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Abstract. Since several years, the lithium market is characterized by high growth rates especially
due to the increasing demand for lithium-ion batteries. Therefore, the primary production is
currently expanded and there is a growing interest in recycling. However, because of the chemical
properties of lithium, many production processes lack efficient processes for the separation,
concentration and purification of lithium. This article reviews the current use of liquid-liquid
extraction (LLE) and chromatography in lithium production as well as research.

Currently, the industrial application of LLE and chromatography in lithium purification is limited to
the extraction of impurities and co-products. Extraction of lithium is only used as concentration step
in few processes before lithium precipitation. In research and development, a wide variety of
extractants and resins is investigated. In LLE, chelating extractants like crown ethers and calixarene
and synergistic systems show the greatest potential. In the chromatographic separation the main
focus of research lies upon cation exchange media, especially media with sulfonated ligands.
However, most research is still in early development. Therefore, extensive research is needed to
enable the industrial use of optimized LLE and chromatography processes in lithium production.

1. Introduction

Since several years, lithium production has shown high growth rates mainly caused by an increasing
demand for lithium-ion batteries (LIB) (1). Due to the expected breakthrough of electromobility,
this development will presumably continue at an even higher pace. Consequently, primary lithium
production as well as lithium recycling has come to the fore in recent years. Whereas for the
primary production industrially established processes are available, recycling is still at the
beginning and focuses on LIBs (2).

As an alkali metal, lithium is highly reactive (electrode potential: -3.045 V), possesses relatively
small effective ion radii (r = 0.73 — 1.06 A depending on the coordination number) and low ionic
charge (+1), and most of its salts are highly soluble (3). Hence, the separation of lithium from other
metals is a challenging task. For example, the diagonal relationship of lithium with magnesium, an
element of similar ionic radius, results in chemical resemblances and causes low lithium yields in
some process routes (4, 5). Therefore, the development of highly selective purification operations
like liquid-liquid extraction (LLE) and chromatography are of high interest. However, currently
these technologies play only a minor role in lithium processing due to its chemical properties (2, 4).
The aim of this article is to give an overview of current lithium production processes and the
possible application of LLE and chromatography for the purification and enrichment of lithium.
Therefore, the first part describes briefly the primary production routes for lithium as well as
recycling processes under development and highlights potential applications of LLE and
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chromatography. The second part reviews critically LLE and chromatography systems for lithium
extraction and purification. In the last part, future prospects and research needs are deduced.

2. Lithium Production

Currently, lithium is almost exclusively produced from primary resources, namely spodumene
(LiAlS1206) containing pegmatites and lithium containing brines. The contribution of recycling is
negligible, but expected to increase significantly in the upcoming decades, especially from spent

LIBs (1). In the following, the main primary production routes and recycling processes are briefly
described.

2.1. Primary production

Global mine production in 2017 was about 43,000 mt lithium. Lithium carbonate is mainly
produced from continental brines, especially in Chile and Argentina followed by China. The main
producer of spodumene concentrates is Australia. In the last decades, spodumene concentrates have
mainly been used directly in the ceramic industry. However, due to a strong increase in demand and
rising lithium prices, production of lithium carbonate from spodumene gains in importance (1).

2.1.1. Lithium carbonate production from continental brines

Natural brines with high lithium chloride content, which are the result of natural leaching
evaporation processes, are nowadays the most important source for industrial production of lithium
products. The highest lithium concentrations can be found in the high-altitude salt lakes (salars) in
Bolivia, Argentina, Chile, and China (4). Typical analyses of Li-containing brines are given in
Table 1.

Table 1: Selected typical lithium-bearing brine compositions. All figures in wt%. Other elements and
compounds may also be present (6).

Clayton Salar de Salar de Salar de Zhabuye Qa.ldam
Hombre . Basin Salt
Valley, Atacama, Rincon, Salt Lake,
USA Chile Muerto, Argentina China Lakes,
Argentina g China
Li  0.02-0.04 0.11-0.31 0.05-0.06 0.03 0.05-0.10 0.01-0.03

K  0.53-1.00 1.80-2.97 0.52-0.62 0.62-0.66 2.64-3.83 0.60-0.66
Mg 0.03-0.06  0.82-1.53 0.05-0.09 0.28-0.30 0-0.001 0.47-3.51
Ca 0.02-0.05 0.02-0.04  0.05-0.099  0.04-0.06 0-0.001 0.02-0.42

B 0.00-0.01 0.06-0.07 0.02-0.04 0.04 0.29-1.46 0.03-0.05
Na  6.20-7.50 1.03-9.10  9.79-10.30  9.46-9.79  10.66-10.81  6.20-6.84
Cl 1101'17%_ 2.03-19.85 15.80-16.80 15.80 12.16-12.31  9.20-20.42

As lithium concentrations in brines are relatively low, the first processing task is to concentrate the
brines. The most efficient way of concentration is by solar evaporation in large pond systems. In
principal, this process is applicable to many lithium-containing salars. However, in reality the
process must be adapted very thoroughly to each individual salar, as lithium concentration, Mg/Li
ratio, impurity profile, evaporation rate, rainfall, and ambient temperature are different for each
salar. Each of these factors influences the process in a positive (e.g., high lithium concentration or
high evaporation rate) or negative (e.g., high Mg/Li ratio, leading to the undesired crystallization of
LiCl-MgCl2-6H20) way and in consequence impacts the overall economics of lithium extraction

(4).
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Brine In the following Figure 1, the Atacama
| process is presented as one example. The
brines are pumped from a depth of some tens

N of meters to a series of solar ponds. The brine
Multi- — NaCl/KCl is sent from one pond to another while the
stage | kLisousKCIMgSOs6H,0  concentration  of  the  brine  increases
-, s MOCLKOI6HO contmuous}y. Dependmg on the
concentration, certain salts crystallize due to
evaporation — MgCl6H;0 oversaturation and are harvested as
L MgChLiCl- 7H,0 byproducts. During the evaporation process
oo the lithium concentration increases from ca.
2000 ppm to about 60,000 ppm. Depending
| on the concentration and composition of the
‘ Liquid-liquid extraction }—' 8 removal brine and the evaporation efficiency, it takes
] between 12 and 18 months to obtain the final
Ncagggz Precipitation lithium concentration (4)
| - The concentrated brine first undergoes
] ] Precipitates .. . . .
Filtration Mg, Ca additional purification steps, especially to
l remove boron, magnesium, and calcium.
NzCO: —-{ Precipitation ‘ Boron is separated by liquid-liquid extraction
I (LLE), also called solvent extraction, with a
iltation mixture of alcohol-kerosene. A small amount
I of soda ash is added to the brine to
Lac0s preglpltate magnesium carbonatg. The
addition of lime removes magnesium and
| sulfate residues. The purified lithium chloride
Redissolution solution is then treated with soda ash to form
| lithium carbonate. The precipitation is carried
lon exchange — Trace impurities out near the bOllll’lg pOil’lt due to the
I decreasing solubility of lithium carbonate
Crystallisation with increasing temperature (solubility: 13.3
I g/l at 20°C; 7.2 g/L at 100°C) . After
washing, the final product is filtered and
Ultra high purity LizCO3 dried (4)

To produce high grade lithium products of
>99.9% purity, lithium carbonate (ca. 99.5%
purity) needs to be redissolved into solution
as LiHCOs. Further purification by ion exchange will remove more impurities caught in the lithium
carbonate structure rendering high purity liquor for final lithium carbonate (>99.9% purity)
recovery (7).

Figure 1: Flow sheet of lithium carbonate production
from brines (adapted from (7)).

2.1.2. Lithium production from spodumene concentrates

Spodumene concentrates are typically produced by flotation and contain 4.8-7.5% Li2O. A variety
of processes for the production of lithium products from spodumene are described in literature, but
only the sulfuric acid route is of industrial importance for economic reasons and described in the
following (see Figure 2) (4).

Prior to digestion, spodumene requires pretreatment (decrepitation) to convert a-spodumene to [3-
spodumene due to the high chemical stability of the a-form. Decrepitation is carried out in rotary
kilns at 1000-1100°C. In the sulfuric acid digestion, lithium is converted into soluble lithium
sulfate at about 250°C. Then, the lithium sulfate is leached with hot water. After leaching,
aluminum silicate residues are removed by filtration and the filtrate is treated with lime and soda to
precipitate alkaline earth metals and iron. After repeated filtration, further removal of impurities is
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conducted by ion exchange. The purified lithium sulfate solution is concentrated either by
evaporation or ion exchange up to 200-250 g/L of lithium sulfate. The precipitation of lithium
carbonate by concentrated sodium carbonate solution is carried out near the boiling point. Lithium
carbonate is removed by filtration or centrifugation and washed with hot water to remove the
adhering mother liquor. Alternatively, feasibility studies with an electrodialysis module have been
performed to produce a LiOH solution from purified Li2SO4 solution obtained after impurities are
removed by precipitation and ion exchange. The LiOH solution generated is then heated to
concentrate lithium values and a crystallization stage is finally conducted to yield LiOH-H2O. High
purity LiCO3 and LiOH-H>O of > 99.9% grade can be produced from these processes (4, 7).
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|

Comminution

l

Beneficiation

[

Decrepitation

l

B -Spodumene
l
H2S0 4 —+ Baking
l
HzO —+ Leaching
l
Filtration — Silicates
|
Precipitants Purification
Ca0, NaOH, NazC0s precipitation, ion exchange
FiItriinon L:gpg;"ESFe
|
l
Electrodialysis ion efci::;:t;f:;Tation
I I
Crystallisation NazCO3 — Precipitation

l

l
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Figure 2: Flow sheet for lithium production from spodumene concentrates (adapted from (4, 7)).

2.2. Recycling

Interest in recycling of lithium is relatively new and focuses on LIBs (1). However, lithium has not
been the main driver of LIB recycling in recent years due to its comparatively low price, difficult
recoverability, and its low concentration. The recycling of LIBs was motivated by the mitigation of
risks (fire hazards, toxic components) and the recovery of high-value and easy to extract transition
metals such as cobalt, nickel, and copper. However, due to the fast growing lithium demand and
increasing prices, lithium recovery currently attracts more attention (2).
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In the last 15 years, two general approaches have been pursued in the industrial-driven recycling of
LIBs. In the first approach (see Figure 3), the battery cells enter a pyrometallurgical treatment with
minimum or without mechanical pretreatment followed by further treatment of the process outputs
(alloy, slag, flue dust) mainly by hydrometallurgical processes to recover the individual metals.
These processes have a strong focus on the recovery of cobalt, nickel, and copper, which are
collected in the alloy phase, with an optional recovery of lithium from the slag or flue dust phase.
Other ignoble metals, e.g., aluminum, graphite, and organics are utilized as reductants and heat
source, but are not recovered. In the second approach (see Figure 4), the processes are typically a
combination of mechanical treatment of the cells and a specific hydrometallurgical treatment of the
active electrode materials (2, 8). In the next two sections, both approaches are briefly described. For
further information about LIB recycling, see (2).

2.2.1. Recovery of lithium from slags

The most prominent example of the first approach is the Umicore Battery Recycling Process. The
process is based on an Al,03-CaO-Li,O-MgO-Si0; slag system, with varying concentrations of
MnO. Typical Li;O contents are in the range of 8-12% (9, 10). Due to similar components as in
spodumene, lithium can be recovered by a similar process (see Figure 3), which was published by
Elwert et al. (5). Advantages of the slags in comparison to spodumene concentrates are the
significantly higher Li,O contents as well as their lower chemical stability.

In a first step, the quenched slag is grinded. After removing previously enclosed alloy drops by
magnetic separation, the slag is leached with diluted sulfuric acid. After filtration of the solid
residue, mainly gypsum and amorphous silicates, impurities are precipitated stepwise with lime to
remove aluminum, manganese, etc. as hydroxides. In a last purification step, remaining calcium and
magnesium are removed by adding sodium carbonate. After filtration, the lithium concentration of
the solution is increased by evaporation and the lithium is precipitated as lithium carbonate by
adding Na>COs near the boiling point. Lithium carbonate purities of ca. 98% and lithium yields of
65% are reported. It is assumed that the high lithium losses are partially caused by co-precipitation
due to the diagonal relationship of lithium with magnesium, an element of similar ionic radius,
which results in chemical resemblances between the two elements (5).

Quenched slag
l
‘ Grinding ‘
l
‘ Magnetic separation }—' Co-Ni-Cu alloy
l
Hzﬁfg 4{ Leaching ‘
l
‘ Filtration
l
Naz%%ci 4‘{ Precipitation ‘
l
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‘ Filtration }—- Precipitates
1 Al, Mn, Ca, Mg

Gypsum
Amorphus silicates

‘ Evaporation ‘
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‘ Filtration ‘

l

Li2CO3

Figure 3: Flow sheet for the hydrometallurgical production of lithium carbonate from slags of the
Umicore Battery Recycling Process (adapted from (5)).
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2.2.2. Recovery of lithium from active electrode materials

Processes following the second approach, typically concentrate the active electrode materials in one
fraction by mechanical treatment including comminution, classifying, magnetic separation, etc.
(11). The composition of these fractions can differ considerably depending on battery input, process
design and efficiency. Besides graphite and lithium transition metal compounds such as LiMO, with
M = Co, Ni, Mn, Al, LiFePO4, LiMn,04, and Li4Ti5012, electrolyte residues (LiPF¢ and solvents),
binder residues and metallic impurities (Al, Cu, Fe) might be present.

The concentrates are treated in most cases by hydrometallurgy to recover the metals of interest (11).
Reviewing the available literature and patents, the majority of processes under development follow
a similar approach, which Figure 4 shows schematically.
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Figure 4: Flow sheet for the hydrometallurgical recovery of lithium from active electrode materials.

The processes start with leaching of the metals, which results in a pregnant leach solution and a
graphite residue. As lixiviants, mineral acids such as sulfuric acid are most commonly used. In few
cases, especially for LiFePOs, also alkaline treatment can be considered. After leaching, minor
constituents and elements of lower value are often removed by precipitation (e.g., Al, Fe, Ti, Mn) or
cementation (e.g., Cu). Metals of high value and present in sufficient concentration might be
separated and purified by LLE to produce high grade compounds suitable for battery production.
From the remaining lithium containing solution, lithium is precipitated as phosphate or carbonate, if
necessary after concentration by evaporation or membrane processes.
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2.3. Possible applications for LLE and chromatography in lithium production

Looking at the processes described above, three major problems occur in most processes. First, in
nearly all processes lithium needs to be concentrated to enable an efficient precipitation as lithium
carbonate. This applies especially to brines (see Table 1) where lithium concentrations are often in
the X00 ppm range.

Second, during the removal of impurities lithium losses occur. This is especially true for
magnesium containing raw materials due to the formation of mixed Li-Mg-compounds (see brines
and lithium slags).

Third, despite impurity removal prior to lithium precipitation, the obtained lithium carbonate often
contains levels of impurities (mainly other alkali and alkaline earth metals), which impede a direct
use in high-tech applications such as LIBs. Therefore, a further purification process is required
based on hybrid-separation technology and process design as a tool for process intensification (12—
14).

Consequently, highly selective operations for the extraction purification and concentration of
lithium are of high interest in order to shorten process chains, to enable process intensification, to
achieve better product qualities and to lower production of low value by-products (15).

3. Liquid-Liquid Extraction

Liquid-liquid extraction (LLE), often referred to as solvent extraction, is a common process for the
selective extraction, separation, purification and concentration of a wide range of metals. LLE uses
various organic extraction agents or extractants, which are dissolved in an organic carrier phase,
usually called diluent. This diluent phase is brought into contact with an aqueous, usually acidic
feed phase, which contains the dissolved metal ion or ion complex. Hence, the term liquid-liquid
extraction implies the use of two non-miscible phases. The target metal ion depleted phase after
extraction is defined as raffinate. The product enriched phase is called the extract (16). For a
complete process usually two additional steps are implemented (17). During the scrubbing stage,
the extract phase is depleted from side components to isolate the target metal ion. This side
component enriched stream can then be redirected into the extraction stage. Afterwards, the target
metal ion is stripped from the organic phase into an aqueous stripping stream to obtain a pure
product and the extractant phase, that can be redirected to the initial extraction stage, either directly
or after passing a regeneration stage (see Figure 5).

Feed Scrub Product
(TC, SCs, IPs) Solution (TC)
Raffinate Extraction Scrubbin Strippin Strip
(SCs, IPs) Scrub 5 PPIs Solution

Raffinate

Solvent Extract Extract Solvent
(Regenerated) (Scrubbed) (Stripped)
+ Regeneration !

1 1
1 1
U I | U 1
1Ps
- AqueousPhase TC: Target Component
- Organic Phase SCs: Side Components

IPs: Impurities

Figure 5: Typical LLE flowsheet.
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3.1. Liquid-Liquid Extraction Basics

The fundamental basis of LLE is the n uneven distribution of the target component between the
organic and the aqueous phase, which leads to the actual separation. The metals in the aqueous
solution are present as charged species and are therefore not soluble in the organic non-polar
solvent. However, adding complexing agents to the solution allows the formation of uncharged
metal-extractant-species. These hydrophobic complexes can then be extracted into the organic
phase, resulting in the desired uneven distribution of the metals and ultimately allowing the
separation of the metals. LLE can also be used when the selectivity of the extractant for one metal is
only slightly higher than for the others. The complete separation is then achieved by multi-stage
extraction in countercurrent mode (18, 19). Due to the countercurrent flow, it is possible to
selectively extract the individual metal ions, e.g. lithium ions, initially present as a mixture from the
solution (20, 21).

There are three fundamental parameters that characterize LLE. The distribution coefficient D
describes the ratio of the concentration of the target component in the organic solvent phase and the
concentration in the aqueous phase.

corg
D=—¢
. 3.1)

aq

The higher the distribution coefficient of an extraction, the lower the number of steps to achieve
complete recovery of the target element into the organic phase. The efficiency is typically
abbreviated to E and is linked to the distribution coefficient D and the solvent ratio v via the
following relationship:

E=100 x (3.2)

1+Dv

The selectivity S of an extraction is defined by the effectiveness with which the target element 1 can
be separated from a secondary component j. The selectivity thus corresponds to the ratio of the
distribution coefficient of the target component and the distribution coefficient of the secondary
component.

(3.3)

92
I
SRS

3.2. Extractants and Mechanisms

3.2.1. Chelating Extractants

The structure of crown ethers and their derivatives allows for forming multidentate complexes and
is particularly suitable for the selective extraction of alkali metals and has been used several times
for the separation of lithium (22-29). An overview of a 12-crown-4-ether and four derivatives is
shown in Figure 6.
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Figure 6: 12-crown-4-ether (left) and different derivatives to enhance selectivity.
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The complexing mechanism due to the multidentate structure of the crown ethers is based on the
Pearson principle of hard/soft/acid base (HSAB). It states that soft acids prefer to bind to soft bases
and that hard acids therefore prefer to form bonds with hard bases. The uncombined electron pairs
of oxygen atoms in the crown ethers serve as donor atoms according to the principle and may form
the chemical bonds in a complex structure with the lithium or other alkali metal ions, which
represent the correspondingly strong acid. According to Bartsch, the sequence in which the alkali
metals form complexes with the crown ethers depend on the fit principle. As a result, the cavity of
the crown ether and the ion radius of the alkali metal ion determine the complex stability(24, 25,
30).

Calixarene are classified as metacyclophanes and are synthesized by a condensation reaction of p-
alkylphenol with formaldehyde. Similar to the complexation reaction of crown ethers, calixarenes
can form specific bonds with alkali metals.

The suitability of calixarenes for the extraction of lithium and other alkali metals has been
investigated several times (31-36). A model of the extraction of a lithium ion into the calyx
structure of a calixarene can be seen in Fehler! Verweisquelle konnte nicht gefunden werden..

Since crown ethers and calixarene are comparatively expensive extractants, their use is nowadays
limited to analytical areas. Their great potential for the extraction of lithium lies in their very high
selectivity for specific monovalent ions against multivalent and other monovalent ions. Since the
costs for crown ethers and calixarene will probably continue to exceed those of typical commercial
extractants in the future, their area of application can be assumed to be further downstream in the
process chain, where only smaller volumes are to be processed, but separation will become more
difficult. In particular, research must be carried out to develop optimum separation sequences in
order to keep the amount of extractants required as low as possible in advance, and to deal with
robust and efficient recovery and regeneration steps in order to ensure the longest possible lifetime
and use of the chelating extractants.

3.2.2. Acidic Extractants

In the field of metal recovery from LIBs, organophosphoric acid derivatives such as P204, P507 or
Cyanex 272 are usually used in LLE.

P204 P507 Cyanex 272
Di(2-ethylhexyl) phosphate 2-Ethylhexyl 2-ethylhexyphosphonic acid Bis(2,4,4-trimethylpentyl)phosphinic acid

Figure 7: Most commonly used commercial acidic extractants.

Hano et al. investigated the extraction of alkali and alkaline earth metals with P204 and MEHPA (2-
ethylhexylphosphoric acid 2-ethylhexyl ester) as extractants. They found that these extractants show
a high selectivity for lithium in presence of other monovalent cations. Furthermore, the affinity of
divalent ions is much higher in comparison to lithium and they suggested the separation of lithium
and the divalent ions via stripping stages. Additionally experiments were performed with tri-n-
butylphosphate (TBP) as solvating co-extractant, which showed a synergistic effect for the
extraction efficiency as well as recovery of lithium (37). Swain et al. investigated the separation of
cobalt and lithium with Cyanex 272 and could not show a strong extraction capacity of Cyanex 272
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for the extraction of lithium in the acidic regions of the acidic sulfate solution investigated. They
support their finding by reciting the literature, where low extraction capacity of lithium by
commercial acidic extractants such as Cyanex 272, P204, P507 was reported during solvent
extraction of other base metals in the acidic pH range of the aqueous phase (29, 38—43).

The extraction mechanism involves the exchange of hydrogen ions H' for the selected metal cation
M""(with n as the number of exchanged protons), which leads to the following general equation,
where the bar over top of a molecule indicates the organic phase (44):

M""+nHL= ML, +nH" (3.4)
Using the dimeric form of the extractant HL results in the modified version of eq. (3.4):
n ___ _
M“++E (HL),= ML, +nH" (3.5)

Overall, due to the low affinity of lithium to acidic extractants, only few studies have been
published. Since the possibilities for extracting lithium with these extraction agents are limited,
these acidic extraction agents cannot be used for the extraction of lithium. However, to separate side
components from mediums like LIB leach solutions, there are studies in literature that use these
type of extractant to recover lithium. In most of these studies, organophosphorus acids are used to
separate the di- and trivalent metal ions from the mixture, as these have a significantly higher
affinity for these extractant types. In these cases, lithium and other monovalent cations remain in
the aqueous raffinate solution and are often obtained by subsequent precipitation or crystallization.

3.2.3. Solvating Extractants

Widely used and well-studied extractants of this class are neutral phosphorous compounds like
TBP, TOP and TOPO.

5 o NN NN
\ ) e e S N e e
NN \\/ S~ N NN \ \\:
TBP TOP TOPO
Tri-butyl-phosphate Tri-octyl-phosphate Trioctylphosphine oxide

Figure 8: Most commonly used commercial solvating extractants.

The general extraction mechanism of solvating extractants is summarized in equation 3.6 (44). The
metal ion M with the charge n is transferred into the organic phase with an inorganic ion X, which
serves for complexation, in combination with the solvating extractant B as a neutral salt.

M""+nX+ bB=MX, B, (3.6)

The application of TBP in combination with coextractants like FeCls was investigated for the
extraction of lithium from brines (45—47). The synergistic extraction of lithium by solvating
extractants is often done by combining them with chelating extractants like B-diketones (48-55).
Since this type of extraction is discussed very frequently in literature, synergistic extraction is
discussed in more detail in the following section.
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3.2.4. Synergistic Solvent Extraction

Synergistic solvent extraction (SSX) is based on the motivation to significantly improve the
extraction efficiency and/or selectivity of an extraction by combining two different extractant
classes. In the area of lithium separation, this is usually attempted by combining a chelating
extractant such as LIX51 or LIX54 with a neutral or solvating extractant (56, 57). However, it is
also possible to separate the multivalent ions from lithium by extraction, usually by combining an
acidic extractant such as P204 or Cyanex 272 again with a solvating extractant (58, 59). Due to the
many possible combinations of different extractant types, there is a correspondingly large number
of extraction mechanisms whose detailed description exceeds the scope of this review. A detailed
discussion and presentation of the mechanisms related to metal ion extraction can be found at
Attanassova et al. (60). More detailed representations of the extraction mechanism of solvating
extractants in combination with B-diketone can be found in Swain et. al. (29). Chagnes et al.
describe a synergistic effect, which is achieved by increasing the hydrophobicity of the actually
active extractant by a second extractant which interacts with water molecules in the solvation shell
of the active extractant and thus facilitates the transport of the metal ion into the organic phase (44).
How much the extraction efficiency increases or decreases, in case of antagonistic effects, can be
described by the factor SC, which is dependent on the distribution coefficients of the synergistic
system D12, as well as those of the single systems D; and D> (44):

logDy,

~ D) 3.7)

If there is synergy between the extractants used, SC becomes greater than unity. However, the
extraction of the metal ion in the combined system may also worsen due to antagonistic effects. In
this case SC becomes less than unity.

3.2.5. Diluents

Extractants are typically used only in diluted form in organic solvents, which are therefore typically
called diluents. In addition to the costs, better rtheological and coalescing properties and the fact that
some extractants are solid at ambient temperature and therefor need to be dissolved, are decisive
reasons for this (44). In addition to the synergistic effects that diluents can have on extraction,
coalescence-based problems such as the appearance of crud or a third phase play an important role.
The strength with which these phenomena appear can be strongly influenced by the choice of the
diluent. Zhou et al. investigated the influence of three diluents on the extraction efficiency and third
phase formation of lithium from an alkaline brine in three different diluents (46). They found that
the extraction capacity of lithium with TBP decreased in the order MIBK (methyl isobutyl ketone)
> kerosene > 2-octanol. The highest capacity of TBP/MIBK is attributed to a synergistic effect,
since both TBP and MIBK are individually capable of extracting lithium, which is not the case for
kerosene and 2-octanol due to the lack of suitable binding sites. While kerosene is an inert diluent
and therefore neither improves nor worsens the extraction properties of TBP, in case of 2-octanol an
antagonistic effect occurs due to weak hydrogen bridge interactions. Compared to the other two
diluents, this leads to the worst extraction behavior. In contrast to the TBP/kerosene system, both
MIBK and 2-octanol showed no formation of a third phase over the investigated concentration
range of TBP. This highlights that for optimal process development ideal combinations of extractant
and diluents have to be investigated.

3.3. Process Routes

As presented in Section 2, the usage of LLE in lithium production routes is limited to boron
removal from brine concentrates and the extraction of transition metals in the field of LIB recycling.
The following section presents examples of different process routes of different leaching feeds as
wells as concentrated brine solution.
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3.3.1. From Alkaline Brine Feed

A study on the recovery of lithium from alkaline brine feed using a combination of a B-diketone and
solvating extractants was published by Zhang et al. (61). Benzoyl-1,1,1-trifluotoaceton (HBTA)
was used as chelating [-diketone. Since extraction of lithium by HBTA alone showed
unsatisfactory extraction results, suitable solvating coextractants where investigated for synergistic
extraction. A combination of HBTA (0.4 mol/L) and TOPO (0.3 mol/L) in kerosene as diluent were
found to show the best extraction efficiency (95 % extraction of lithium after three stages).
Hydrochloric acid was used as scrubbing (1 mol/L) and stripping (3 mol/L) agent. The solvent is
regenerated in an additional stage with sodium hydroxide (2 mol/L) before reentering the extraction
stage. After stripping the concentration of lithium was 15 g/L. The study was executed in a 7-stage
mixer-settler battery (PTFE, 2 L settler volume) for 30 hours of stable operation. The flowsheet of
the entire process is shown in Figure 9
Brine I AqueousPhase

0.288 mol/L Li* .
2.17 mol/L Na* - Organic Phase

0.026 mol/LK* Serub Strippin
1.25E-5 mol/L Ca?* ppmng

2.08E-4 mol/L Mg Solution Liqour
0.1 mol/L B(OH), IMHCI

Extraction Scrubbing Stripping  Strip Solution

3 Stages Scrub 1 Stage 2 Stages 3 MHC

Raffinate Raffinate

4 Solvent (Regenerated) Extract Extract (Scrubbed) Solvent (Stripped)
0.020 g/L Li* 1.954 g/L Li* 0.681 g/L Li* 0.021 g/L Li*
0.968 g/L Na* 0.564 g/L Na* 0.015 g/L. Na* 0.011 g/L Na*
0.811 mg/L Ca?* 0.322 mg/LK* 3.632 mg/L Ca? 0.203 mg/L Ca?*

|
|
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I 2084mg/LMg> Regeneration |
1

Regeneration

Solution
2M NaOH

Regeneration
Liqour

Figure 9: 7-stage counter-current extraction process (61).

3.3.2. From Sulfuric Acid Feed

Suzuki et al. have developed a process using Acorga M5640 to extract copper at a pH of 1.5 - 2.0
from the sulfuric leach solution. The remaining metals such as aluminium, cobalt and lithium
remain in the raffinate and are separated in further extraction stages. P507 (pH 2.5-3.0) is used as an
extractant to extract the trivalent aluminium from the solution in a second step. Finally, the aqueous
raffinate phase contains the divalent cobalt and monovalent lithium, which are separated in the next
extraction stage with a mixture of P507 and TOA at a pH between 5.5 and 6.0. Although Acorga
M5640 has a higher selectivity for cobalt, the mixture of P507 and TOA later improves the
stripping process. All extractions are performed with kerosene as diluent and a solvent ratio of 1:1.
At a concentration of 10 vol% P507 and 5 vol% TOA in the last extraction stage, a separation factor
Co/Li of over 1,000 is obtained (62). The complete process flowsheet is shown in Figure 10.
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a/o=1:0 a/o=1:0
Figure 10: Proposed flowsheet for the recovery of metals from sulfuric acid feed (62).
3.3.3. From Hydrochloric Acid Feed

A study on the separation and recovery of lithium and other value metals from hydrochloric acid as
feed was done by Zhang et al. (42).

Leach Solution

s/1=1/10 i - Aqueous Phase
80 °C, 1h, 4M HCl Leaching of . B O:ganic Phase
Electrode Material .

Residue s/l:  solid-liquid ratio

sLIB (carbon, organic o
(cases removed) polymers, etc.) a/o: aqueous-organicratio
—_—

Scrub Stripping Liquor  Strip Solution

Solution 2M H,50,

Feed pH 1.0, a/0=0.1 a/o=0.2
Raffinate  EXtraction Scrubbing Stripping

: Solvent Extract Solvent
0.90 M PC-88A (Scrubbed) (Stripped)

| 1.

I a/o=1:0.85

|

Precipitation of
Concentration Lithium

Li,CO,

Saturated
NaCO,

Figure 11: Hydrometallurgical recovery process for cobalt and lithium (42).

The flowsheet of process is shown in Figure 11. Leaching of disassambeld LIBs is done at 80 °C for
a time of 1 h and a solid-liquid ratio of around 0.1 by 4 M HCI. After leaching, the residues such as
carbons and organic polymers are separated, and the leach liquor enters the extraction, stripping and
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scrubbing process. Extraction of cobalt is done with 0.9 M P507 diluted in kerosene. Coextracted
lithium in the solvent phase is scrubbed with CoCl»/HCI solution and redirected into the extraction
stage. The recovery of lithium is achieved by precipitation with saturated sodium carbonate after
concentration of the aqueous raffinate stream. The precipitation is performed at 100 °C to lower the
solubility of the resulting lithium carbonate in the aqueous solution. The final lithium product
contains traces of cobalt below 0.07% and the overall recovery of lithium in the process reached
80%.

4. Chromatography
4.1. Chromatography Basics

In chromatographic separation, two different phases are used. The first is the stationary phase, also
called adsorbent. This phase is packed in a column and usually consists of spherical particles. The
separation is based on the interaction between the substances and the stationary phase. The
stationary phases can be influenced by adding different ligands to the particle surface. An example
for a separation without ligands is the size exclusion chromatography (SEC, also known as gel
permeation chromatography (GPC)). Here, the separation is only based on the molecular size.
Another example is the ion exchange chromatography (IEX) where the separation is based on
electrostatic interaction.

The second phase is the mobile phase, which is also called eluent. This phase can be liquid or
gaseous and is pumped through the column. In this paper only liquid phases are considered. The
adsorbed molecules/ions, which are also called adsorbate, can be eluted either isocratic (i.e. with the
same eluent composition used in the loading step) or by changing the eluent. The eluent change can
be carried out linearly or stepwise. A combination of both can also be carried out. After a separation
is finished, the column has to be regenerated to elute all adsorbed compounds and is afterwards
equilibrated to the starting conditions (63—65).

4.2. Process Routes

The separation of lithium from other alkali metal ions by chromatography is possible. An overview
of different adsorption methods for the separation of lithium is shown in Table 2. Investigations
were carried out with natural as well as synthetic brines. Utilizing inorganic acids, i.e. hydrochloric
acid or nitric acid, is most common. A typical separation mechanism for the recovery of lithium is
cation exchange. Strelow et al. have demonstrated that the usage of alcohols like ethanol or
methanol has a positive influence on the selectivity between lithium and other ions (66). Based on
this publication, Moriguti et al. designed a process to separate lithium from both mineral and
aqueous samples (67). Moriguti et al. used a sulfonated cation exchanger (Muromac® AG 50W-
X12) with different ratios of HCI as the eluent. This process consists of four stages. First, major
elements were removed with 2.8 M HCI. In the second stage lithium and sodium were separated
from other cations, using 0.15 M hydrochloric acid. The separation of lithium from sodium was
carried out using a solution of 0.5 M HCI (70%) and ethanol (30%). In the fourth step, as final
purification, 0.15 M HCI was used after a wash step with H>O. The resin was regenerated by
flushing the bed with 1.5 M HF. The experiments were performed on a polypropylene column. Abe
et al. reported the adsorption of lithium on different cation exchangers. Elution was carried out
under acidic conditions (using HNO3). In these studies the titanium(IV) antimonate cation
exchanger shows good adsorption properties (68).

In addition to studies on strong cation exchangers with sulfonic groups, Oi et al. published
investigations using weak cation exchangers with carboxyl groups (69). Bukowsky et al. reported
the separation of lithium from calcium chloride and magnesium chloride using three different
chelating cation exchangers and up to 1 M HCI as Eluent (70).

Recently, Chitrakar et al. investigated the adsorption of lithium on H>TiOs ion exchanger. The
adsorbed lithium was displaced with H" using HCI solution (71). Further Wang et al. reported the
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adsorption of lithium by iron-dropped LixTiOs. The iron-dropped lithium was captured by a
magnetic separation (72).

In addition to the ion exchange based separation, which is described above, some other mechanisms
are mentioned in literature. Rona et al. have reported the separation of lithium by gel permeation
chromatography. The experiments were carried out with distillated water (73). Lee et al. reported
the separation of lithium from other alkali metal ions by reversed phase chromatography (74). After
loading the feed in basic conditions, using KOH or NH4OH, lithium was eluted using hydrochloric
acid.

Ban et al. described the separation of lithium isotopes with a silica based monobenzo-15-crown-5
resin. The separation was carried out with a mixture of methanol (30%) and 12 M HCI (70%) (75).
For the chromatogtraphic separation very harsh conditions like hydrofluoric acids or other inorganic
acids with high concentrations are used. For the usage of chromatographic resins, long term stability
test should be carried out.

Table 2: Overview of different adsorption methods for the separation of lithium.

Stationary Phase _ | Yield
Resources Eluent Feed concen Reference
Ligand Base material tration [%]
Li* from rocks _ $ ppm
Li* from Sulfonated cation Polystyrene Ethanol + . 99 (67)
exchanger divinylbenzene HCI Not given
seawater
Li* from 1w/
seawater Sulfonated cation .Pf)lystyrene HCl <1 pg/L 08 (76)
exchanger divinylbenzene <30 ppm
Li* from rocks
leferent Sulfonated cation 'Pglystyrene Inorgamc 20 mmol/L pot (77)
cations exchanger divinylbenzene acids given
. Sulfonated cation Polystyrene Methanol
+ +
Li" from Na exchanger divinylbenzene + HCI 0.1 mol/L % (66)
Sulfonated cation
exchanger 1 pmol/L
Li* giom Nzef, Crystalline .Pglystyrene Inorganic (syntetic) 99 (78)
Ca*', Mg Antimonic(V) divinylbenzene acids 7.9 pmol/L
acid cation (rock)
exchanger
Crystalline
. . ; .
Li from. alkali Ant{monl'c(V) i HNO: 1 mmol/L Not (79)
metal ions acid cation given
exchanger
. . Phospho- HNO;
lefertoarlnigilksah antimonic(V) acid ; 0.02 mmol/L II\IV‘;; (80)
cation exchanger NH4NO; &
Crystalline
. . ; .
Li fromv alkali Antl.monlf:(V) i HNO: Not given Not 81
metal ions acid cation given
exchanger
o : :
Li" from tm(I.V) antimonate i HNO: 0.16 mg/L 08 (83)
seawater cation exchanger
Li* from
seawater titanium(IV) 0.17 mg/L 08
Li* from antimonate cation - HNO; 12.2 mg/L (68, 82)
hydrothermal exchanger 1.8 mg/L 4
water
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Stationary Phase _ | Yield
Resources Eluent Feed concen Reference
Ligand Base material tration [%]
Li* isotopes | Sulfonated cation | Polystyrene HCl 0.5 umol/L | 98 (83)
exchanger divinylbenzene
o Monobenzo-15- o Methanol Not
Li" isotopes CrOWn-5 Silica beads T HCI 0.55 mol/L given (75)
Li* isotopes Cryptand Polystyrene Methanol 0.12 mol/L Not (84)
divinylbenzene ' given
Sulfonic cation Disol
exchanger ; 1splace-
Li" isotopes ) Crosslinked ment with 0.1 mol/L NOt (69)
Carboxyl cation polymer K, Ca, St given
exchanger
Li* from dead Gel permeation . Not
sea brines chromatography Polyacylamide Water 20 ppm given (73)
Li* fr lkali R d ph KOH/HCI N
i" from alkali eversed phase Polytetra- . ot
metal ions chromatography fluoroethylene NH48H/ H Not given given (74)
Li" from Ca? Cation exchange Not
and Mg?* (chelating) Polystyrol HCI 1 mol/L given (70)
Salt lake brine H2TiO; ion Not given HCl 1.6 g/L >99 (71)
exchanger
. . Fe dropped .
Li" solution LiTiOs Not given HCI 1.8 g/L 92 (72)

5. Conclusions and Further Perspectives

The results of this review show that the recovery of lithium from LIB using LLE is currently limited
to the extraction of multivalent metal ions. Direct extraction of lithium from the aqueous solutions
using acidic extractants is extremely inefficient. Chelating extractants have the greatest potential for
selectivity, which could be decisive for the currently insufficient purity of the lithium products
obtained by many LIB recycling routes. At present, numerous research activities focus on the
extraction of lithium from brines using a synergistic mixture of PB-diketones and solvating
extractants. First laboratory studies show the feasibility of extracting pure lithium, even in
continuous operation over longer operating times. However, lithium concentration in the strip liquor
is still relatively low. To increase the lithium concentration, the solvent ratio needs to be decreased.
However, this leads to several more extraction stages because the extraction efficiency decreases.
Chromatography could solve these late-stage downstream challenges efficiently, since purity and
concentration can easily be increased in chromatography processes (85). Process times for
concentration can be significantly decreased as well. However, most research is still in early
development and operated on laboratory scale. Additionally, the strong acidic process conditions
necessary for regeneration of the stationary phase with, e.g. hydrofluoric acid, can be critical for
safe operation. In addition, many resins are designed for operation in far less acidic conditions,
which decreases the lifetime of the stationary phase. Further development is necessary to develop
less harsh conditions for elution and resins that are more robust.

Our review suggests that there is high potential for lithium separation using optimized LLE in
combination with chromatography as hybrid separation processes to enable faster process times and
better product quality. Hence, there is a need for more research dealing with hybrid separation
processes for lithium recovery. Consistent methods for efficient process design and evaluation are
available based on physical-chemical (rigorous) process modelling in combination with laboratory



Materials Science Forum Vol. 959 95

scale model parameter determination, which finally have to be validated in mini-plant operation
(86, 87).

To enable industrial use of these technologies, feasibility of operation in pilot scale has to be carried
out before industrialization. Therefore, such robust process development strategies have to be
applied, that guide through the necessary steps starting from the first lab-scale studies up to the final
stages of scale-up and process integration. Due to the environmental impact of the processes in
large-scales, green process technologies should be followed strictly regarding the choice of media,
recycling strategies, equipment design and advanced process control for optimal process operation
incorporating modern sustainable production technology (88).
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