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Abstract: The neutral organophosphate ester extraction system, particularly tri - butyl - phosphate
ester (TBP), has demonstrated remarkable efficiency in lithium recovery from high - magnesium
solutions. However, the underlying mechanism governing the separation process remains
incompletely understood. To elucidate this, the hydration of ions and the water transfer equilibrium
are considered pivotal factors. Given the scarcity of comprehensive theoretical studies on the water
transfer equilibrium between lithium and magnesium in solution, this investigation employed a
novel approach. Structural optimizations of the clusters(H;0);.,3, Li(H,0){.,, and Mg(H,0)34
were conducted at the wB97X - D4/def2 - TZVPPD theoretical level, followed by analyses of the
formation electron energy changes and Gibbs free energy variations. The results indicated that the
ion - water interaction within the first hydration sphere is significantly stronger than the water - water
interaction in the second hydration sphere. According to the equilibrium analysis, the stable
hydration states of the ions in high - magnesium solutions are proposed to be Li(H,0); and
Mg(H,0)2¢. The hypothesis of Mg(H,0)3¢ as the stable hydration state of magnesium provides a
plausible explanation for the selective separation of Li* from Mg?* by the TBP extraction system in
high - magnesium solutions. The water transfer equilibrium method and the proposed hydration
state hypothesis not only enhance our understanding of the magnesium hydration state and the
mechanism of lithium recovery via solvent extraction but also offer innovative perspectives for
elucidating various metal separation mechanisms and the salting - out effect in related processes.

Keywords: DFT; hydration; cluster; water transfer equilibrium; high magnesium solution

1. Introduction

The water solvation effect exerts a profound influence on chemical and biological systems
involving ions[1-6]. The hydration state of ions not only dictates ion transfer across various ion -
conducting channels, such as those present in membranes and cells, but also affects the efficiency and
capacity of ion adsorption within porous materials, including zeolites and organic frameworks[7-9].
Additionally, hydration plays a crucial role in solvent extraction processes[10-14]. Despite the long -
standing interest and extensive research on lithium solvent extraction in the lithium recovery
field[15-18], particularly regarding the tri-butyl-phosphate ester (TBP) -FeCls synergistic extraction
system[19-22], its separation mechanism remains elusive from a computational perspective.
Although recent DFT studies have shown that the HOMO - LUMO gap difference and electronic
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energy difference govern the extraction capabilities of TBP and tri-octyl-phosphate ester (TOP)
[23,24], the Gibbs free energy changes associated with lithium and magnesium extraction consistently
suggest that the extraction of these two ions is thermodynamically similar. Paradoxically, the binding
energy of the extractant with magnesium is significantly higher than that with lithium. This
discrepancy is likely attributed to inaccurate calculations of ion hydration in aqueous media.
Therefore, a systematic and comprehensive investigation of the solvation states of Li* and Mg?* in
magnesium brine is essential to clarify this conundrum.

Traditionally, solvation studies predominantly rely on the Molecular Dynamics (MD) method,
treating the solvent as a continuous medium[25-27], However, when applied to calculate water
solvation, these models often fall short. This is because water solvation involves not only electrostatic
attraction but also hydrogen bonding between ions and water molecules. A more accurate approach
to studying solvation utilizes the explicit solvation model, which, although more computationally
expensive, optimizes the geometry of ions in the presence of solvent molecules. Inspired by this
explicit solvation approach, a novel concept emerges. By treating different solvation particles as
clusters and expressing the solvation equilibrium as the Gibbs free energy change associated with the
transfer reaction from one cluster to another, it becomes possible to efficiently determine the existing
states of ions in solutions containing both magnesium and lithium.

A variety of Density Functional Theory (DFT) and post-Hartree-Fock (HF) calculation methods
have been employed to elucidate solvation energies, cluster structural parameters, and theoretical
spectra[28-31]. Extensive research efforts have separately focused on water clusters using diverse
methodologies [32-40], as well as the hydration of Li‘[41,42] and Mg?[43-45]. Liu et.al[46]
systemically investigated the clusters of Li(H,0)7.,, via DFT methods at the ©B97XD/6-311++G(d,p)
theory level, Their findings indicated that a four - coordinated structure is the preferred configuration
for the first hydration sphere, and when n > 12, the second hydration layer consists of 8 water
molecules. Vasilescu et al. [47] investigated the magnesium hydration of Mg(H,0)%, via DFT on the
BPW91/6-311++G(3d,3p) theory level, and their hydration analysis showed excellent agreement with
literature data and vibrational spectra. While these previous studies have yielded significant insights
into the hydration of water, lithium, and magnesium individually, several limitations exist. Notably,
during the optimization of magnesium hydration clusters, the dispersion correction, which is crucial
for accurately calculating weak interactions such as hydrogen bonds, was not considered.
Additionally, the lithium and magnesium hydration clusters were studied at different theoretical
levels, rendering energy comparisons and the exploration of hydration equilibrium in mixed
solutions challenging. In recent years, the D4 dispersion correction for wB97 - series basis sets has
been demonstrated to be highly effective in energy - related studies [48,49], Therefore, to
comprehensively understand the hydration equilibrium between lithium and magnesium hydration
clusters, it is essential to perform calculations on the same theoretical level with D4 correction for
both water and metal hydration clusters.

Aiming to accurately quantify the hydration energy differences between magnesium and lithium in
high - magnesium solutions and to establish a solid foundation for understanding the mechanisms
underlying metal separation in aqueous phases, this study employed DFT with dispersion correction
to calculate the structures of magnesium, lithium, and water clusters. Subsequently, the binding
energies, hydration energies of these three types of clusters, and the solvation equilibrium of ions in
high - magnesium solutions were analyzed through hydration reactions and water transfer processes.

The proposed method for calculating hydration energies in solution and exploring hydration
equilibria offers a novel perspective. It is expected to facilitate more precise calculations of solvation
energy changes in solvent extraction, membrane - based separations, and other related fields of
separation science, thereby advancing the fundamental understanding and practical applications of
these separation processes.
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2. Calculation Detail

2.1. Initial Guess of the Different Clusters

As the hydration number increases, the structure of the hydration cluster becomes increasingly
complex. Different computational methods may yield varying lowest - energy structures for the same
cluster. To develop a more consistent and reliable cluster construction method, a uniform water -
coordination principle was adopted. The core concept of this principle is to arrange the hydration
water molecules around a particle in a spherical layer - by - layer manner. A new layer is formed only
when the inner layer is saturated. When the central particle is a water molecule, the first hydration
sphere consists of four water molecules, with each water molecule forming four hydrogen bonds and
having a coordination number of four. For central ions such as lithium or magnesium, the first
hydration sphere contains 4 and 6 water molecules, respectively, and the water molecules in the first
sphere have a coordination number of 3. As the number of hydration water molecules increases, the
coordination number of water molecules increments one by one until all reach a coordination number
of 3.

The most stable structures of hydrated lithium and magnesium documented in the literature
align well with this construction concept. The sole deviation is observed in water clusters, where the
orientation of hydrogen bonds can give rise to some inconsistencies. A minor limitation of this
construction principle is that the total energy of specific water clusters may exhibit slight variations.
Nevertheless, this has negligible implications for the study of hydrated lithium and magnesium ions.
In the present research, the water - transfer reaction from water clusters to ion clusters is the key
factor governing hydration energy. Consequently, the solvent effects calculated using traditional
implicit solvation models are not incorporated into the analysis. Given that the first hydration
number of magnesium is 6, the second hydration sphere can accommodate up to 12 water molecules,
as 12 hydrogen bonds can form between the water molecules in the first and second hydration
spheres. Taking into account the water-to-magnesium ratio in brine, to comprehensively understand
magnesium hydration in high-magnesium brine, a hydration number of 18 must be considered in
this study. The detailed assumptions and justifications for this consideration are presented in the
supplementary materials. Same principle was also fit for the lithium and water clusters, so the
Mg(H,0)%% 5, Li(H,0)2%,, and H,0;.,; were calculated in this investigation.

2.2. Theoretical Calculation of the Different Clusters

The geometry structures of the constructed clusters were optimized using DFT at the wB97X -
D4/def2 - TZVPPD level[49-54] within the ORCA quantum chemistry package (version 5.0.4)[55],
The inclusion of D4 dispersion correction enhanced the calculation accuracy. Subsequently, a Hessian
analysis was performed at the same theoretical level to verify that the obtained structures
corresponded to the global minima on the potential energy surface. All structural visualizations were
generated using Avogadro, leveraging the support provided by ORCA 4.2.1. The initial guessed
structures, optimized structures of the clusters, along with some stable structural water clusters
derived from the literature, are predominantly presented in the supplementary materials.

For water clusters, the formation Gibbs free energy of a water cluster AGp,,,, can be expressed
as Equation 1, and hydration Gibbs free energy of a water cluster (H,0),, formed from (H,0),_4
should be expressed as Equation 2

AGpym = Gy —Mm* Gy, q 1)

AGHw,m = Gw,m - Gw,m—l - Gw,l (2)

In an equilibrium solution, water transfer reactions are continuously occurring, with the Gibbs
free energy change of the reaction approaching zero. Under these conditions, the solvation energy of
an ion can be expressed as n*m times the Gibbs energy of formation of the most stable water cluster
(H,0)p, in the solution, where n represents the hydration number of the ion and m is the number of


https://doi.org/10.20944/preprints202505.0523.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025

water molecules in the cluster. The Gibbs free energy change for the water transfer reaction and the
Gibbs free energy of formation of the ions are presented in Equation 3 and Equation 4, respectively.
The Gibbs free energy values (at a concentration of 1 mol/L) used to calculate the ion hydration energy
and the reaction Gibbs free energy changes are equivalent to the gaseous - phase Gibbs free energy
values (at 1 atm) of the particles obtained directly from the thermodynamic analysis of frequency
calculations. A liquid - standard correction of 1.89 kcal/mol is added to these gaseous - phase values
to account for the transition from the gas phase to the solution phase.

AGHM,nm = (GM,n—l + Gw,m) - (GM,n + Gw,m—l) 3)

n
AGpypm = Gupn — m * Gym — Guyo 4)

In the equations, AGyy ., stands for the Gibbs free energy of water transfer reaction from metal
hydration ion M(H,0), to H,0,_; and forms H,0,, and AGgy .y, is the formation Gibbs free
energy of the M(H,0), . Then the water transfer reaction Gibbs free energy change between different
ions can be described by Equation 5, where the L is for another metal ion. For example, when M is
Mg and L is lithium, the Gibbs free energy change in Equation 5 will stands the water transfer reaction
from magnesium to lithium ion.

AGTML,nm = (GM,n—l + GL,m) - (GM,n + GL,m—l) ®)

3. Result and Discussion

3.1. Structure and Solvation of Water Cluster

Since water can adopt numerous distinct stable structures corresponding to various local
minima on the potential energy surface, a meticulous comparison is essential when evaluating the
calculated structures derived from the initial guesses in this study and those reported in previous
literature to ascertain their stability. Figure 1 presents the cluster structures of (H,0),.g,
encompassing both the configurations generated using the construction method developed in this
research and those inspired by prior studies.
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Figure 1. The optimized structures of water clusters H,0,._g. The cluster name without a letter or with an ‘a’
Showed the structures from the initial guess in this study and the one with ‘b’ or ‘¢’ indicated that its optimization

was based on the stable structures from literature.

By easily compare the structures from our initial design and the literatures, we can find that
difference happened between the clusters with water number of 3, 5, 6, 8. To better understand the
influence of different structures on the formation Gibbs free energy, the AEg,,, and AGg,, ,, for the
four clusters were calculated and showed in Figure 2 with the hydrogen bonding number, the
bonding energy AEp, ., calculation also followed the Euq.l1 where the Gibbs free energy was
replaced by the electron energy obtained directly from the optimization process. The AEy,, ,, for the
cluster with a same water number almost has an equal value except the (H,0);, the difference may
be caused by the triangle structure had one more hydrogen bonding, indicating that the hydrogen
bonding formation in the cluster had a significant impact on AEp,, ,,. By comparing the average
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bonding energy AE,g,, », we can find that the dispersed structure with bigger circle may have a
relatively larger average electron energy change due to a smaller tension and easy formation direction
for hydrogen bonding, demonstrating that AE,g, ,, has close relationship with the hydrogen
bonding strength and direction. That is the water cluster which has more hydrogen bonds and less
bended hydrogen bonds may have a bigger AEg,,,,. When the thermodynamics for clusters was
considered, the difference in the electron energy seemed to be eliminated where the final AGg,,,, for
each cluster was near zero and most of them even become positive, determining that the water cluster
formation process may have little impact on the hydration of the ions thermodynamically. Even
though the existing of (H,0)g in low temperature can well accounted these phenomena[56], it was
still unexpected and beyond understanding, indicating that the thermodynamics may play an
important role on the thermal stability of water clusters and suggesting that more effective and
precise thermal analysis based on quantum study should be conducted to confirm this phenomenon.
Considering the hydration Gibbs free energy water and that the hydration Gibbs energy of an ion is
always negative, there should be little free water cluster in solutions, especially for the water clusters
with water number within 1~8.
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Figure 2. AEy,, ,, and AGp,,,, of typical water cluster. The black number labeled on the column is the average
binding energy of the clusters and the red labels were the hydrogen bonding amount in the cluster. The structure

name in the figure legend was the label marked in the end of the cluster name in Figure 1.

Besides the interesting phenomena above, we can summarize that water clusters with same
water number in the cluster seem to have a similar bonding length and the stable optimized
structures in literature can all be obtained in this study by using the similar structure as initial guess,
and that the different Gibbs free energies are actually almost the same regardless of the different
structures with equal water number, indicating that if we only care about the Gibbs free energy of a
water cluster, the cluster construction method in this investigation can be applied and will not impact
too much on the hydration Gibbs free energy calculation. To better understand the water clusters
thermodynamical formation and stability, the AGp,.,, and AGy,, for water cluster (H,0);.,3
were calculated and demonstrated in Figure 3.
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Figure 3. AGpy, ;m, AGyy,m and AGgp,, , of water cluster (Hy0);.,3.

From Figure 3, it can be found that the clusters which have negative formation Gibbs free energy
and can be formed thermodynamically were with a water number of 4, 8, 14, 18, 19 and 23, but none
of the AGr,,,, were below -2 kcal'mol!. From the hydration Gibbs free energy analysis, we can see
that the AGy,,, of clusters with 4, 8, 12, 14, 16, 18, 19, 22 and 23 water all have negative value,
meaning that these clusters are easily generated by the smaller clusters with one less water. This
phenomenon was in consistence with fact in literature that the existence of (H,0), and (H,0)g
under very low temperatures were confirmed, demonstrating that these water clusters may not so
much stable in room temperature when considering the thermodynamics, which can also be proved
by the fact that the average Gibbs free energy AG,p,,, of all clusters near to be zero, that is to say the
water will easily hydrate the ions becoming the hydration water but not to form the isolated water
clusters in solution and the mono water may also be the main composition in liquid water considering
the thermodynamics. Thus, for reasonable simplification, the water in solution will be treated as
isolated molecule without the formation of clusters in our further investigation.

3.2. Solvation of Li* and Mg* and Water Transfer Equilibrium

Following the above method, the Gibbs free energies respect with the water number in hydrated
lithium and magnesium ions were calculated and demonstrated in Figure 4. It can be found that the
formation Gibbs free energy of Li(H,0){changed more than -5 kcal'mol! compared to Li(H,0){_;
when the water number is below 4 which is the saturation water number of the first hydration sphere
of lithium. This means that the first hydration sphere has much stronger water-ion interaction than
the water-water interaction in the second hydration sphere. By comparing the AGp,, ., of Li(H,0);
and (H,0),, we can infer that the main particles should be much more Li(H,0)} than water cluster
in a lithium salt solution with a water/lithium molar ratio less than 12. And by comparing 4Gy, ,m,
there should be much more Li(H,0)}.g in the lithium solution than Li(H,0){-g. While by comparing
the AGgpy,m of Li(H,0); and (H,0),, even the hydration number become 12, the Li(H,0); can
always be better thermodynamically favored than water clusters, indicating that there is a big trend
to form Li(H,0){ but not the (H,0), .
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Figure 4. AGpy m, AGyym and AGupy ., of Li(H,0)f and Mg(H,0)3% clusters.

Similar to Li(H,0);, the Mg(H,0)3* clusters also showed that the water-ion interaction in the
first hydration sphere is also much stronger than the water-water interaction in the second hydration
sphere. Due to the higher charge, the magnesium hydration cluster has a much bigger AGg,, ., than
water cluster when the water number is not bigger than 15, and the value of the Mg(H,0)%{ is larger
than that of Li(H,0)#, indicating that the lithium hydration number may be only 4 when the
water/magnesium molar ratio is less than 11, which is actually bigger than the ratio in the magnesium
chloride solution with a concentration of 4.6 mol-L-1. This phenomenon pointed out that the normal
assumption of magnesium with only six hydration water and lithium with four during the extraction
of lithium in high magnesium brine is not suitable, and may cause overestimate of the extraction
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reaction Gibbs free energy change of magnesium. And by comparing AGyp,, ., of Mg(H,0)3* and
Li(H,0)}, we can find that one water hydration can generate very close Gibbs energy change in
Mg(H,0)3¢ and Li(H,0)}, meaning that the water hydration capability in Mg(H,0)%} is very close
to that in Li(H,0)# in a solution with water/magnesium chloride mass ratio to be bigger than 3.43.
Overall, for both lithium - and magnesium - containing clusters, these ion - inclusive clusters
exhibit notably higher formation and average formation Gibbs free energies. Additionally, within
these clusters, the ion - water interactions in the first hydration sphere are significantly stronger than
the water - water interactions in the second hydration sphere. The hydration states of ions vary
depending on the metal's charge and the number of hydration water molecules. Given these
differences, a more in - depth study of the hydration equilibrium is warranted. Such an investigation
holds the potential to enhance our understanding of the separation mechanism of lithium and
magnesium in high - magnesium brine, providing crucial insights into the underlying processes
governing their differentiation and extraction
According to the Equation 5, the water transfer reaction Gibbs free energy changes were
systemically calculated and showed in Figure 5. The negative value of the AGy; ,, represents that
the water transfer from Mg(H,0)2* to Li(H,0)} is thermodynamically favored or can
spontaneously happen in room temperature, while the positive value means that the transfer cannot
happen spontaneously. We can find that when the water number in Mg(H,0)3* is less than 4, even
the bare Li* ion cannot grab water from the magnesium-water clusters, and when the water number
in Li(H,0)f, is greater than 6, even the Mg(H,0)2%;; can grabbed the outer hydration water in
Li(H,0)}. When the water number is 5 in Li(H,0){, Mg(H,0)i{ can grabbed its outer hydration
water, meaning that in a magnesium concentration of 4.6 mol-L", the magnesium hydration number
may be 10 with a lithium hydration number to be 4. This interaction is well consistent with the former
comparison analysis between Mg(H,0)a* and Li(H,0);,. This equilibrium may not only be applied

to discover the real state of metal ions, but also can be used to account for salting out effect for
different ions.

(;Aow {RIN) 1%

Figure 5. AGry; nm of water transfer from Mg(H,0)3* to Li(H,0),.
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3.3. Application of the Water Transfer Equilibrium in Lithium Extraction by TBP

From the above analysis, we can find that the hydration number of magnesium ion in the high
magnesium solution with a concentration of 4.6 mol-L! will be 10 and that of lithium ion is only 4,
meaning that once the metal ions are extracted out of the aqueous solution, four more water would
be released from the hydration sphere of the Mg(H,0)i{ comparing to the traditional structure
Mg(H,0)2*, while Li(H,0); would experience the same process as traditional theory, Thus the Gibbs
free energy change difference AGy, of Mg(H,0)¢* from Mg(H,0)3* will be determined by the
following Equation 6 and leave an impact on the extraction.

AGyy = (M —6)Gyn6+ Gy — Gun (6)

Then the AGy, can be calculated as 39.36 kcal'mol? for Mg(H,0)%¢ in the high magnesium
solution. By substitute the Gibbs free energy with electron energy, the AEy ) can be calculated as
55.09 kcal-mol-! for Mg(H,0)3¢.

This difference for the magnesium dehydration may cause magnesium extraction into organic
phase much more difficult and realize the lithium and magnesium separation, and the real force of
TBP extraction system for Li* separation from Mg? may be discovered. The reaction shown as
Equation 7 and Equation 8 summarized from reference 24 were the extraction reactions for lithium
and magnesium by TBP-FeCls in the high magnesium brines, and the Equation 8 should be corrected
to Equation 9 according to above hypothesis. Then the calculated binding energy AE),, and Gibbs
free energy change AG, of the magnesium extraction reactions in literatures can be corrected by
adding the relative value of Equation 6 and the results were listed in Table 1. In order to make the
comparison clear, the kJ-mol?! was applied as it in literature, and thus the correction should be
converted to the same unit.

Li(H,0)} + 2TBP = Li(TBP), (H,0)} @)
Mg(H,0)2* + 2TBP = Mg(TBP), (H,0)2* + 2H,0 (8)
Mg(H,0)2¢ + 2TBP = Mg(TBP), (H,0)2* + 6H,0 )

Table 1. AE,, and AG,, of the extraction reaction in literatures and corrected value (kJ-mol™).

Reference AE,; AEy, AG,; AGy, AEf;, AGy,
Ref. -283.2 -516.5 20.4 454 - 285.88 210.17

It can be found that the corrected AEf, was much smaller than that without considering the
bigger hydration of magnesium and it then almost have a same value with lithium, indicating that
the binding of magnesium and TBP is not much greater than that of lithium. When considering the
thermodynamics, the AG,; of the magnesium extraction can be corrected by 164.77 kJ-mol-, thus the
AGj;, become much bigger than the AG,;, determining a weak extraction of the magnesium
comparing to lithium, which can well explain the separation of lithium from magnesium by TBP from
the high magnesium solutions.

4. Conclusion

The clusters of (H;0);.,3, Li(H,0){.;, and Mg(H,0)%*,; were optimized at the wB97X -
D4/def2 - TZVPPD theoretical level, followed by an analysis of the formation electron energy changes
and various types of Gibbs free energies. Despite the diverse structures and formation electron
energy changes exhibited by water clusters, the formation and hydration Gibbs free energies did not
vary significantly with an increasing number of water molecules. Moreover, the theoretically
predicted stable structures were in excellent agreement with experimental results. The study of
lithium and magnesium clusters revealed that the ion - water interaction within the first hydration
sphere is substantially stronger than the water - water interaction in the second hydration sphere.
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Based on the analysis of formation energy and the water molecule transfer equilibrium, the stable
hydration states of ions in high - magnesium brine are proposed to be Li(H,0); for lithium and
Mg(H,0)3¢ for magnesium. The hypothesis of Mg(H,0)?} as the stable hydrated form of
magnesium can effectively explain the separation of lithium from magnesium in high - magnesium
bittern using the TBP extraction system, suggesting that the driving force for separation lies in the
difference in the hydration of lithium and magnesium ions. The equilibrium method and the
proposed hydrated ion hypothesis presented in this study not only contribute to a better
understanding of the magnesium hydration state and the mechanism of lithium recovery through
solvent extraction but also offer innovative perspectives for investigating various metal separation
processes and salting - out effects.
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