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HIGHLIGHTS

o Selective separation of lithium from model seawater desalinization brines

¢ 100 % Li" extraction reached for FDODeTOPO (pH = 9.0) from multicomponent model brines
©95.4 % Li* extraction reached for DBMeTOPO (pH = 12.2) from multicomponent model brines
o Not significant extraction of Na*, K*, Mg?", Ca®" and Sr*" observed for FDODeTOPO

o Not significant extraction of Na*, K™, Mg?", Ca>" and Sr?* observed for DBMeTOPO

ARTICLE INFO ABSTRACT

Keywords: Seawater reverse osmosis (SWRO) desalination plants generate high volumes of concentrates, which contain, in
Lithium addition to major salts, some elements of growing interest in minor concentrations. This is the case of lithium,
SWRO brines highly demanded in the battery industry. In this work, the separation of Li* from model SWRO brines has been
FD]];(I\)/[];T,?CI;EO evaluated by obtaining Li" extraction curves with the combination of extractants DBMeTOPO and FDODeTOPO,
Solvent extraction proving that both mixtures are capable of extracting Li* under basic pH conditions, due to the keto-enolic
Selectivity tautomerism of the p-diketones. Li* extraction values of 95.4 % for DBMeTOPO (pH = 12.2) and 100 % for

FDODeTOPO (pH = 9.0) were achieved. This behaviour was verified by the FT-IR analysis of the sample before
and after the Li* extraction. Finally, the selective separation of Li* against other cations, such as Na*, K*, Mg?*,
Ca%* and Sr?*, present in the model brines at higher concentrations, was determined. Under mentioned
experimental conditions, these cations are not extracted, reaching to Li* selective separation close to 100 %. This
study shows the first results on the selective extraction of lithium in complex SWRO brines, fostered through
promising extractants mixtures showing a synergic effect towards Li* in such multicomponent matrices.

1. Introduction

Global population growth is leading to an increase in demand for
resources. The depletion of conventional reserves encourages to explore
alternative ways of producing freshwater, energy and raw materials. In
recent years, an increasing number of desalination plants have been
installed around the world in an effort to overcome freshwater scarcity
[1]. In 2021, global desalination operating capacity was estimated at
79.35 million m® day ! [2,3]. According to these studies, desalination
capacity would almost double by 2050, based on past growth trends.
With this high volume of desalination water, global brine production
(concentrate from desalination plants) is estimated to be in the order of
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141.5 million m® day™! [4], and is expected to increase in the coming
years, making this waste stream a new focus of exploration for its po-
tential in mineral supply. Seawater contains practically all the elements
of the periodic table, some of them valuable minerals, such as lithium,
strontium or nickel, found in large quantities, taking to account the
volume of seawater, but not in high concentrations. Knowing that these
salts are concentrated in the brines from desalination plants, these waste
streams can be converted into a new source of minerals [5,6]. The val-
orisation of seawater reverse osmosis (SWRO) desalination brines not
only helps to recover different critical materials, but also reduces the
impact generated by their discharge, being an advance in the sustain-
ability of desalination processes, helping to promote the principles of the
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circular economy in this sector.

Among the variety of elements that can be recovered from brines,
lithium is of crucial relevance due to its exponentially growing demand.
Lithium production reached approximately 100,000 tons in 2021, 21 %
more than in 2020, which suffered a drop due to the global COVID-19
pandemic impact on the economy, and almost doubled 2016 produc-
tion [7,8]. This increase in production is linked to rising lithium con-
sumption, reaching 93,000 tons in 2021, especially for lithium batteries
which are widely used in the growing market for electric vehicles and
portable electronic devices, and are increasingly used in power tools and
grid storage applications. The global lithium resources were about 89
million tons (Mt) in 2021, highlighting the countries that conform to the
lithium triangle: Bolivia (21.0 Mt), Argentina (19.0 Mt), and Chile (9.8
Mt). The amount of global Li" reserves from primary resources is
approximately 22 Mt [8]. Several countries have significant quantities of
this natural resource, but for some reasons (technical, economic or
governmental) have not yet started to produce it. According to the EU,
lithium overdoes the threshold for economic importance and it is very
close to the threshold of the supply risk, hence it has been incorporated
for the first time as one of the raw materials declared critical by the
European Commission in 2020 [9], requiring the exploration and pro-
cessing of all viable resources. Given that Li" is on the boundary be-
tween being economically feasible and economically challenging to
recover from treated seawater brines [10], due to its low concentration
in the brines and its market price, represents defiance to find new
sources and recovery technologies that bring both economic and envi-
ronmental improvements.

Thanks to the advances in the technology, the 4 most concentrated
cations in seawater, sodium (Na™, 10,800 mg L’l), magnesium (Mg2+,
1290 mg L’l), calcium (Ca2+, 411 mg L™ 1) and potassium (K, 392 mg
L_l) are already commercially extracted [6,11,12]. Currently, the main
challenge is to develop cost-effective strategies for the selective sepa-
ration of minerals that have a high market value, but are found in low
concentration in seawater and brines, such as lithium, which with an
average concentration of 0.17 mg L™ is the most abundant ion in the sea
after the four currently commercially extracted [10]. Literature sources
have reported that research into the separation of these minority salts
has been undertaken with pure compounds [13-15]. Nevertheless, the
study of the competition of the different ions present in these brines
could be a novelty. According to literature, liquid-liquid (or solvent)
extraction has been shown to be a widely used method for separating
alkali cations [16-19], providing major benefits as the low cost, high
product yield and recyclable extractants [5,17-20].

In previous works [21], we carried out a study via molecular simu-
lation using ab initio Density Functional Theory aimed in order to select
the most selective extractants towards lithium in the presence of Na™,
K', Mg?*, Ca®" and Sr?" cations found in higher concentrations in the
desalination brines. This study has represented an advance in knowl-
edge, since at the time of writing, there were no experimental results in
which all six cations were present at the same time; most of the literature
does not consider, among others, Sr?* cation. After a literature search,
solvent extractants were selected, specifically from the family of or-
ganophosphates and f-diketones [21]. Organophosphates tri-
octylphosphine oxide (TOPO), tributyl phosphate (TBP), bis(2-
ethylhexyl) phosphate (BIS) and tris(2-ethylhexyl) phosphate (TRIS)
were chosen. From the B-diketones family, there is literature in which
extractants as dibenzoylmethane (DBM), 2-thenoyltrifluoroacetone
(TTA), benzoyltrifluoroacetone (BTA), heptafluoro-
dimethyloctanedione (FDOD), and 4,4,4-trifluoro-1-(2-furyl)-1,3-buta-
nedione (FTA), were used in combination with organophosphates as
co-extractants to improve cation selectivity and extraction efficiency
[22-24]. In the computational study, the equilibrium and thermody-
namic properties of Li*, Na*, K*, Mg?*, Ca®* and Sr>* were obtained
using Density Functional Theory (DFT). Based on the energetic results of
the single systems, the organophosphate TOPO was selected to study the
synergistic effect of p-diketoneeorganophosphate extractants on Li*
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extraction. The combination of p-diketones with TOPO in a 1:1 ratio
provided better values of free energy compared to the simple systems.
Finally, the selective extraction of lithium in the presence of the other
cations was predicted by the analysis of the relationship between the
equilibrium constants of complexation and hydration reactions. The
FDODeTOPO system with respect to the group II cations (Mg2+, Ca?*
and Sr?*), and the DBMeTOPO system with respect to the group I cations
(Na™ and K*) were the most selective mixtures [21]. These results have
provided knowledge on the behaviour of the most promising extractants
towards Li* in seawater desalination concentrates, thus demonstrating
the importance of molecular simulation for forecasting scenarios,
reducing the experimental work required in these studies.

Facing advancing knowledge, the aim of this work is to determine
the feasibility at laboratory scale of the selective and effective extraction
of Li" in the presence of other competitive ions found in SWRO,
employing extractant mixtures and liquid-liquid extraction as the sep-
aration technology. For this purpose, organophosphate TOPO, and
B-diketones DBM and FDOD have been used as extractants. The extrac-
tion of the cations has been studied with the extractants individually and
with organophosphateef-diketone systems, in order to evaluate the
synergistic effect between them during the extraction process. Extrac-
tion performances of Li™ and other cations have been obtained for each
combination of extractants. The results obtained are expected to provide
a preliminary view of the behaviour of the most promising extractants
towards Li™ from seawater desalination concentrates.

2. Materials and methods
2.1. Materials and instruments

All used reagents were of analytical grade and were dissolved in
deionized water purified. Lithium chloride (LiCl, >99 %) was purchased
from Labkem (Spain). Sodium chloride (NaCl, >99.5 %), calcium chlo-
ride (CaCly, 99 %), and strontium chloride (SrCly, >99 %), were pur-
chased from Fisher Scientific (Belgium). Potassium chloride (KCl, >99.5
%) was purchased from Scharlab S.L. (Spain). Magnesium chloride 6-hy-
drate (MgCly-6H20), and ammonia (NHs, 25 %) were obtained from
PanReac AppliChem (Spain). Nitric acid (HNOs, 65 %) was purchased
from Sigma Aldrich (Germany). Standard solutions of 1000 mg L™} each
of lithium, sodium, potassium, magnesium, calcium and strontium were
obtained from Agilent (CA, USA). Deionized water was produced by a
Milli-Q ultrapure water purification system (Millipore). Extractants
dibenzoylmethane (DBM, 98 %), and trioctylphosphine oxide (TOPO,
99 %) were obtained from Acros Organics (China and Japan respec-
tively). Extractant heptafluoro-dimethyloctanedione (FDOD, 95 %) was
purchased from AA Blocks (CA, USA). Kerosene (ShellSol D70) was
purchased from Kremer (Germany).

The instruments used were as follows: a pH meter (GLP 22, CRISON)
to measure the pH of the aqueous phase. A thermostatically heated
magnetic stirrer (2mag) was used for the liquid-liquid extraction pro-
cess. A Microwave Plasma-Atomic Emission Spectroscopy (MP-AES
4210, Agilent Technologies) was used to determine the concentration of
cations in the aqueous solution before and after extraction. Finally, a
Fourier transform infrared (FT-IR) spectrophotometer (Spectrum 65,
Perkin Elmer) was used to analyse the structure of individual extractants
and the composition of mixtures.

2.2. Experimental procedure

In order to prepare the aqueous phases, the required amounts of LiCl,
NacCl, KCl, MgCl,, CaCl, and SrCl, were dissolved in ultrapure water. A
specific volume of NHs or HNO3 was added when specific pH was
required. Table 1 shows range of concentration of the main cations
present in SWRO brines according to the literature. Additionally, cation
concentrations used in the multicomponent aqueous phases (Sections
3.3.2 and 3.3.3) are shown in Table 1. The initial conditions used in
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Table 1
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Range of concentration of the main cations present in SWRO brines according to literature. Composition of model brine used in this work.

Concentration range in brines

Lit Na® K" MgZ* CaZt S
0.3-2 1670-25,000 43.1-1094 200-7600 87-2800 4.56-121 Real brines (mg LY [25-27]
2 2000 990 1673 1090 121 Model brines (mg L) This work

individual cation aqueous phase have been specified within each of
these parts (Sections 3.1 and 3.3.1).

In the same way, two different kinds of organic phases have been
used: i) single extractant (organophosphate or -diketone) and ii) binary
mixtures (organophosphate + f-diketone). The organic phase with only
one extractant was prepared by diluting in kerosene TOPO or p-diketone
(DBM or FDOD). Then heated and stirred at 70 °C on the stirrer to obtain
a clear liquid, and subsequently cooled to room temperature. The
organic phase compose TOPO and DBM or FDOD was mixed and diluted
in kerosene in 1:1 molar ratio, selected according to the previous results
obtained by molecular simulation. Combining the p-diketones with
TOPO in a 1:1 ratio the reaction was spontaneous (AG < 0) while a 1:2
ratio implicated a nonspontaneous reaction (AG > 0). This scenario can
be due to steric issues, as the interaction of the TOPO chains with the
B-diketone radicals could hinder -or at least compete with- the coordi-
nation of the phosphate’s oxygen atoms around the cations [21].

Organic and aqueous phases were mixed in glass bottles with equal
volume ratio (O/A = 1) and were shaken vigorously in the stirrer at a
speed of 500 rpm until the extraction equilibrium was achieved. All
experiments were carried out at room temperature. Later, the salt con-
tent of the aqueous phase was analysed by the MP-AES. Previously, it
was diluted with ultrapure water and acidified with 5 % HNOs. The
cation extraction was defined as Eq. (1):

Cy—C,

100
G

Extraction (%) = (€]

where Cj is the initial concentration of the cation in the aqueous phase
(mg L™Y), and G, is the equilibrium concentration of the cation in the
aqueous phase (mg L™h.

Li* Na* mK*

3. Results and discussion

3.1. Feasibility of cations extraction from individual cations aqueous
phase using fp-diketone or/and organophosphate

The feasibility of p-diketone or/and organophosphate as an organic
phase was evaluated by extraction experiments performed using indi-
vidual cations aqueous phase. In this way, six individual aqueous phases
were prepared, one for each cation, Li*, Nat, K*, Mg?*, Ca®" and Sr?™,
with an initial concentration of 0.03 mol L. The ratio [Extractant]/
[Cation] = 2 was chosen based on the literature. Thus, Zhang et al. [13]
achieved 80 % Li" extraction using HFTAeTOPO with a molar ratio to
Lit between 2 and 3. Kinugasa et al. [28] applied the p-diketone-
eorganophosphate mixture of LIX 54eTOPO for lithium extraction,
testing with molar ratios between 1 and 5. Pranolo et al. [29] employed
LIX 54 with the neutral ligand Cyanex 923 with a molar ratio [Extrac-
tant]/[Li"] = 4, reaching 95 % extraction. In another study, Zhang et al.
[30] used a HBTAeTOPO mixture with a molar ratio to Li* of 3,
achieving approximately 80 % of extraction. The concentration of
TOPO, DBM and FDOD was 0.06 mol L™ when used individually and
0.03 mol L™ for each extractant when used in combination. Extraction
experiments were performed at a neutral initial pH of the aqueous phase
PHagq,i = 6.0, below the pKa of each extractant (8.95 for DBM and 6.71
for FDOD [31]). Using DBM, FDOD and TOPO individually neither LiT
nor Mg?" were extracted. Na* and K extractions did not exceed 2 %.
Ca?* and Sr?" presented the highest extraction values, but did not
exceed 10 %. Using p-diketonesTOPO combinations, Sr** was the cation
with the highest extraction value (below 10 %), while the rest of the
cations were extracted between 1 and 5 %.

Literature sources reported the extraction of lithium from the aqueous
phase using an extraction system consisting of p-diketone and organo-
phosphate at basic pH. In these conditions, the p-diketone is protonated
and as a consequence, a proton-cation exchange with the extractants is

"] Mg2+ ca2+ Sr2+

100

% Cation extraction (log scale)
(=Y
o

; il

DBMeTOPO FDODOTOPO: DBMeTOPO FDODeTOPO

6.0 I

DBMeTOPO FDODeTOPO

8.0 12.0

Initial pH

Fig. 1. % Extraction of Li", Na*, K", Mg?*, Ca®" and Sr*" from individual cations aqueous phase at different PHag,i values (6.0, 8.0 and 12.0) using the mixtures

extractants DBMeTOPO and FDODeTOPO.
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produced [32,33]. Accordingly, experiments using an aqueous phase with
individual cations and individual extractants and mixtures p-diketone-
eorganophosphate ([Extractant]/[Cation] = 2) were carried out at the
PHag,i to 8.0 and 12.0. Group II cations (Mg>", Ca** and Sr**), which tend
to precipitate as salts at basic pH values, were not evaluated at pH > 9.0
[25,34-36]. The obtained results were similar to those obtained at pHagq;
~ 6.0, for both the individual and mixtures extractants.

In order to better determine the influence of extractants synergic
effect at different pHs, extraction experiments were carried out using a
concentration of 0.02 mol L™! of each cation and mixtures of 0.1 mol L™}
B-diketone plus 0.1 mol L~ TOPO. Thus, the ratio [Extractant]/[Cation]
was increased to 10, employing an excess of organic phase to encourage
the extraction. The results obtained are reflected in Fig. 1. It can be
observed that at a pHag; ~ 8.0, above the pKa value of FDOD (6.7),
extraction of all cations is lower than 10 %. In contrast, in the case of an
extremely basic pHaq; = 12.0, the DBMeTOPO mixture was able to
extract about 85 % of Li", while FDODeTOPO extracted 93 %. At this
PH, extraction of magnesium, calcium and strontium was not carried out
due to the precipitation phenomenon.
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3.2. Analysis of extraction mechanism of systems Li' o[-
diketoneeorganophosphate

Given the promising results obtained in the feasibility study, the FT-
IR spectra were performed on the organic phases DBMeTOPO and
FDODeTOPO, in order to know the pH influence on the Li" extraction
process. The FT-IR spectra of the individual extractants are included in
the Supplementary data. FT-IR analysis were performed for both mix-
tures and three experimental conditions: 1) before extraction, when the
organic phase has not been contacted with the aqueous phase, 2) after
Li* extraction from the aqueous phase at acidic initial pH, pHaq; = 3.0,
and 3) after Li" extraction from the aqueous phase at basic initial pH,
pHaq,i = 12.0. Fig. 2 shows the FT-IR analysis for the DBMeTOPO
combination. As can be observed, before and after Li* extraction from
the acid aqueous phase, no change in the spectrum was observed,
namely, the structure of the extractants was not modified. The charac-
teristic peak at 1220 cm™! belongs to the P—0 stretching vibration of
TOPO, which remained unchanged before and after extraction in both
pH conditions. This fact is indicative of a purely electrostatic attraction
between the cation and the extractant, with hardly any charge transfer
to the cation, according to the results of the molecular simulation study

a) Before extraction | :
i | !
I M
1
1
52 |b) After acidic extraction : |
‘o W '
(%)
c 1
] |
E I
€ : I
2 |c) After basic extraction : |
©
- |
= | I
1738 cm?® |
(c-0) 1 1539 cm™! 11220 cm™?
1 (C=0) , (P=0)
2250 2050 1850 1650 1450 1250 1050 850 650

Wavenumber [cm™]

Fig. 2. FT-IR spectra of organic phase DBMeTOPO a) before Li* extraction, b) after Li* extraction in acidic pHagq,;, and c) after Li* extraction in basic pHaq ;.

a) b)
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0 Li l0) H* .
U H Li*
I .. R H*
HH OH"
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2 T . .
07 :0: H(n+ oH 0 :o-r\Li+ :+H H* OH
é I P: H+Li* H g I é o
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Organic phase Aqueous phase

Fig. 3. Tautomeric effect of a f-diketone at basic medium in presence of Li*.
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Fig. 4. FT-IR spectra of organic phase FDODeTOPO a) before Li" extraction, b) after Li" extraction in acidic pH,q;, and c) after Li" extraction in basic pHag,i.

from Coterillo et al. [21]. The peak at 1539 cm~! was assigned to the
C=O0 stretching vibration of DBM, which exhibited a higher intensity
after the extraction in a basic medium (Fig. 2c). Finally, a new band
formed in the spectrum of extraction, 1738 cm ™2, at basic pH. This peak
is characteristic of an enol group corresponding to the family of 1,3-dike-
tone, after suffering the tautomeric effect [37], i.e., Fig. 2c shows the
spectrum corresponding to the behaviour of the keto-enol equilibrium or
keto-enol tautomerism. In general, a-hydrogens directly adjacent to a
carbonyl group, display unusual acidity. Because of this acidity, many
carbonyl groups containing molecules undergo a proton-transfer equi-
librium called keto-enol tautomerism. The keto form implies that the
tautomer contains a (or various) carbonyl bond while enol implies the
presence of a double bond and a hydroxyl group. In neutral medium,
tautomerisation is slow but it can be accelerated by catalysis with acids
or bases. As shown in Fig. 3, in basic medium, in a first step, anion hy-
droxyl is transferred to the organic phase attacking the acid carbon of
the extractant and stripping off an a-hydrogen to form an alkene with
the adjacent carbon. This causes the & electrons of the carbonyl to move
onto the oxygen forming an enolate anion. In Li* presence, the oxygen of
the enolate anion bond with said cation, so that the proton is transferred
to the aqueous phase in order to maintain the electroneutrality of the
charges in both phases (Fig. 3c) [22,30,35,38,39].

Similarly, Fig. 4 shows the FT-IR analysis for the FDODeTOPO
combination. Before extraction and after extraction from an acid system
(pHagq,; = 2.0), the spectra were practically the same, confirming that no
Li" has been extracted, and therefore the structure of the extractants had
not changed. The characteristic peak at 1128 cm ™ corresponds to the
stretching vibration P—=0 of TOPO. This peak has varied with respect to
FT-IR of the DBMeTOPO system due to FDOD having a very electro-
negative radical, F~, in a close wavelength, 1234 cm ™! belonging to the
C—F. At basic system (pH,q,; = 11.0), a new peak was observed at 1639
cm ™Y, in line with the fact that at higher wavenumbers the band of the
keto form and the unbound enolic form of the p-diketone appear. These
results confirmed LiTeFDODeTOPO complex was formed.

3.3. Extraction Li"/competitive cations from model brine solutions using
p-diketoneeorganophosphate systems

3.3.1. Separation system definition

As conclusion of the experimental results obtained in the sections
previous, in a second stage, the study of the extractants concentration
influence on the separation of lithium from model brines solutions was
carried out. For this purpose, higher molar ratios [Extractant]/[Li"]
have been used in order to promote the extraction process. All operation

conditions are indicated in Table 2. The experimental results obtained
are shown in Fig. 5.

Fig. 5 shows that, under the experimental conditions used, it is
possible to extract >90 % of Li* with both systems, reaching 100 % in
the case of FDODeTOPO system for [FDODeTOPQO]/ [Lif] higher than
50. On the other hand, [DBMeTOPO]/[Li"] molar ratios below 25 are
not able to significantly extract Li* from the feed solution while
requiring a ratio of 175 to achieve 90 % extraction. From these results,

Table 2
Operating conditions for the selection of the extractant concentration.

Set conditions

Initial pH in the aqueous phase (pHaq,i) 12
Volumetric ratio organic/aqueous phase (O/A) 1
Molar ratio p-diketone/TOPO 1

Li* concentration in the aqueous phase ([Li*]) 2mg L' (2.88:107* mol L™1)

Variable conditions

Extractants/Li* 15 25 50 100 150 200
concentration ratio
Extractants concentration
[mol L]
Operation time (min) 10°

0.004 0.007 0.014 0.029 0.043 0.058

@ Equilibrium reach at 10 min in all experiments.

4 DBMeTOPO BFDODeTOPO

110
100 »—u—= = m
90 u .
80 ]

60
50
40
30 P
20
10

% Li* extraction
*

0 25 50 75 100 125 150 175 200 225
[Extractants]/[Li*] ratio

Fig. 5. Li" extraction percentage for molar ratios [DBMeTOPO1/[Li*] and
[FDODeTOPO]/[Li*] showed in Table 2.
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[FDODeTOPO]/[Li"] = 50 and [DBMeTOPO]/[Li"] = 200 molar ratios
were chosen, in order to study experimental extraction for each indi-
vidual cation and into their mixtures. The results of these experiments
are presented and discussed in the following sections.

3.3.2. Cation extraction curves for DBMeTOPO system

The defined separation system was used to study the extraction and
possible competitiveness of the alkaline and alkaline earth cations pre-
sent in the seawater desalinization concentrates versus Li". The
extraction curves for the cations Li*, Na™, K+, Mg?", Ca®" and Sr*>*, with
the concentrations corresponding to the model brines of this work
(indicated in Table 1), were carried out for DBMeTOPO combination. In
the first stage, the extraction curves for all the cations were carried out
individually, i.e., with monocomponent aqueous phases. Fig. 6a shows
the extraction percentages of each cation for the DBMeTOPO extractants
combination against equilibrium pH. Mg?*, Ca?" and Sr?>* were not
assessed beyond the initial pH,q; in the aqueous phase of 9.8, 11.15 and
11.33, respectively, because they precipitate in hydroxides and car-
bonates form [40]. Fig. 6b shows the possible bonding mechanism of
LiTeDBMeTOPO and Fig. 6¢ shows the variation of the equilibrium pH of
the aqueous phase with respect its initial pH.

Fig. 6a shows that alkaline cations, Na* and K™, and alkaline earths,
Ca?*, Mg?" and Sr?", were not extracted at any pH evaluated. The Li*
behaviour was completely different. As can be observed in Fig. 6a,
lithium began to be extracted, ~4 %, at an equilibrium pH of around 8.5,
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increasing exponentially until 95.4 % at an equilibrium pH = 12.2. This
phenomenon is related to the tautomeric effect of p-diketone DBM, that
relies on the aqueous phase initial pH and extractant pKa. When pH =~
pKa, i.e., in presence of hydroxyl ions, DBM undergoes an enolization
process, as has been described in Section 3.2 (Fig. 3). Li, due to its small
size has a coordination number = 4 and hybridation sp®, i.e., four empty
orbits capable to coordinate with four oxygen atoms, corresponding to i)
oxyanion of the DBM extractant, which is exchanged for the proton from
the acid carbon, ii) ketone group of DBM extractant, iii) oxygen atom of
the TOPO extractant, and possibly, iv) oxygen atom of a one water
molecule, that carries with Li" from the aqueous phase, to form a chelate
ring [39,41-43] (Fig. 6b). As can be seen in Fig. 6¢, when the aqueous
phase is acidic, the protons are transferred to the organic phase, pro-
ducing the enolic form of the extractant molecule (Fig. 6¢, 1), however,
this reaction hardly occurs, since it is hugely unfavorable, therefore
hardly influences the equilibrium pH. As soon as the initial pH of the
aqueous phase increases to around the pKa value of the extractant, the
migration of hydroxyl ions from the aqueous phase to the organic phase
takes place together with the transfer of a-hydrogens from the DBM
extractant to the aqueous phase, taking place to the enol and keto forms
of the B-ketone, which coexist in equilibrium (Fig. 6¢, 2). In this case, it
produces a decrease in the equilibrium pH of the aqueous phase, with
respect to the initial pH. If the aqueous phase has a fairly basic initial pH,
the enolate form of the organic molecule is produced, which facilitates
its binding to the Li™ cation, leading to extraction (Fig. 6¢, 3). In this
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Fig. 6. a) Extraction percentage of the cations from monocomponent systems versus equilibrium pH, b) possible bonding mechanism of Li*eDBMeTOPO, c) variation
of the equilibrium pH versus the initial pH of the aqueous phase. [DBM] = 0.03 mol L™!; [TOPO] = 0.03 mol L™!; O/A = 1; time of extraction = 10 min.
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Fig. 7. Extraction percentage of the cations from monocomponent systems
(filled) and multicomponent systems (empty). DBMeTOPO. [DBM] = 0.03 mol
L% [TOPO] = 0.03 mol L™'; O/A = 1; time of extraction = 10 min.

situation, initial pH is similar equilibrium pH (Fig. 3). As described, the
combination of DBMeTOPO extractants is not able to extract any of the
alkali cations K and Na™ at any pH value. This singularity is directly
related to the ionic radius and to the coordination number of Li* versus
Na* and K*. The ionic radius of lithium, 0.68 A, is very small compared
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to the ionic radius of Na*, 0.97 A, and K™, 1.33 A. This results in a higher
value of charge density (z/r) for lithium, 1.47 ;\_1, compared to Na™,
1.03 1°\’1, and K", 0.75 A1l Asa consequence, the combination with the
extractants becomes weaker for Na™ and K™, nevertheless, for Li, leads
to stronger electrostatic interactions and to the formation of a more
stable complex. Besides, it is well-known that Na™ and K" form com-
plexes with p-diketones employing a coordination number of 6. So that is
probably, that the generated bonds in these types of complexes are very
weak, among other reasons, because it requires the incorporation of two
water molecules in order to obtain hexa-coordination, i.e., an octahedral
geometry.

The influence of Na* and K*, Ca>", Mg?" and Sr?* in the extraction
of Li" by means DBMeTOPO system was experimentally evaluated.
Fig. 7 shows extraction curves for the multicomponent system (empty
symbols). The extraction curve of the monocomponent system (filled
symbols) has also been included for the sake of comparison. In the same
direction that for the monocomponent system, the extraction of Na™ and
K', Mg?", Ca?t and Sr?* was completely zero at any equilibrium pH
value. Li" remained the only cation extracted from an equilibrium pH
higher than 9.0 with a 10 % extraction, reaching the maximum extrac-
tion value, 95.4 %, at a pH of 12.2, with or without the presence of Na™
and K. These results provide shreds of evidence facing selective lithium
extraction can be achieved by DBMeTOPO system in the presence of
alkaline cations. Mention, that, the initial and equilibrium pH follow the
same trend as in the case of monocomponent systems, as expected.
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Fig. 8. a) Extraction percentage of the cations from monocomponent systems versus equilibrium pH, b) possible bonding mechanism of Li*eFDODeTOPO, c)
variation of the equilibrium pH versus the initial pH of the aqueous phase. [FDOD] = 0.03 mol L™}; [TOPO] = 0.03 mol L™}; O/A = 1; time of extraction = 10 min.
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3.3.3. Cation extraction curves for FDODeTOPO system

As in the previous section, with the best Li* extraction conditions
obtained in Section 3.3.1, the individual extraction curves of Li", Na™,
K', Mg2+, Ca®* and Sr?*, with the concentrations corresponding to the
model brines of this work (indicated in Table 1), were performed with
the extractants combination FDODeTOPO for [FDODeTOPO]/[Li"] =
50, represented in Fig. 8a, while Fig. 8b shows possible bonding
mechanism of LiTeFDODeTOPO, and Fig. 8c shows the equilibrium and
initial pH of the aqueous phase.

For FDODeTOPO system alkaline cations Na™ and K* and alkaline
earth, Mg?t, Ca®" and Sr?" were not extracted at any pH evaluated.
Mg?*, Ca?" and Sr®* were not assessed at an initial pH >9.8. Li" shows
the same trend, but in other ranges of pH and extraction percentage
(Fig. 8a). At equilibrium pH 8.5 and 10.97, extracted Li* is around 25 %
and 98.7 %, respectively, for FDODeTOPO system, versus a 4 % and 80
%, respectively for DBMeTOPO system, namely, the extraction curve
using FDODeTOPO system is displaced towards the acid zone. Given
both extractant, DBM and FDOD are f-diketones, their performance
towards extraction of Li*, Na*, K*, Mg2+, Ca?* and Sr?" is based on the
same phenomena, the tautomeric effect and charge density of each
cation, as described in Section 3.3.2. Finally, the FDODeTOPO system
follows the same trend that DBMeTOPO system regarding the initial and
equilibrium pH. Nevertheless, pH which extraction process starts is
lower for FDODeTOPO system (pH = 7.0) (Fig. 8a). As has been
mentioned for DBM, B-diketones have an enol- and keto-forms
(tautomerism mechanism). For FDOD, this behaviour was to be ex-
pected as each addition of fluorine atoms to B-diketone increases the
acidic properties of the compound and thus improves its chelating
characteristics over this pH range, thus facilitating proton exchange
with Lit [44].

Along the same line that for DBMeTOPO system, the mono-
component and the multicomponent curves for FDODeTOPO system and
cations Li*, Na*, K* were jointly plotted (Fig. 9).

It can be observed as the cations have the same behaviour in both
mediums; the negligible extraction of Na™ and K" in the whole pH range
studied, the increase of the Li" extraction with the equilibrium pH,
reaching 98.7 % at a pH value of 11.0 (Fig. 9) and the same trend for
equilibrium pH.
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Fig. 9. Extraction percentage of the cations from monocomponent systems
(filled) and multicomponent systems (empty). FDODeTOPO. [FDOD] = 0.03
mol L™%; [TOPO] = 0.03 mol L™; O/A = 1; time of extraction = 10 min.
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4. Conclusions

In this work, the Lit selective separation from simulated seawater
desalinization concentrates, containing Lit, Na*, K*, Mg?*, Ca®" and
Sr?" has been reached. p-Diketones and organophosphates have been
validated as extractants, according to the results obtained in previous
works via molecular simulation using ab initio Density Functional
Theory.

At basic pHyg; = 12.0, the DBMeTOPO and FDODeTOPO systems
were able to extract about 85 % and 93 % of Li™, respectively. Moreover,
the selective separation is close to 100 % due to the negligible extraction
of the Na*t, K*, Mg?", Ca>" and Sr?* at any pH. The favorable extraction
of Li" was explained by FT-IR analysis of the sample before and after the
Lit extraction. At basic pH, a new band appeared in the spectrum of
extraction, 1738 cm ™, characteristic of an enol group confirmed the
B-diketones tautomeric effect.

The DBMeTOPO system with the multicomponent mixture of the
cations was able to extract a maximum of 95.4 % Li* at equilibrium pH
= 12.0, whereas FDODeTOPO reached 98.7 % at the equilibrium pH =
10.97. On the other hand, the rest of the cations were not extracted at
the evaluated pH, which according to the literature, is due to the higher
value of charge density (z/r) for lithium, compared to the rest of the
cations. Besides, the best behaviour of FDODeTOPO system versus
DBMeTOPO was to be expected. The presence of electronegative fluo-
rine atoms in the extractant enhances the acidic character of the mole-
cule, facilitating proton exchange with Li*.

Finally, this study highlights the advantages of an extraction strategy
that can recover selectively Li" from complex mixtures with competitive
cations at higher concentrations like SWRO concentrates, and brings a
promising method for lithium separation in such not conventional
sources.
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