specifically in the aqueous and
organic stationary layers. If the thickness of these
layers is very thin, then the diffusion factor
becomes negligible and does not affect the
extraction rate [33]. Thus, mixing can eliminate the
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influence of metal ion diffusion as a differentiating
factor in the separation among REE.

Our calculations are in agreement with the
experiment of limiting diffusion coefficient of
Eu®*, Gd*, and Th* by Fourest et al. which also
shows that Gd** has the lowest value [34]. Our
calculations also show that Gd*" has a narrow
diffusion coefficient range compared to other ions.
Although the 4f orbitals are not directly involved in
coordination bonding [35], we suspect the
electronic state of Gd** influences the dynamics of
the surrounding water molecules. The electron
configuration of Gd®" in the ground state is [Xe]4f’,
having half-filled f orbitals with parallel spins. As
a result, Gd®* has symmetric f orbitals; therefore, it
does not experience Jahn-Teller distortion.
Therefore, Gd*" can be a structure maker for the
surrounding water molecules.

Table 1. Diffusion coefficients (D) of La*, Sm®*, Eu®*,
Gd*, and Th®*. The D values tabulated are the mean and
standard deviation from individual data points in Figure
1. D° values from Mauerhofer et al. were calculated
based on a microscopic version of the Stokes—Einstein
law, whereas others were from open-end capillary
experiments [30][34].

D (105 cm?/s) De (108 cm?/s)

lon This work Mauerhofer  Fourest et al.
et al. [30] [34]

La®* 4.21£2.02 6.12 -

Sms* 3.96+1.17 5.83 -

Eu* 457+1.04 5.72 6.02

Gd®* 4.17£1.01 5.70 5.74

Th3* 5.19+1.54 5.66 5.79

p-value 0.5386 - -

Gd*" also possesses strong paramagnetic
properties, originating from the presence of seven
electrons in the f orbitals that have a very large spin
magnetic moment. Under an external magnetic
field, Gd*" facilitates the exchange of water
molecules between the Gd*-H,O coordination
shell and water molecules in the bulk phase very
effectively. Because of these properties, Gd** is
used as a relaxation agent in magnetic resonance
imaging (MRI) [5][6][7]. This suggests the concept
of separating REE by utilizing an external magnetic
field to create a significant difference in REE-water
interactions, thereby resulting in a significant
difference in diffusion coefficients.

Based on Figure 1, we conclude that, in
general, the ion mobility of REE®* tends to be
influenced by r; rather than rs, unlike alkali metal
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ions. Sm**, Eu¥*, G d®, and Tbh®* have similar
effective charges (2.92, 2.98, 2.96, and 2.98,
respectively), so they will have similar charge
densities [30]. Meanwhile, in alkali metal ions with
+1 net charge, ion mobility is directly related to r
rather than r;. lons with a large ri have a low charge
density, acting as structure breakers for water
molecules around them. Conversely, ions with a
small r; have a high charge density, acting as
structure makers [18][30].

CONCLUSION

The diffusion coefficients of La*, Sm®,
Eu®, Gd*, and Tb* in water (water-n-hexane
system) can be calculated by analyzing molecular
dynamics simulation trajectories based on the
Einstein relation. The Kruskal-Wallis test indicates
no significant difference in diffusion coefficients
among these ions, suggesting that diffusion is not a
differentiating factor in the separation of these ions
using extraction.
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