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o Selective extraction of lithium from
seawater desalination concentrates

e The most promising of extractants,
B-diketones and organophosphates were
selected.

o Electrostatic  interaction  confirmed
using square of electronic wave function

e Thermodynamic and equilibrium pa-
rameters gotten by Density Functional
Theory (DFT)

e Best selectivity of Li" obtained using
DBMeTOPO and LIX54eTOPO systems

ARTICLE INFO ABSTRACT
Keywords: Lithium, declared critical raw material by the European Union in 2020, is a competitor to hydrogen as alternative
Lithium

to petroleum. Its use is increasing while reserves are declining, boosting new sources, as seawater desalination
concentrates. In this work, a computational study of the most promising extractants, f-diketones and organo-
phosphates and combinations thereof, towards lithium in presence of metal ions found in the concentrates, Na™,
K*, Mg?t, Ca®* and Sr?" was carried out, via molecular simulation using ab initio Density Functional Theory
(DFT). The geometries, reaction energies, and thermodynamic parameters have been evaluated. Using the square
of the electronic wave function an electrostatic interaction was confirmed as cation-extractant/s bonding. The
complexation reaction energies of the systems formed by a cation and a single extractant display negative AE and
AG values, pointing towards stable complexes and spontaneous reactions. The synergic effect of extractants was
studied by combining the p-diketones with TOPO (1:1) leading to an increase of AE and AG (absolute value). The
extraction coefficient, K, follows the order K(K*) > K(Na®) > K(Li") > K(Sr*") > K(Ca?") > K(Mg?"). In
consequence, selectivity Lit towards cations of the group II was higher, S(Li*/Mg%) > S(Li*/Caer) > S(Lit/
Sr?*) for the combined mixtures BTAeTOPO and FDODeTOPO and lower towards group I cations, S(Lit/Na™) >
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S(Li"/K™) for DBMeTOPO and LIX54eTOPO. The selectivity of Li" regarding the rest of the cations and the 16
extractants and mixtures of extractants was lower than the selectivity of Li* with respect to each cation, being the
best value for the DBMeTOPO and LIX54eTOPO systems. The results obtained are expected to provide a tool on
the behaviour of the most promising of extractants towards Li* in seawater desalination concentrates.

1. Introduction

Lithium, the lightest metallic element, is the 25th most abundant
element on Earth. Due to its excellent properties, such as a low thermal
expansion coefficient and the highest redox potential and specific heat
capacity of any solid element [1], it has become a very coveted material
in the worldwide industrial scenery, mainly in lithium-ion battery
manufacture (71%), but also in ceramics and glass (14%), lubricating
greases (4%), polymer production (2%), continuous casting mold flux
powders (2%), air treatment (1%) and other uses (6%) [2]. The rapid
development of electric vehicles and the increasing use of portable
electronic devices has greatly increased Li consumption worldwide,
achieving 57,700 tons in 2019, 18% higher than in 2018 [3].

Lithium sources can be classified into mineral sources and aqueous
sources, as salt lake brines and seawater. Lithium extraction from min-
erals is costly and environmentally damaging due to its complex pro-
duction process and high energy and acid consumption [4]. Lithium
produced worldwide is obtained mainly from salt lake brines [1], with
the cost of production from this source being 30%-50% lower than from
ores [5]. The current process to recover lithium from salt lake brines,
known as evaporitic technology, has certain disadvantages such as long
water evaporation times through solar and wind evaporation (over a
year), consumption of large amounts of water due to the evaporation
process, which affects the hydrological water cycle and is strongly
dependent on weather conditions. Li recovery with this process is
approximately 70%, being in some brines 50% or even lower values [6].
On the other hand, although the ocean contains large amounts of
lithium, it is found in very low concentrations (average 0.17 mg/L) to be
exploited in the short term [6].

The increasing industrial demand for lithium has fueled the quest to
find new viable sources, such as brines obtained from seawater desali-
nation plants [7-9]. The growing interest in the sustainability of desa-
lination processes, to reduce the impact generated by the discharge of
brine, and the revaluation of this saline waste as raw material, has led to
the development of processes aimed at the material valorization of
SWRO desalination brines by means of the recovery of different mate-
rials. Although Lithium concentration in SWRO desalination brines is
lower than in other conventional sources, the high volume of brine
generated in the world and the growing trend forecasted for the coming
years, and the increasing need to find new supply sources of this critical
material, foster the research and development of strategies for the re-
covery of lithium from this unconventional source. Their increased Li*
concentration over seawater, as well as its contribution to the transition
towards a circular economy, makes it an attractive alternative for Li*
recovery. Current global brine production in desalination plants
worldwide stands at 141.5 million m>/day, totaling 51.7 billion m>/year
[10]. Even so, it is a challenge to incorporate technologies capable of
extracting Lit due to its still low concentration and the competence of
other ions. The most studied ones to date are precipitation [11,12], ion
exchange adsorption [7,13,14], membrane separation (nanofiltration)
[15-17], electrochemical methods [18,19] and liquid-liquid extraction
[20-23]. The precipitation method is just suitable for brine with high
lithium ion concentrations (like lake brines with concentration Li"
around 6.000 mg/L). On the other hand, the stability and selectivity of
the adsorption method are still low, not enough to achieve industrial
production. With regard to membrane separation, it is suitable for so-
lutions with very low ion concentration, such as extraction of lithium
ions from seawater, while electromembrane processes are still intensive
from an energy point of view. Liquid-liquid extraction, our leading

focus, has certain advantages such as low cost, high efficiency, easy
scalability, simple equipment requirements and recyclable extractants
[1,24,25].

The most common compounds for lithium extraction may be classi-
fied into acidic extractants (organophosphates and carboxylics), ionic
liquids, chelating agents (crown-ethers and f-diketones) and solvating
extractants (organophosphates and f-diketones) [1,26]. Acidic extrac-
tants (di-(2-ethylhexyl)phosphoric acid (D2EHPA), Versatic Acid 10,
etc.) present a problem in that they are more selective to divalent ions
than monovalent ones, since their extraction mechanism relies on ionic
exchange [22,27,28]. Extraction with ionic liquids (ILs) also exhibits
similar issues, as in this case the reaction takes place by exchange of Li™
with the cationic counterpart of the ionic liquid, involving extractant
losses along the way [26,29]. In addition, they are expensive and highly
viscous compared to organic solvents. On the other hand, corona ethers
(CEs) (14-crown-ether derivatives and 12-crown-4 [23,30]) are poly-
ethers with a ring structure, whose bonding mechanism is dominated by
electrostatic interactions [26]. These compounds present a cavity at the
nanometer scale, which allows the formation of a compound with
optimal stability when its size and that of the cation are similar [1],
rendering them unable to differentiate between Li™ and Mg?" due to
their similar ionic radius [26]. The most common organophosphates
solvating extractants (SEs) are trioctylphosphine oxide (TOPO) and
tributyl phosphate (TBP) [20,31,32] but it has been shown that this type
of extractant alone has a negligible extraction efficiency [31]. Therefore,
a co-extractant is usually added to these extractants to improve extrac-
tion efficiency and Li™ selectivity. TBP-FeCls, the most studied of such
systems, has several disadvantages such as the addition of iron, and a
poor stability of the organic phase that leads to extractant loss in the
aqueous phase [33]. Similarly, other co-extractants such as sodium
tetraphenylborate (NaBPhy), potassium hexafluorophosphate (KPFg)
and sodium phosphomolybdate (NagPMo;204¢) all have in common that
they add one of the other metal ions present in seawater, and hence work
against a selective extraction [20,34,35]. Cyanex 923, a mixture of
trialkyl-phosphine oxides, has been successfully used to selectively
extract LiT with respect to Na™ in combination with some p-diketones (1-
heptyl-3-phenyl-1,3-propanedione (LIX54)) [36,37]. However, when
used in combination with other p-diketones (4-benzoyl-3methyl-1-
phenyl-2-pyrazolin-5-one (PMBP), Mextral EOL (basically LIX54)), it
has been found to selectively extract Mg?* over Li* [21,38]. Another
family of solvent extractants have been studied for Li* extraction, such
as the new deep eutectic solvents (DESs) (tetrabutylammonium chloride
(TBAC) + oleic acid (OA) [31,36]). However, their application in liquid-
liquid extraction processes has been difficult due to their hydrophilicity
[31]. Kurniawan et al. [39] used a calix[4]arene derivative which, in
addition to its high price, presented slow kinetics that made it inefficient
in a liquid-liquid extraction setup. Katsuta et al. [40] employed a syn-
thetic compound [Ru(83,5-dimethylanisole)(pyOs)s3], where it was found
that even in the presence of Ca?" and Mg?" the Li* extraction was 99%,
but 4% of it was lost in the scrubbing process. Finally, the already
mentioned f-diketones, characterized by the presence of two ketone
groups, are able to extract Li* by means of Pearson's principle [26,41].
Some examples among the bibliography are 2-thenoyltrifluoroacetone
(TTA), benzoyltrifluoroacetone (BTA), heptafluoro-
dimethyloctanedione (FDOD), 4,4,4-trifluoro-1-(2-furyl)-1,3-butane-
dione (FTA), dibenzoylmethane (DBM), 2-naphthoyltrifluoroacetone
(NTA), 2,9-dimethyl-1,10-phenanthroline (DMP) and 1,10-phenanthro-
line (PHEN). It should be noted that the state of the art shows that
p-diketones and organophosphate extractants have a feasible Li* re-
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extraction stage using HCI [31,37,41].

Most of the experimental data in open literature have been carried
out in synthetic solutions or brines in which Sr?* is not found. Moreover,
most only include the alkali metal ions found in the brines, and at the
time of this writing, there are no experimental results where all six metal
ions are present at the same time, particularly it is necessary to find
lithium-selective extractants in such complex mixtures, especially with
respect to Mg?*, since their similar ionic radius makes their separation
more difficult [42].

The main objective of this work is to carry out a computational study
of the most promising of those extractants towards lithium in presence of
the metal ions found in higher concentrations in the brines such as Na™,
K', Mg?", Ca?* and Sr?* was carried out. For this, their equilibrium and
thermodynamic properties have been obtained via molecular simulation
using ab initio Density Functional Theory (DFT) simulations. The results
obtained from these simulations will hopefully yield some predictive
power on the behaviour of these extractants when it comes to practical
Lit extraction and thus reducing the experimental work required in
these studies.

2. Computational model
2.1. Conceptual development

In a general chemical reaction the reaction energy AE is defined as
the difference between the sum of energies of the reagents and that of
the products:

AE = ZEIN‘U{IM(-;.\ - Z Ereagems (1)

each of them being in its optimized geometry. Negative values of the
reaction energy indicate stable reaction products. In general, the larger
the value (absolute) the higher the stability. This value, however, only
yields information about the molecule at a temperature of T = 0 K, i.e.
frozen. In order to introduce thermal effects one may use the vibrational
frequencies w; of the system, typically in conjunction with an ideal
molecular gas model [43], to infer the activation of the molecular
vibrational modes and hence obtain the zero-point energy Ezpg and the
entropy S of the system at a given temperature T. A self-consistency
cycle -or single point calculation- of density functional theory (DFT)
provides the internal energy E of a given system, with an accuracy
dictated by choice of functional and the characteristics of the molecule
at hand [44]. One may use several of these energy calculations to
perform a geometry optimization of the molecule, a procedure whereby
its energy is minimized in terms of its atomic coordinates through
various numerical methods, such as conjugated gradient descent (CGD).
Additionally, in order to ensure the stability of the optimized geometry
-i.e. to confirm whether it is indeed a local energy minimum or just a
saddle point the potential energy surface (PES) of the molecule, and
hence subject to deformations- one may obtain the Hessian or dynamical
matrix of the system through a finite-difference approach. The diago-
nalization of the matrix yields the vibrational modes of the molecule as
eigenvectors, and the corresponding frequencies w; as the associated
eigenvalues. If all frequencies turn out positive, then the structure is
stable. Otherwise, a lower energy structure may be obtained by
deforming the molecule in the ‘direction’ of the vibrational mode with
the highest negative frequency and repeating the optimization process
until all frequencies are positive [45]. With said thermodynamic values
one may obtain the free energy, G, of the system in the gas phase:

Gyos = (E+Ezpg) —TS = Ey — TS 2

However, to accurately represent the proposed computational study,
the effects of the liquid phase on the reagent to be extracted must be
accounted. In classical molecular dynamics simulations, this is usually
done by submerging the molecule in a box full of solvent molecules and
performing some sort of statistical average. Alas, the computational cost
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of fully-fledged quantum mechanical calculations renders this approach
unfeasible. Hence, in this work, it was introduced an implicit solvation.
These kinds of models generate a charged surface around the molecule
based on its electronic density, and emulates its interaction with a
continuum-like solvent. The model provides a correction to the free
energy of solvent, Gso], which may be combined with the gas phase result
to obtain the free energy in the liquid phase.

G= Ggas + Gl 3)

Similarly, to the aforementioned reaction energy, one may define a
general reaction free energy as:

AG =" Groduers = Y, Greagens )

A negative value of AG would imply the reaction occurs spontane-
ously at the considered temperature. Finally, the reaction free energy
may also be used to calculate the equilibrium constant k. of the reaction
as follows:

k= exp( —%) ®)

2.2. Extraction model

The extraction power of an extractant for metal ions was investigated
based on the previously described reaction energies (Eq. (1)) as a mea-
sure of the stability of the cation-extractant system, that is to say as a
measure of the stability of the final complex according to complexation
reaction of the form:

Am+ + Le— _)[Aer OL] (6)

where A™" is the cation and L denotes the chosen extractant. In this
sense, the reaction energy may also be understood as the bonding energy
between the cation and the extractant. On the other hand, it was also
looked at the hydration process of the cations, as they are the competing
reactions in the extraction processes [30]. The hydration reaction be-
tween a cation and the n water molecules within its coordination shell
may be written as:

A" +nH,0 — - [A(H;0),]"" %)

Finally, the extraction model was characterized by defining a coef-
ficient of extraction K as the ratio between the equilibrium constants of
the complexation (k) and hydration (k.p) reactions.

K=
kcll

ln(K) = ln(kec) - ln(keh) (8)

The fact that there is not a general agreement in the number of water
molecules in the coordination shell of the cations [46] involves one of
the major approximations in this model, that undoubtedly affects the
results of the calculations [47]. In this work, a value of n = 4 was
selected arbitrarily for all cations, as it is the most accepted coordination
number for the Li™ cation [46]. However, it is a worst-case scenario for
lithium extraction, as the hydration enthalpy of the larger cations, that
would otherwise bond more strongly, is underestimated. Additional
water molecules around Na*t, K+, Mg+, Ca®* and Sr?* would give rise to
a greater ke and according to Eq. (8), a lower equilibrium constant of
the complexation, K. Using higher coordination numbers supposes
complex computational calculations that entail a high cost of compu-
tation, that is why n = 4 was considered a valid choice for comparison
purposes.

Additionally, in order to assess how a given extractant preferentially
extracts a cation over the others, the selectivity of an extractant towards
a given cation S was defined:
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(Kw )

Sue ) Soap = (ke ©)

where A" is a metal ion of interest and Aj’"Jr is the rest of the metal ions
present in the aqueous solution.

2.3. Computational details

The starting structures of the extractant and cation-extractant com-
plexes were hand-crafted with the Avogadro chemical editor and they
were built-in UFF force field potential [48,49]. Structural optimizations
were carried out using the ORCA 4.2.1 quantum chemistry package [50]
at the B3LYP/def2-SVP level of theory [51,52]. This includes both the
optimization process and the later frequency calculation. Furthermore,
an additional single-point calculation at the B3LYP/def2-QZVP level
was performed on the optimized structures so as to ensure accurate
energy values. This same functional had been previously applied to the
binding of cations to crown ethers [30,53], and it was further validated
through comparison with separate second-order Mgller—Plesset theory
calculations (MP2) in one of the systems [54].

The effects of the solvation media—i.e. the kerosene-based organic
phase on the bonding process were considered through the inclusion of
the Solvation Model based on Density (SMD), developed by Marenich
et al. [55], in the final energy calculations of the cation-extractant re-
actions. Geometry optimizations and frequency calculations, however,
were performed without the implicit solvent model, as tests indicated
that the final geometries remained largely unaffected and the numerical
noise introduced by this approach would render the molecular PES too
unstable to find reliable minima, partly due to the large size of the
systems. It was also omitted in the case of the hydration reactions, as the
solvent is already considered explicitly in the reaction itself.

Grimme's D3 dispersion correction [56] for non-covalent in-
teractions, usually overlooked by DFT functionals, and the RIJCOSX
integral approximation [57,58] using the highest integration grid setting
available, were included in all calculations so as to optimize the acces-
sible computational resources. The Multiwfn software [59] was used to
perform an electronic density-based topological analysis of the atomic
charges (also known as Atoms in Molecules (AIM) or Bader charge
analysis [60]), as well as to generate the electronic density diagrams of
the following sections. Finally, when the extractants studied in this work
present long carbon chains, it is expected to have little to no effect in the
bonding process, and hence were cut at a length of three carbon atoms in
order to reduce computational costs. This approximation was tested by
looking at the reaction free energy and the A™"eO distance in the
complexation of the A™"eL system while varying the length of the car-
bon's chain. It was obtained discrepancies of less than 1.0 kcal/mol with
respect to the full chain, introducing an error far inferior to that intro-
duced by other assumptions. As an example, Fig. 1 shows the AG for the
complex Li*eTOPO and the Li* 0 distance (oxygen from the phosphate
group of the extractant). As can be seen, from 3 carbons in the linear
chain of the extractant, the variation of AG and the Li"eO distance is
negligible.

The detailed computational procedure was applied to a target of
extractant candidates selected as a result of a deep revision of the
available literature focused on lithium extraction from ideal and real
seawater desalination concentrates.

3. Results and discussion

It is known that the combination of solvating extractants such as TBP
or TOPO with B-diketones (TTA or BTA) presents a synergistic effect on
Lit extraction [31,41,61,62]. In these cases, it is thought that the
B-diketone forms a chelating complex with the metal ion and the neutral
extractant displaces the remaining water molecules to improve the
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Fig. 1. Reaction free energy, AG, and Li*e0 distance in the complexation of the
LiTeTOPO system complexation versus the length of the carbon chains in the
TOPO extractant.

solubility of the complex in the organic phase [63]. These studies have
been performed mostly in the presence of other alkali metal ions (Na™,
K") only, and when Ca®* and Mg?" have been found the concentrations
were very small. In the presence of alkali metal ions it is seen that this
mixture of extractant types is selective to Li" and reaches high extraction
values (mostly 96%-99%). In these cases, the most employed f-diketone
has been TTA and the most employed neutral extractants TBP and
TOPO, but the combination of p-diketone with the latter presents higher
extraction efficiency [41,62,64]. Harvianto et al. [62] took alkaline
earth metal ions into account in a pairwise extraction study, where it is
observed that even at high concentrations of K*, Nat and Ca?" more
than 70% Li™ extraction is obtained, but at high concentrations of MgZ*
it decreases drastically to 10%. Most of the references found in our study
of the state of the art only include monovalent cations. Nevertheless,
divalent cations are the main competitors in lithium extraction; this
study has considered not only monovalent cations (Li", Na*, K), but also
divalent cations Ca?", MgZ" and even Sr?*, which are not usually
included in this type of mixture. Besides the additional complexity
added, this study aims at obtaining results that are closer to the reality
when working with saline brines.

As described in the literature, in view of their higher selectivity and
their extraction mechanism towards Li™, in this study both solvating
extractants and f-diketones -as well as mixtures thereof-, have been
selected as targets for computational study. In particular, the p-dike-
tones DBM, TTA, FTA, BTA, FDOD and LIX54 as well as the organo-
phosphates TOPO, TBP, TRIS and BIS were chosen as candidate
extractants. Combinations of p-diketones with TOPO were also consid-
ered so as to assess their synergistic behaviour, as well as the different
combinations of p-diketones with TOPO and an n = 4 tetrahedral hy-
dration shell. Each of these systems was combined with the group I (Li™,
Na®, K*) and group I (Mg2*, Ca?*, Sr>") cations in order to assess their
binding energies, making for a total of 96 complexations and 6 hydra-
tion reactions. Most bibliographic sources usually work with very
aggressive pH values in order to protonate the system and force a
proton-cation exchange with the extractants. This study took into ac-
count a working pH value below the pKa of each extractant in order to
consider a neutral and non-protonated system. In this configuration, the
cations are located next to the corresponding oxygen atom(s) while that
if the system is protonated, it non-selectively extracts to all cations, Li™,
Na®, KT, Mg?*, ca®*, sr?'.

A summary of the available literature on the experimental
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Table 1
Summary of the available literature for the selected extractant candidates.
Source Extractants Metal ion concentration (g/L) Results (% extraction, etc.) Ref.
Best results: TBP
Li* 0.026, Mg2* 0.091 °
Synthetic solution TBP, TRIS, BIS 1?* (; A16. Mo+ 1gss a5 @ LiT100%, Mg 0% [32]
B o ’ b) Li* 42.6%, Na* 26.2%, K" 38.7%
Synthetic salt lake brine TTAeTOPO Lit 1.17, Na* 129.6, K 40.9 e Li" 95.7%, Nat 1.1%, K" < 0.01% [31]
Synthetic solution FDODeTOPO Li*" 0.000694 o Supported liquid membrane studies Li" > 99% [65]
Synthetic solution FTAeTOPO Li* 1.0 e Analyses kin.etics and .mechanisr?s of extraction. Process controlled [66]
by the chemical reaction at the interface
Synthetic ammoniacal solution TTAeTOPO Lit 0.16 e LiT 97.13% [64]
Alkaline brines from lithium carbonate BTAeTOPO Lit 2, Na* 49.9, K" 1.02, Mngr o Li" 96%, 7 stage mixer-settler, Na*/Li* molar ratio reduced from [41]
L]
precipitation process 0.005, Ca** 5.107* 7.98 to 0.008, impurities of K*, Ca®*, Mg?" < 0.1 g/L
trated ter fi th
Conc&}n rated seawater trom the TTAeTOPO n.d. o Seawater: Lit 65% Concentrated seawater: Lit ~ 58% [671
desalination process and seawater
Best results: TTAeTOPO Single extraction Li™ > 90%.
TTA, DBM, TBP,  Li' 0.001, Na' 10, K" 0.4, Mg®>" °
Synthetic solution » BV, ABE, i 0.001, Na® 10, K* 0.4, Mg o In pairs with Li*; Li* ~ 80%(Na™), Li* > 90 %(K™1), Li* ~ 10% (621

TOPO 1.35, Ca®" 0.4

(Mg?h), Lit > 70 %(Ca*")

applicability of these compounds is showcased in Table 1. Fig. 2 shows
the structure of the extractants selected in this study.

3.1. Study of the nature of cation-ligand bond

The nature of the cation-extractant bond in these systems is a subject
of wide speculation throughout the available literature [26]. Models
based on dative bonds, free electron pairs or the hybridization of atomic
orbitals in  the —C=0eA™'/-P=0eA™"  (-C=O=carbonyl,
-P=0O=phosphate) systems are usually suggested in order to explain this
bond, implying restrictions in the coordination of the cation. It is
sometimes forgotten that these kinds of models are but a first approxi-
mation, and their validity becomes questionable under increasing sys-
tem complexity. Furthermore, the cations under study already have a
closed-shell structure, they are included within the group of hard
acids, and therefore any hybridization with the oxygen p-orbitals is
highly unlikely. This fact points towards a purely electrostatic attraction
between the cation and the extractant with hardly any charge transfer
towards the cation, as expected from hard metal ions following Pearson's
principle [68]. This can be readily seen by looking at the electronic
density of the systems at hand. The electronic density is directly related
to the square of the electronic wave function -this is, in fact, the basis of

DBM LIX54 TTA

Dibenzoylmethane 1-heptyl-3-phenyl-1,3-

propanedione

o o o o SN
| \
C7H15
FDOD TOPO TBP

Heptafluorodimethyloctane  Trioctylphosphine oxide

Thenoyltrifluoroacetone

Tributyl phosphate

DFT-, and basically represents the location of the electrons in the atomic
structure. Hence, a covalent bond -i.e. two atoms sharing electrons-
would translate to a noticeable electronic density in the region between
said atoms. In Fig. 3 it can be shown several representations of the
normalized electronic density - meaning a volume integral over the
whole molecule would yield N, the number of electrons. In Fig. 3a one
can see a projection of the electronic density on the molecular plane of
the Li*eDBM system, taking advantage of its planar geometry. As ex-
pected, the electronic density accumulates around the nuclei and con-
nects the atoms within the molecule. It is clear, too, that the electron
density goes to zero in the bonding region, hence confirming the hy-
pothesis that it is indeed an electrostatic (ionic) interaction. Similarly,
Fig. 3b and Fig. 3c present (relatively low) electronic density isosurfaces
of the LiTeTOPO and Li(H,0)4" systems, where one can also observe
how the electron clouds of the cation and the extractant(s) are clearly
disconnected. Isosurface level in (b) and (c) was set to 0.08 [59,69].
Additionally, as previously described in Section 2.3, by analysing the
topology of the electronic density one may partition it into basins cor-
responding to each of the atoms, effectively assigning them a charge.
These processes further confirmed proposed claims, as only a slight
charge transfer from the cations to the extractants of around ~0.1 a.u.
(Group I) or ~0.3 a.u. (Group II) takes place throughout the considered

FTA BTA = TPB

4,4,4-trifluoro-1-(2-furyl)
-1,3-butanedione

4,4,4-trifluoro-1-phenyl-1,3-
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0] (0] (o] (0] o (6}

e $ -

TRIS BIS
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dione
0
I 0
o o 0 H9C4—O—IT’—O—C4H9 i o
H,G o H,,C;-O—P—0—C,H,, I
H,,C;—P—C,H,, | | H,,C;-O—P—0—CH,,
H3C CH C3F7 | CH (|) |
3 CeHoy 4t CH OH

8" 17

Fig. 2. Structural schematics of the extractants included in Table 1.
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shell (c).

systems. This ionic interaction appears to have a highly localized char-
acter too. Dramatic modifications on the extractants have a relatively
low impact on binding energies, as evidenced by our initial exploration
of different TOPO chain lengths (Fig. 1). This situation renders the
double-bond oxygen atoms in the extractant molecules as the most likely
docking location for the cations, as their high electronegativity drags the
molecular electron cloud towards their general vicinity, providing a
negatively charged region for the cations to bond. The implicit
assumption in this model is that the concentration of cations is low
enough so that each extractant molecule/complex will react with only
one cation. During the simulation, it was found that association with
more than one cation was unfavorable given that a single site of this kind
exists per extractant. Thus, the model clearly contains approximations
that can be valid over a large range of concentrations.

3.2. Geometric structures of extractant and complexes metal ionic e
extractant

The cation-oxygen distances, i.e. those involving only the cation and
a single extractant, either a f-diketone or an organophosphate-, seem to
be the parameters more closely related to the strength of the bond. In
Table 2 are collected these values of all the simple complexation re-
actions. In the case of the B-diketones two values are given, one for each
oxygen, alongside their difference.

All distances lie in the 1.83 A (Li*) to 2.76 A (K*) range in the case of
the p-diketones and between 1.68 A (Li*) and 2.45 A (K™) in the case of
the phosphates, always ordered Lit < Mg?* < Ca?t < Na* < Sr?* <
K'. This result is expected; it is mainly related to the size of the ions, the
smaller the size, the shorter the distance between atoms (cation and
oxygen) that is, greater electrostatic attraction and fewer electrostatic
impediments. In the case of the elements of the same period, two cations,
such as Na™ and Mg?*, have the same number of electrons with a
different nuclear charge, hence group II cations will be smaller, due to

the larger core attraction, than the equivalent from group I. Conversely,
in a group the size increases with the atomic number mainly as a
consequence of the electrons of the last valence shell being at energy
levels further away from the nucleus (2s! Li*; 3s' Na*; 4s' K*). In the
case of calcium and magnesium ions, the period and group effects cause
both ions to show similar distances. -Diketones also seem to have larger
bonding distances compared to the organophosphates, most likely due
to the competing attraction of the charge difference in both types of
extractants. For example, the average charge of the Li*eDBM oxygens is
—1.24 a.u., whereas the LiTeTOPO oxygen presents a charge of —1.6 a.
u., most likely due to positively charged phosphorus atom (2.782 a.u) in
the latter acting as an electron acceptor.

Despite the fact that all cations maintain a similar bond length no
matter the choice of extractant, some slight trends may be observed:
first, DBM complexes consistently bind closer than the rest ones for the
same cationic species in the case of the -diketones, and a similar thing
happens between TOPO and the other phosphates as well. Secondly,
there are some small differences (<0.1 10\) between the bond lengths of
oxygen atoms of most p-diketones, most likely caused by the asymmetry
of their radicals. This is evidenced by the fact that DBM complexes,
where both distances are equivalent, are also the only ones with a 2-fold
rotational axis (symmetry group Cpy). These differences are also sys-
tematically larger in the group II cations, suggesting unequal electro-
static interaction with the oxygen atoms. This theory may find support in
the fact that LIX54 complexes, the only ones beside DBM ones with no
highly electronegative atoms -such as fluorine- in its radicals, present
the smallest deviations. In fact, if one looks at the charge of the oxygen
atoms in the Li"eFDOD and Li*eTTA systems, the oxygen atoms closer to
the fluorine radicals have a greater charge (—1.182 a.u. and —1.177 a.u.
respectively) than the other one (—1.233 a.u. in both cases). The oxygen
atoms in the Li*eDBM and Li" eLIX54 systems, on the other hand, have
the same atomic charge (—1.24 a.u. in both cases). This negative charge
reduction leads to an unequal attraction between the positively charged
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Table 2
Distance (in 10\) between the cations and the closest oxygen atom(s).
Li* Na* K* Mg** Ca%* Sr2*
p-diketones DBM* 1.85 0.00 2.22 0.00 2.58 0.01 1.91 0.00 2.17 0.00 2.33 0.00
1.85 2.22 2.59 1.91 2.17 2.33
DBM 1.83 0.00 2.20 0.00 2.59 0.01 1.91 0.00 2.16 0.00 2.33 0.00
1.83 2.20 2.58 1.91 2.16 2.33
LIX54 1.86 0.02 2.25 0.02 2.65 0.03 1.92 0.03 2.20 0.05 2.38 0.05
1.84 2.22 2.62 1.89 2.16 2.33
TTA 1.92 0.08 2.31 0.09 2.72 0.10 1.96 0.09 2.27 0.13 2.44 0.13
1.83 2.21 2.62 1.88 2.14 2.31
FTA 1.91 0.08 2.28 0.08 2.70 0.12 1.98 0.09 2.27 0.14 2.47 0.16
1.83 2.19 2.58 1.88 2.13 2.31
BTA 1.90 0.07 2.26 0.08 2.69 0.07 1.96 0.08 2.26 0.12 2.44 0.12
1.83 2.18 2.63 1.88 2.15 2.32
FDOD 1.91 0.05 2.27 0.03 2.76 0.08 1.96 0.04 2.27 0.08 2.45 0.08
1.87 2.24 2.69 1.91 2.18 2.36
Organophosphates TOPO 1.68 2.05 2.39 1.79 2.02 2.18
TBP 1.71 2.08 2.44 1.76 2.05 2.22
TRIS 1.71 2.07 2.43 1.80 2.00 2.21
BIS 1.71 2.09 2.45 1.81 2.06 2.22

The MP2 results for DBM (DBM*) present a slightly weaker bond (~10 kcal/mol less) compared to DFT results, but seeing as this affects all cations equally, it may

consider that the choice of the selected functional is valid.

cation and each of the oxygen, which together with the size and charge
of the ions causes the observed discrepancies in the bond lengths.

Additionally, the structures of the B-diketones present deformations
in their central C-C-C dihedral angles,i.e. the one formed by the carbons
connecting the two main oxygen atoms, most likely due to the oxy-
gen-oxygen repulsion. These stabilize when a cation is got into, as
shown in Fig. 4, which may introduce a size-selectivity factor, similarly,
to how crown-ether extractants are thought to discriminate between
cations based on their cavity size [30,47,68]. For example, looking at the
DBM case, the dihedral goes from 105° when no cation is present to
<5° when complexed with Lit.

3.3. Thermochemistry study

This section presents the results of the thermodynamic study of the
simple and mixtures of extractants in order to obtain reaction energy
(AE), free energy (AG), extraction constant K and selectivity of lithium.

3.3.1. Cation e p-diketone and cation e organophosphate complexes

The AE and AG changes for said reactions were obtained using the
ORCA 4.2.1 quantum chemistry package [57,58] at the B3LYP/def2-SVP
level of theory (Section 2.3). These results are graphed in Fig. 5, together
alongside the same energies for the hydration reaction of the cations.

All reactions display negative AE and AG values, meaning the final
complexes are stable and that the reaction may happen spontaneously.
The geometry optimization of the molecules (products and reactants)
was minimized by numerical methods, such as conjugated gradient
descent (CGD) (Section 2.1). The thermal contribution of the entropy to
AG was found to be similar (TS ~ —10 kcal/mol) throughout all systems.

In a complexation reaction, one may always expect a negative entropy
change due to the reduction in the number of molecules in the system,
and hence similar values arise from the fact that all reactions share the
same stoichiometry. The MP2 results for DBM (DBM*) present a slightly
weaker bond (~10 kcal/mol less) compared to DFT results, but seeing as
this affects all cations equally, it may consider that the choice of the
selected functional is valid.

In general terms, bonds with group II cations are consistently
stronger compared to those in group I, reinforcing the idea that the bond
is electrostatic in nature; the bond strength decreases with increasing
cation size, and therefore increasing bonding distance. This is again to
be expected, as the inverse relationship between cation size and elec-
tronegativity should weaken the electrostatic bond. For example, the K™
bonds usually lie in the —25 kcal/mol region, roughly half as strong as
the Li" one. The most bonding group I cation is always Li*, with around
—50 to —40 kcal/mol, compared to the —120 to —90 kcal/mol from the
Mg?* cation of group II (Fig. 5a).

Due to the smaller bond lengths in DBM and LIX54 complexes
(Table 2), the cations bind to these extractants more strongly than to the
rest (less AG greater K. (Eq. (5))). Again, this might be explained by the
absence of fluorine atoms in their radicals, whose electrophilic character
draws the electronic density away from the oxygen region and hence
weaken the cation-extractant electrostatic interaction. This would also
explain why TOPO complexes bond more strongly than the other
phosphates, as the latter has additional oxygen atoms before the carbon
chains that cause a similar effect to the fluorine atoms in the p-diketones
(Fig. 5b). For example, although there is not much difference, in the case
of Li* AG has a value around —43 kcal/mol for Li"eDBM and LiTeLIX54,
lower (absolute value) for the rest of the extractants, with the exception

Fig. 4. Graphical representation of the structural changes of the DBM p-diketone during the complexation reaction with a Li* cation [70].
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Fig. 5. Changes in reaction AE (a) and free energy AG (b) of the cation e extractant (p-diketone or phosphate) complexation reactions.

of TOPO. In general terms, the complexes will be formed follow the
order Mg?* > Ca?" > Sr?* > Li* > Na™ > K' and preferably with
B-diketones.

Finally, looking at Fig. 5 it is also clear that the cations bond far more
strongly with the water shell bonds than any of the extractants, espe-
cially the cations of group II due to their smaller size. This makes sense,
seeing as the water molecules are basically four oxygen atoms that
surround the cation in an efficient, tetragonal structure.

3.3.2. Cation e p-diketone e organophosphate complexes

As previously mentioned in Section 1, B-diketones and phosphates
(mainly TOPO) commonly are used together in the laboratory, as a
synergistic effect has been observed lithium extraction is greatly
improved when both extractants are combined (compound complexes).
Based on the energy results of the simple systems shown in Section 3.3.1
organophosphate TOPO was selected in order to study the synergic ef-
fect of f-diketone » organophosphate extractants on the extraction of Li*
in the presence of Nat, K, Mg?*, Ca®* and Sr?* from seawater desali-
nation concentrates. Fig. 6 shows AE and AG for the cation e $-diketone o
TOPO complexation reactions.

As it can be observed in Fig. 6a, the hypothesis regarding the synergic
effect of extractants was confirmed by simulations reached in this work;
general way, combining the fB-diketones with TOPO in a 1:1, ratio
strengthened the reaction energy increase up (absolute value) from
56.8% for Ca®'eDBMeTOPO complex to 207% for NateBTAeTOPO
complex versus simples complexes. This, however, is no longer the case
when a second TOPO is added to the reaction, as through trial simula-
tions we found this reaction mechanism to yield a far less energetically
favourable reaction product, to the point where the reaction is non-
spontaneous (AG > 0) for group I cations and far less favourable than
the 1:1 stoichiometry for group II ones, contrary bibliographic claims
[71]. This scenario can be due to steric issues, as the interaction of the

TOPO chains with the -diketone radicals appears to hinder -or at least
compete with- the coordination of the phosphate's oxygen atoms around
the cation (see Fig. 7). It must be noted that all Li" systems, both with
water and extractants alike, have a bonding free energy of approxi-
mately —20 kcal/mol per oxygen atom surrounding the cation. Hence it
seems reasonable to suspect that the f-diketones and the TOPO replace
three of the water molecules in the cation's hydration shell, possibly
leaving one still attached to the cation.

Regarding AG, the largest differences between simple and complex
systems are for the systems (Li*; Mg?'; Ca®'; Sr?")eFDODeTOPO
(around 110%) and (Na™; KT)eBTAeTOPO (between 120 and 200%).
Based on the free energy, the extraction order of the cations is Mg?t >
Ca?" > sr?" > Li* > Na® > K', Mg?", Ca®" and Sr®" cations have
slightly higher free energy, between 1.8 (Sr>7) to 2.6 (Mg?") times, than
lithium with DBMeTOPO and LIX54eTOPO systems (Fig. 8). In this
sense, it can be thought that lithium could not be selectively extracted
against these cations, however, the hydration energy of these cations
must be taken into account, since it shows how energetically the cations
are bound to the water molecules. Thus, the analysis of the relation of
the equilibrium constants of the complexation (k,.) and hydration (k)
reactions is carried out in the next section, in order to analyse selective
extraction of lithium from seawater desalination concentrates.

3.3.3. Equilibrium constants and selectivity lithium from seawater
desalination concentrates

Using the free energy AG obtained in Section 3.3.2 and employing
Eq. (5) it has been computed complexation (k) and hydration (k)
reactions for each cation. These constants were subsequently used to
calculate the extraction constant K (Eq. (8)). The natural logarithm of
the extraction constant for each combination cation e extractant/s is
represented in Fig. 9. Numerical values of the natural logarithm of k.,
ken and K are available in the supplementary material.
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Fig. 7. Alternative stoichiometries of Li"eDBMeTOPO complexation.

As expected, the extraction constant directly correlates with the AG
results: composite systems perform better (have a more positive In(K))
than simple ones. The extraction coefficients for all cations are major
when the combined extractant systems are used than in the case of using
a single extractant. Additionally, all group I cations have a better
extraction constant K compared to group II ones so much each extractant
and each extractants combination following the order K(K*) > K(Na™)
> K(Li") > K(sr*") > K(Ca%h) > K(Mg?") (Fig. 9). This may seem
striking at first, considering how the bonds of the latter are generally

stronger than those of the former, but one must also bear in mind that
group II cations sport much larger hydration constant (k), and hence,
are harder to extract of aqueous phase than cations of group I (Ink., =
394.20 (Mg?") > Inkep, = 274.99 (Ca?") > Ink,y, = 227.15 (Sr2%) > Inke,
=131.21 (Li") > Ink., = 88.27 (Na™) > Ink., = 53.94 (K1)). As previ-
ously mentioned in Section 2.2, the choice of n = 4 as coordination
number was made somewhat arbitrarily in order to compare all cations
equally. While this choice is appropriate for Li™ (and also Mg+, due to
their similar ionic size), it is thought that the appropriate coordination
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number for the larger cations is also higher (n = 5 for Na*, n = 6 for K*,
n = 8 for Ca?*, etc. [46,72]). This means that Nat and K* hydration
energies are probably underestimated, as there should be more water
molecules in their hydration shell, hence augmenting their k.. This
means, however, that even in the worst case scenario for lithium, it is
still selectively extracted over all group II cations [31], and to a lower
extent from other cations from group I

Once extraction constant K has been calculated for all systems, it is of
special interest to determine the selectivity of Li" regarding the rest of
the metal ions presenting seawater desalination concentrates. Fig. 10a
shows the lithium selectivity for group II cations and extractant or
extractants combined, calculated as defined in Section 2.2 (Eq. (9)). In
the same way, Fig. 10b shows the lithium selectivity for group I cations
and extractant or extractants combined. In addition, Fig. 10b shows the

M Li* ®Na* 4 K* ®Mg?* ™ Ca?* M Sr?*

S § £ £ £ 2 0 & v a0
FEFEES§RES
-l [

DBMeTOPO
LIX54TOPO
TTAeTOPO
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BTATOPO

Fig. 9. InK for cation e extractant/s systems.
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selectivity of Li" regarding the rest of the cations.

First of all, it should be noted that the selectivity values give a
qualitative character to the separation reached in this study, since it is a
quotient of very small equilibrium constants. As it is expected, based on
extraction constant K, Li" is selective towards group II metal ion
(Fig. 10a). The order of selectivity is S(Li*/Mngr) > S(Li*/Ca2+) > S
(Li*/sr*"). The highest selectivity is referred to TBP, TRIS and BIS
extractants system and for the combined mixtures BTAeTOPO and
FDODeTOPO. However, following equal reasoning, Fig. 10b shows that
Li* is less selective towards the group I metal ions, being S(Li*/Na™) > S
(Li*/K™). In this situation, p-diketone extractants, DBM and LIX54 are
the most selective in individual simulations, but mixtures are more se-
lective, with DBMeTOPO coming first, followed by LIX54eTOPO and
BTAeTOPO. Contrary to the case of group II, FDODeTOPO is least
selective.

Finally, it can be concluded that selectivity of Li* regarding the rest
of the cations and the 16 extractants and mixtures of extractants studied
(Fig. 10b), i) is lower than the selectivity with respect to each cation, and
approximately equal to selectivity Li* /K" due to the fact that the K of
potassium is significantly lower than that of the rest, ii) the most se-
lective extractants are FDODeTOPO for group II metal ions and
DBMeTOPO for group L. It is worth noting that in correspondence with
the extraction constants, the DBMeTOPO mixture is the one with the
highest extraction constant value. In view of the results obtained, the
decision to use one or another extractant or their combination will
depend on the needs raised, as well as the possibility of developing an
extraction process in stages.

4. Conclusions

In this work, a computational study of the most promising of
extractants towards lithium in presence of the metal ions found in higher
concentrations in the desalination brines such as Na*, K*, Mg?*, Ca®*
and Sr*>* was carried out. For this, their equilibrium and thermodynamic
properties have been obtained via molecular simulation using ab initio
Density Functional Theory (DFT) simulations.

To the best of knowledge, it was managed to clarify the nature and
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distance of cation-extractant/s bonding for the first time in the open
literature. Using the square of the electronic wave function it was
observed that the electronic density accumulates around the nuclei and
connects the atoms within the molecule going to zero in the bonding
region, confirming that it is an electrostatic (ionic) interaction. The
double-bond oxygen atoms in the p-diketones are the most likely
docking location for the cations. Regarding the bond distance, both in
the case of the p-diketones and phosphates, Li* presented the shortest
distance versus the rest of the cations, especially with the extractants
DBM and TOPO. By and large, p-diketones showed larger bonding dis-
tances compared to the organophosphates. The presence of highly
electronegative species in the radicals of the extractants, such as fluorine
(p-diketones) or additional oxygen atoms (organophosphates), appears
to weaken the cation-ligand bond.

The complexation reaction energies of the simple systems formed by
a cation and a single extractant (f-diketone or organophosphate) dis-
played negative AE and AG values, meaning the final complexes are
stable and that the reaction may happen spontaneously. In general
terms, the complexes were formed follow the order Mg?" > Ca®" > sr?*
> Li" > Na®™ > K" and preferably with g-diketones, especially DBM and
LIX54 and organophosphate TOPO. Base on the energy results of the
simple systems, organophosphate TOPO was selected in order to study
the synergic effect of p-diketone e organophosphate extractants on the
extraction of Li". Combining the p-diketones with TOPO in a 1:1 ratio
increased the reaction energy and the free energy (absolute value)
versus simples systems (keeping the order of extraction). Based on the
AG, the best extraction was for the cations Mg?" > Ca®" > sr?" > Li* >
Na® > K" and the DBMeTOPO and LIX54eTOPO systems.

With the aim of studying the selective extraction of lithium, the
analysis of the relation of the equilibrium constants of complexation
(keo) and the constants of hydration of the cations (k.y) named extraction
coefficient, K. This coefficient followed the order K(K™) > K(Na™) > K
(Li") > K(Sr*h) > K(Ca®™) > K(Mg?") due to mainly that group II cations
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sport much larger hydration constant. K(Li") could get better due to
Ca?*, Sr?*, Na™ and K' hydration energies are probably under-
estimated, as there should be more water molecules in their hydration
shell, hence augmenting their k.. Coordination number n = 4 was used
arbitrarily to calculate simulation. Finally, selectivity Li™ towards each
cation and selectivity towards total cations was calculated. The order of
selectivity regarding cations of the group Il was S(Li*/Mg?") > S(Li*/
Ca%") > S(Li*/Sr?") referred to TBP, TRIS and BIS extractants system
and for the combined mixtures BTA¢TOPO and FDODeTOPO. Li* cation
was less selective towards the group I metal ions, being S(Li*/Na™) > S
(Li"/K™) for B-diketone extractants, DBM and LIX54 and DBMeTOPO,
LIX54eTOPO and BTAeTOPO. Selectivity of Li* regarding the rest of the
cations and the 16 extractants and mixtures of extractants studied was
lower than the selectivity of Li* with respect to each individual cation
and similar to S(Lit/K™).

It is expected that the results obtained from these simulations will
contribute to a better understanding how these extractants act with re-
gard to the selective extraction of Li* in seawater desalination concen-
trates, and, therefore, reduce the experimental work required in these
studies. In view of the results obtained in this work, the decision to use
one or the other extractant or its combination will depend on the needs
raised, as well as the possibility of developing an extraction process in
stages.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.desal.2022.115704.
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