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Recent Advances in the Lithium Recovery from Water
Resources: From Passive to Electrochemical Methods
Luisa Baudino, Cleis Santos, Candido F. Pirri, Fabio La Mantia,* and Andrea Lamberti*

The ever-increasing amount of batteries used in today�s society has led to an
increase in the demand of lithium in the last few decades. While mining
resources of this element have been steadily exploited and are rapidly
depleting, water resources constitute an interesting reservoir just out of reach
of current technologies. Several techniques are being explored and novel
materials engineered. While evaporation is very time-consuming and has
large footprints, ion sieves and supramolecular systems can be suitably
tailored and even integrated into membrane and electrochemical techniques.
This review gives a comprehensive overview of the available solutions to
recover lithium from water resources both by passive and electrically
enhanced techniques. Accordingly, this work aims to provide in a single
document a rational comparison of outstanding strategies to remove lithium
from aqueous sources. To this end, practical �gures of merit of both main
groups of techniques are provided. An absence of a common experimental
protocol and the resulting variability of data and experimental methods are
identi�ed. The need for a shared methodology and a common agreement to
report performance metrics are underlined.

�. Introduction
Lithium has been playing a vital role in the energy produc-
tion economy in the past decades. Twenty-�fth element on earth
for abundancy, lithium is widely known for its low density
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(�.��� g cm��), its low electrode potential in
the electrochemical scale (��.��� V)[�,�] and
its high speci�c heat capacity.[�] The com-
bination of such interesting characteristics
makes lithium the ideal element to pro-
duce both primary (single-discharge) and
secondary (rechargeable) batteries that are
now extensively used in several applica-
tions. In particular, lithium-ion batteries
are invaluable candidates for both portable
electronic devices and precision electronics
thanks to their high speci�c energy density
(������� Wh kg��), speci�c power (����
��� W kg��), and a lifetime of ��������
cycles.[�,���] One can also �nd them in elec-
tric and hybrid vehicles[	] and even in smart
grids for energy storage.[
] The lithium-
ion batteries (LIBs) production represents
nowadays around �	% of the world market
of batteries and the previsions are that this
share will only increase in the upcoming
years.[�] However, the batteries market, al-
though having risen in the past few years

from ��% to 	�% of the lithium global end-use market, and be-
ing the �rst sector one generally thinks of when talking about
lithium, is not the only �eld of application in constant need of
lithium.[�,�,��] Before the advent of portable batteries, lithiumwas
already employed in several �elds (Figure �) that are still using
it. Among those, the most important one is the production of ce-
ramics and glass materials, where lithium is used to lower the
melting point and the viscosity of the process, but also to in-
crease the hardness of glasses and reduce their thermal expan-
sion when added in the form of lithium oxide. Its application in
the aluminum electrolytic re�nery process produces aluminum
alloys suitable for aerospace applications, and most lubricants
and greases used in high-performance sectors contain some per-
cent of lithium. Further uses less known are in air cooling sys-
tems in the form of salts to adsorb humidity, as additives in poly-
mer production, and in the cure of bipolar disorders. Finally, one
of the lithium isotopes is also used as fuel for nuclear energy re-
actors when transformed into tritium.[���,����]
As the importance of lithium in today�s economy is ever-

growing, its price is also evolving, doubling in the last two years.
The United States Geological Survey (USGS) Report of Mineral
Commodities ���� indeed reports that the annual average price
in dollars per metric ton� for battery-grade lithium carbonate
(Li�CO�) went from 
��� in ���� to �	��� in ����.[��] The
high cost of production for such a material mainly depends
on the complexity of the processes involved in its extraction.
Lithium is not found in nature in its elemental form due to its
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Figure �. Global end-use market of Lithium, according to.[��]

high reactivity. Therefore, successive steps of clari�cation and
�ltration to remove solid contaminants, and concentration and
puri�cation to obtain the �nal product are necessary. The energy
and time-consuming processes, the treatment of wastewater, and
the use of strong chemical agents are also factors that need to be
taken into consideration when talking about the cost of the end
product.[�,��,��] It is therefore necessary to conduct an accurate
analysis of lithium availability, the state of its resources, and its
production techniques. Furthermore, life cycle assessment anal-
yses can be of great help when determining the sustainability
and suitability of a process.[�	���]

�.�. Lithium Availability: Resources & Reserves

When talking about a mineral availability, it is important to note
that the values reported in literature may greatly di�er depend-
ing on the terminology and the methodology used to account
for the deposits. A �rst distinction must be made between the
terms resource and reserve. As previously explained and stated
in the USGS Reports, a resource is the geologically amount of
an element in any form available for exploitation, whereas a re-
serve is the part of a resource that possesses the quality criteria
to be recovered from a socioeconomic and technological point of
view.[�,��,��,��,��,��] Based on these de�nitions, while the resource
�gure becomes more appealing in the academic world, the re-
serve one is more functional in the industrial world, depending
on the technologies available and the quality criteria of produc-
tion.
Lithium resources can be divided into primary and secondary

resources: the primary ones comprehendminerals, seawater, and
brines, that is where lithium can be naturally found.[�,�] Con-
versely, all arti�cial deposits of lithium are comprised in sec-
ondary resources.
From a historical point of view, the �rst lithium resources are

pegmatite districts and related magmatic deposits from which
Li�CO� can be extracted. Those are geologically widespread, dif-
ferently from the brines, but rare-metals pegmatites are uncom-
mon and often have already exploited in the past for the extrac-
tion of tin and tantalum.[�,	,��,��] Although lithium is present in
over ���minerals, it can be extracted only from �ve of them: spo-
dumene, lepidolite, petalite, amblygonite, and eucryptite.[��] This
is mostly due to the combination of their hardness, the di
cult
accessibility of the belt-like deposits and their limited content
of lithium.[��] Nonetheless, spodumene mining in Australia ac-

counts for 
�% of pegmatite extractions and petalite is commonly
used in glass production thanks to its high iron content.[�,��] Lep-
idolite, on the other hand, has lost appeal for lithium extraction
due to its high �uorine content.[�,��] As far as sedimentary rocks
are concerned, hectorite and jadarite are the lithium-rich clay-like
minerals worth mentioning.[�,��]
Secondary resources, as was previously mentioned, are arti�-

cial deposits of lithium. Among those can be found spent LIBs,
oil�eld wastewaters from oil platforms, as they usually contain
high concentration of metals and rare earth elements after be-
ing extracted from deep wells during oil drilling, and even mi-
croorganisms that are able to bioaccumulate lithium.[��,��,�����]
As the market share of LIBs and in particular of secondary bat-
teries is growing by the day, the importance of managing and
discarding wastes equally rises. Although the recycling processes
of spent LIBs generally recover high valuable metals like nickel
and cobalt, whereas lithium is left in the �nal slag, it is ex-
pected that ��% of lithium could be recovered from this kind
of secondary resources.[�,��,��] Furthermore, the governments� di-
rectives to increase the recycling rate to prevent environmen-
tal pollution make the extraction of lithium from spent LIBs a
topic worth mentioning.[��] The usual processes to recycle batter-
ies count pyrometallurgical, hydrometallurgical, and cryogenical
methods.Whereas pyrometallurgical methods are generally used
for large-scalemetal recovery and are thus unsuitable for lithium,
hydrometallurgical methods, consisting of leaching, metal sepa-
ration from the solution and metal recovery at the solid-state are
generally employed.[��] The environmental impact and energy
consumption of a hydrometallurgical process recovering lithium
as a salt, an intermediate physical recycling process recovering
Li�CO�, and a direct recycling process yielding LiMn�O� were
analyzed by Dunn et al. highlighting how the latter can signi�-
cantly reduce the energy consumption.[��,��] Finally, electrochem-
ical methods were recently proposed to recover lithium from
spent LIBs due to the small electrolyte volumes involved.[��,��]
The amount of lithium resources reported in literature is

highly variable and depends on the methodology used, since it is
conditioned by the amount of deposits considered. Gruber et al.
reported around �
.	 Megatons (Mt) in ����, Kesler et al. ��.�
Mt in ����, Grosjean et al. between �	.� and ��.� Mt in ����,
Vikström et al. �� Mt in ����, Flexer et al. ��.� Mt in ���
.
[�,�,��,��,��] The latest data from the USGS ���� account for 
� Mt
of lithiumworldwide, spread among di�erent countries as shown
in Table � and Figure �.[��]
When looking at the worldwide deposits, the �rst thing that is

to be noticed is the uneven distribution of these resources. Gru-
ber et al. report that around 
�% of the world�s resources are con-
tained in the top ten lithium resources, of which six are brines,
two pegmatite, and two sedimentary rocks deposits, but of them
only three were producing lithium in ����: the brines Atacama
(in Bolivia), Qaidam and Zabuye (in China).[��] This disparity of
availability of an important element such as lithium, which is ex-
pected to play a vital role in the new green technologies, high-
lights the need for sustainable governance of such geochemically
scarce metal.[�	]
Although studies may di�er on the estimated amount of re-

sources, they all agree on the fact that water resources account
for �/� of lithium available. Both Gruber et al. and Swain re-
port that about �����% of lithium is present in brines, whereas
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Table �.World lithium resources according to the USGS ����.[��] Only the
countries with more than � Million tons of lithium are reported.

Country Resources
[Mt]

Mining
reserves [Mt]

Bolivia ��.� �

Argentina ��.� �.��

Chile �.� �.��

US �.� �.�


Australia �.	 
.��

China 
.� �.
�

Congo 	.� �

Canada �.� �.	�

Germany �.� �

Mexico �.� �

Czech Republic �.	 �

Serbia �.� �

Russia �.� �

Others �.� 	.��

Figure �. Division of world lithium resources worldwide according to the
USGS ����.[��]

only ����% is in minerals (pegmatites) and 
% in sedimentary
rocks.[�,��]

�.�. Availability & Composition of Water Resources

Lithium extraction from aqueous resources has become increas-
ingly attractive in the past years due to the increasing demand
of the energy industry. The intensive mining of high-grade ores
is rapidly forcing the mining industry to move to lower grade
ones. Although these ores may have a theoretically high amount
of lithium, they also entail higher costs for energy and water
consumption thus lowering their economic interest.[�
,��] Con-
versely, lithium harvesting from aqueous resources presents
many advantages. Focusing �rst on seawater, although lithium
concentration is very low, with an average of �.�	 ppm, it is the
most abundant metal ion after the four already commercially ex-
tracted (sodium, magnesium, calcium, and potassium). Its total
amount is estimated to be of ��� Gigatons and both Bardi and
more recently Can Sener et al. deemed its recovery from seawater
economically feasible.[�
,��] Moreover, although seawater compo-

sition varies due to tides, temperature, and geographical factors,
its composition is fairly homogeneous and would not result in
a degradation of the purity grade of the mineral harvested. Al-
though high amounts of energy would be required, a signi�cant
decrease of cost can be obtained by coupling this kind of extrac-
tion with desalination plants and using the retentate of such in-
dustrial plants.[��]
Lithium extraction from brines, on the other hand, has been

exploited successfully for the past years ever since the �rst extrac-
tion as by-product of sodium carbonate in ���
 at Searles Lake
(USA).[��] Brines are water solutions with a salinity higher than
seawater, typically more than �� g L��, and can be divided into
geothermal brines, oil�eld brines and continental brines. It is es-
timated that close to two third of lithium commercially extracted
today comes from continental brines.[�,�] This kind of extraction
is acknowledged to be more advantageous than from ores, not
only because of a greener and less intensive approach, but also
because of its cost-e�ectiveness. According to Grosjean et al. the
lithiumproduction cost frombrines was estimated to be less than
half of that from spodumene ores (around ��� US$ kg�� vs ��

US$ kg��).[�] The brine resources are mostly concentrated in the
Puna Plateau in South America, a high altitude Andean region
also called Lithium Triangle. It is estimated that the salars of Bo-
livia, Chile, and Argentina of the Puna Plateau account for circa

�% of the world lithiumbrine resources. China bears the second
largest concentration of high salinity lake, in the Qinghai-Tibet
Plateau. Both of these regions share the characteristics of being
in high altitude areas, having climates that allow high evapora-
tion rates, i.e., arid climates, and being associated with geother-
mal and igneous activity.[�,��] However, even though theremay be
similarities between di�erent salars, the estimation of those re-
sources is a very complex work and intrinsically needs amultidis-
ciplinary approach. The main factors to take into account when
attempting to assess the situation of a salar are seasonal �uctua-
tions, geological and hydrological characteristics such as interac-
tions between solid salts and brines, or with non-evaporite min-
erals, and the inherent composition inhomogeneity due to the
genesis of these deposits.[��]
The extraction of lithium from both mineral ores and aqueous

resources requires several preprocessing steps. Whereas min-
eral ores are based on mature technologies and are currently
well exploited at an industrial stage, the latter still require the
development of novel processes, which would allow untapping
their larger portion. Therefore, the aim of this paper is reviewing
lithium harvesting from water-based resources.
After a brief excursus on lithiumworldwide availability and the

di�erent types of deposits one can encounter, we focus our atten-
tion on seawater and other water resources. To have a complete
frame of reference, we compiled a table of the composition of wa-
ter basins containing lithium (Table �). We considered the most
common Li-rich brines and closed water basins. The Mediter-
ranean Sea and the ArabianGulf were also included in this list, al-
though not properly closed basins, as their composition has been
previously analyzed for desalination purposes. We will now pro-
ceed to analyze the di�erent processes available nowadays to har-
vest lithium. This research �eld has caught a lot of attention in
the last years and although several di�erent techniques have been
studied and developed a common protocol is still missing. The
aim of our work is therefore to give a comprehensive overlook at
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Figure �. Schematic overview of the processes analyzed in this study.

the recovering methods available and to suggest some guidelines
to make the comparisons of di�erent techniques and materials
possible. In order to do so, we propose some �gures of merits to
compare the di�erent techniques.
In this study we divide the processes into two main groups,

called passive adsorption and electrochemical adsorption, follow-
ing the nomenclature previously proposed by LiVecchi for seawa-
ter mining.[��] As their names suggest, the �rst group is char-
acterized by the absence of an external electric voltage, which
is instead used in electrochemical processes. These two cate-
gories are further divided based on the speci�c technique or driv-
ing mechanism employed, as can be seen in Figure �, which
can act as a roadmap of this review. Among passive processes
the main techniques here analyzed are evaporation, and adsorp-
tion using ion sieves, membrane, supramolecular chemistry, and
liquid�liquid extractionwith ionic liquids. Ion pumping, ion elec-
trosorption, and electrodialysis techniques will be instead re-
viewed among the electrochemical processes. This review there-
fore has the unique feature of containing not only an overview of
the di�erent techniques and materials used in lithium recovery,
but also a form of critical comparison among di�erent experi-
mental procedures (�gures of merits) and a section with recom-
mendations for good experimental practice.

�. Processes for Li Extraction: Passive Processes
�.�. Evaporation

The evaporation technology is the only one to the best of our
knowledge that currently allows an industrial exploitation from
brines. According to Flexer et al. in ���
 there were worldwide
eight active facilities, of which two were in Argentina, exploiting
Salar de Olaroz and Salar de HombreMuerto, two in Chile, at the
Salar de Atacama, three in China that at that time were still at a
piloting stage, at Chaerhan Salt Lake, West Taijinar and Zabuye,

and lastly one in the USA, at Clayton Valley.[�] The small number
of evaporation plants compared to the high amount of theoreti-
cal exploitable sites can be easily understood when looking at the
sequence of steps that this process comprises.
The evaporation process is generally composed by a �rst stage

in which the brine is concentrated by solar and wind evapora-
tion in large ponds. This takes place until a concentration of
around ���� mgLi L�� is achieved, after which the brine is gener-
ally pumped into a recovery plant (see Figure �).[�] The successive
steps can di�er depending on the type of brine processed, i.e., the
anion most present in the brine (sulfate, chloride, or carbonate),
and the speci�c plant. After the preconcentration step, the other
ions that did not spontaneously precipitate are to be removed
by chemical treatments: calcium and boron can be removed by
adding CaCl�; residual borates can be eliminated by solvent ex-
traction; magnesium ions with the addition of lime. Then the
�clean brine� can be treated with Na�CO� to salt out Li�CO�. Once
Li�CO� is obtained, it can be re-dissolved and re-precipitated in
order to obtain higher grades of purity.[�,��] A detailed description
of the industrial steps of the process of precipitation of high pu-
rity grades of Li�CO� from brine with � wt% of lithium after the
removal of magnesium can be found in patents from Boryta and
co-workers.[�����]
Although the evaporation technology proves to be very cost ef-

fective by exploiting the climatic conditions, it also presentsmany
shortcomings, and it is not as straightforward as it could seem.
Several conditions must be met with for a successful recovery of
lithium, the climatic and geological ones being the most impor-
tant. Consistently arid and windy atmospheres are fundamental
since the process can take up to �� months. The combined
use of solar and wind evaporation is one of the main factors
that can limit the cost of this kind of operation. The geological
requisites are instead the presence of a closed basin containing
the brine, an associated geothermal activity, and the presence of
one or more aquifers.[�,��,��] However, the occurrence of all these
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Figure �. Schematic of the evaporitic technique. Adapted with permission.[�] Copyright ����, Elsevier.

conditions is not met in several basins outside of the Puna
Plateau and China, resulting in high lithium basins in the US
becoming unviable.[��] Furthermore, the evaporation technique
presents a large footprint,[�,��] with half a million liters of water
evaporated to recover a ton of lithium carbonate, thus requiring
an upgrade of the setup normally used in order not to deplete
the aquifers used. The application of this technique on oil�eld
wastewater to recover both lithium, beryllium, and strontium
was also studied by adding plants with a high transpiration rate
in the wetland.[��]
Lastly, due to the broad di�erences in the composition of the

basins (see Table �), the development of a single industrial pro-
cess capable of exploiting the water-based lithium resources is
challenging. Accurate examples of this are the Uyuni brine, in
Bolivia, and the Chaerhan Salt Lake, in China.[��,��] The former,
although hosting one of the biggest deposits of lithium in the
world, also presents a very highmagnesium content. In this case,
as the pilot scale reported by Flexer in ���
 demonstrated, a high
grade �nal product is di
cult to obtain.[�] On the contrary, in the
case of Chaerhan Salt Lake, the brine can be treated in a plant that
also recovers KCl and the treatment only needs implementation
to e
ciently recover lithium. The combination of a low lithium
content andMg:Li ratio of over �� is very detrimental to the recov-
ery of high-quality lithium because of the precipitation of mixed
compounds like lithium carnallite, a hydrated mixed chloride of
lithium and magnesium, before lithium precipitation. For this
purpose, An et al. designed a hydrometallurgical process com-
prising two stages of precipitation to remove said element.[��] In
the �rst stage the removal of magnesium and boron in the form
of Mg(OH)�, gypsum, and boron occurs by adding lime. In the
second stage, sodium oxalate is used to remove residual calcium
and magnesium. The process then culminated with solar evapo-
ration and the precipitation of lithium by carbonation at 
���� °C
with the addition of Na�CO�.

�.�. Ion Sieves

Among other passive methods, adsorption might be the most
promising in terms of e
ciency, quality of the product, and clean-

liness of the process. This can also be used in streams that are
less concentrated than brines. The most common adsorbents are
lithium ion sieves (LIS), �rst prepared by Volkhin in ��	�.[��] LIS
are inorganic compounds in which template ions are introduced
by redox or ion-exchange reactions and afterward eluted from
the structure. The vacancies thus resulting will be ion-speci�c
for the target ions due to ion screening phenomena and mem-
ory e�ect.[�	,�
] The main families of LIS are aluminum hydrox-
ide ion sieves, lithium manganese oxide ion sieves (LMO), and
lithium titanium oxide ion sieves (LTO), as lithium can be ad-
sorbed into or can easily penetrate nonstoichiometric crystalline
networks of Mn and Ti oxides or Al hydroxide. An intermediate
version of mixed lithiummanganese and titanium oxide (LMTO)
is also possible.
The superior selectivity of LIS results in high purity lithium

products and high lithium separation e
ciency. This also en-
tails the fact that no further puri�cation is required, and that
from a theoretical point of view a high uptake capacity is paired
with small losses of material during regeneration. Additionally,
LIS is said to be more environmentally friendly and less en-
ergy consuming than other technologies such as solvent extrac-
tion or precipitation methods.[�	,�
] However, LIS technology is
not exempt of drawbacks, both speci�c to the general process
and the used stoichiometry. The �rst and most obvious draw-
back of ion sieves in general is that while less energy con-
suming, LIS technologies often require longer spans of time
to operate as they generally need to reach a thermodynamic
equilibrium.
The preparation method of the precursors heavily in�uences

the degree of crystallinity and the regeneration ability of ion
sieves. The processes used to synthesize them are very similar
from one type of LIS to another and can be divided into two
main classes: solid-state methods and soft chemical methods.
The �rst one consists in calcination and microwave combustion,
i.e., methods in which the reactants are in a solid state. Instead,
soft chemical methods include those in which the compounds
are dissolved in aqueous solutions: hydrothermal method, sol-
gel, molten-salt synthesis, coprecipitation. The advantages and
disadvantages of eachmethod and their use for each LIS are listed
in Table �.
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Unfortunately, all these processes provide the LIS in the pow-
der form, which can be di
cult to use when processing aqueous
solutions. Therefore their use is generally still relegated to the
laboratory scale whereas electrochemical methods have been im-
plemented in pilot-scale facilities.[��] Although this kind of mor-
phology is the one most used for laboratory-scale experiments
and often the reference for the other morphologies e
ciencies,
recovering powders can be an energy-consuming task and losses
of active material are frequent. For this purpose, several forming
processes have been employed: granulation, foaming, and mem-
brane preparation are just the main ones. In the case of granula-
tion, the addition of a binder results in the formation of agglom-
erates, similar to pellets, easier to handle, but this can also result
in lower adsorption values due to death volumes. A similar ap-
proach is used during foaming, but in this case the structure is
highly permeable and presents a wider adaptability in terms of
materials, though the products are also more expensive and eas-
ier to degrade. On the other hand, membranes are easily scalable
and suitable to industrial applications but their production can
be of di
cult means. Each of these methods has, as always, its
own pros and cons and there is no unique material or forming
process that can solve all challenges. An overview of these form-
ing processes in relation with the analyzed works can be found
in Table �.
Furthermore, in order to overcome the intrinsic limitations of

each kind of LIS, several attempts of creating either hybrid LIS,
like mixed manganese-oxide and titanium-oxide LIS (LMTO), or
doping canonical ones to improve the adsorption capacity were
and are still pursued.[�	,��] An example of this can be seen in
the work from Chitrakar et al. in which they synthesized several
magnesium-doped lithium manganese oxides and reported that
both the chemical stability and the lithium adsorption capacity
increased with the Mg:Mn ratio.[�	] In particular, when the ra-
tio was equal to �.�� the lithium capacity of the sorbent reached
����� mgLi g�� at pH �.� and the dissolution of manganese de-
creased from �.
 wt% to �.�� wt%. The same authors also stud-
ied the adsorption properties of iron-doped LMOs.[�
] The doping
con�rmed the trend previously observed of better stability and
performance of the adsorbent when increasing the ratio Fe:Mn.
Optimal properties were found for a ratio Fe:Mn equal to �.� and
an uptake of �
.� mgLi g�� was attained from a brine of compo-
sition similar to the one from Salar de Uyuni, reaching even �

mgLi g�� when bu�ering the brinewith ��NaOH.More recently,
Dai et al. presented an aluminum-doped lithium titanium oxide
which was able to adsorb ��.�� mgLi g�� from a LiCl solution of
��� mgLi L��, while Zhou et al. reported a granulated zirconium-
doped lithium titanium ion sieve that showed high selectivity in
a real case scenario of Qaidam lake brine.[��,�
] In the following,
the main families of LIS will be studied, pointing out relevant
case studies and any shortcomings of the technologies proposed.
More detailed information concerning ion sieves can be found in
Xu et al. and Safari et al. [�	,��]

�.�.�. Aluminum Hydroxide Ion Sieves

Although less popular than LMO and LTO due to a theoretical
smaller uptake capacity, aluminum hydroxide ion sieves have
been known for several decades.[���] The aluminum hydroxide

capacity of adsorbing lithium and its use for precipitating and re-
covering lithium from brines has been known since the ����s
when Goodenough patented this recovery method.[���] However,
it wasmainly used in the ��
�s in the form of suspended hydrous
alumina in ion exchange resins, which form crystalline double
hydroxides when in contact with lithium ions.[�������]
From a crystallographic point of view, the layered structure of

lithiumdialuminate has been known as the product of lithium in-
sertion in aluminum hydroxide (bayerite) from the clay industry
and has been since used for its catalytic properties.[���] Of partic-
ular interest is the insertion of lithium salts into the structure of
gibbsite (or �-Al(OH)�) that results in compounds with the com-
position [LiAl�(OH)�]X*yH�O with {X = Cl, Br, NO�}. When de-
hydrated by heating the compounds to around ��� °C, the ma-
terials present a highly crystalline structure with highly ordered
lamellar phases.[��	,��
] These layered double hydroxides (LDHs,
see Figure �) have since been used in a variety of applications,
e.g., catalyst, drug delivery, and ion scavenging. A few examples
of LDHs used to selectively extract lithium from complex chlo-
ride salts systems can be found in Isupov�s study. The sorption
capacity of LDHs is reported to be around 
��� mgLi g�� Al�O�
in a working range of pH between � and 
 (when lower the ad-
sorbent will dissolve, when higher the sorption properties are no
longer present).[���]
LDHs have also been reported to selectively extract LiCl from

a geothermal brine in a three-stage bench-scale column pro-
cess. The stripping, however, proved to be the most critical
step of the process as an over-depletion of LiCl caused an irre-
versible degradation of the sorbent that went back to its gibb-
site structure.[���,���] To avoid these issues another study reported
a low �ow of deionized water as eluent.[���] More recently, sor-
bents of lithium aluminate in the form of porous activated alu-
mina infused with lithium salts have been reported together with
a method to recover lithium from solutions brine-like.[���,���] A
comprehensive overview of the patents and methods to recover
lithium from geothermal waters with AlOH sorbents can be
found in Stringfellow and Dobson.[���]
In other cases, aluminum-based powders were not used as

sorbents but as a mean to make lithium precipitate as lithium
aluminate reaching a precipitation rate of 	
.�%.[���] A similar
idea was investigated by Xiang and co-workers �rst to removeMg
from brines with a high Mg:Li ratio and then to recover lithium
directly from the brine through the nucleation and successive
crystallization of LDHs.[��	,��
] In the �rst case AlCl� hexahydrate
was added to the brine solution and was mixed with an alkaline
solution in a colloid mill in order to start the nucleation process.
The slurry was then transferred into a crystallization reactor
and afterwards was �ltered, washed, and dried to perform the
solid-liquid separation. This way, whereasMg was retained in the
solid phase as hydrotalcite, lithium was left in the liquid solution
to undergo further recovery. Hydrotalcite presents a lamellar
structure in which Mg�+ and Al�+ are alternating in the layer and
carbonate anions equilibrate the charges in the interlayer and
cannot host lithium ions, hence more than ��% of it remained
in the liquid phase. The second study started where the �rst
�nished. AlCl� hexahydrate was added to the Mg-depleted solu-
tion and then put in the crystallization reactor together with the
NaOH bu�er. The slurry underwent the same procedure as the
previous one. The LiAl-LDHs were then dispersed in deionized
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Figure �. a) Front view and b) top view of LDHs. Reproduced under the terms of the CC-BY license.[���] Copyright ����, The Authors, published by
MDPI.

Figure 	. a) Isothermal section of the ternary diagram Li-Mn-O at �
 °C and b) inset of the spinel region of interest. Reproduced with permission.[��]
Copyright ����, Elsevier.

water (DIW) at temperature of 
� °C in order to recover LiCl
as an aqueous solution and Al(OH)� as a solid. Ultimately, a
lithium recovery of 
�.�% from the LiAl-LDHs could be reached
resulting in a �ltrate with ���.� mgLi L��.

�.�.�. LMO-Type LIS

Lithiummanganese oxide ion sieves are, to the best of our knowl-
edge, the most common lithium adsorbents. Not only are they
used as proper ion sieves, either in powder or suitably formed
for the desired experimental setup, but they are also often used as
active additive in membrane processes or in electrodes of active
processes. Their versatility mostly depends on the variety of stoi-
chiometric formulas they can present. Figure � shows an isother-
mal cross-section of the ternary phase diagram of Li�Mn�O at
�� °C. The blue area in Figure �a corresponds to the stoichio-
metric defect spinel phase, whereas the blue area in Figure �b
represents the active area to prepare precursors of LMO-type
LIS. Discovered by Hunter in ��
�, �-MnO� was the �rst LMO-
type LIS to be prepared.[���] Hunter showed that when treated
with an aqueous acid solution, the LiMn�O� spinel structure
was maintained even though nearly all of the lithium had been
removed from its tetrahedral sites. The remaining manganese

atoms were still in their original octahedral sites of the ccp oxy-
gen framework and the lattice constant underwent only a small
reduction. This structure was then called �-MnO� in a similar
way to the �-MnO� cathodic reduction. The other most common
LMO-type LIS precursors are Li�.��Mn�.�	O� (or Li�Mn�O��), and
Li�.�Mn�.�O�.[���,���]
The main characteristics that make LIS the most common

ones in the lithium recovery �eld are their superior lithium selec-
tivity, their high lithium adsorption capacities, and an excellent
regeneration performance. LTO-type LIS may present a higher
bond energy and are therefore more stable, not undergoing any
dissolution along the process. However, LMO-type LIS has a
faster adsorption and are consequently of more interest to po-
tential industrial applications.
Two di�erent mechanisms of lithium adsorption are generally

proposed for LMO-type LIS: ion exchange and redox.[�	,�
] In the
�rst case, lithium is supposedly replaced by protons in the lat-
tice structure. There are no changes in Mn(III) and Mn(IV) sites
and the adsorption is pH dependent, as experimentally observed.
However, no manganese dissolution is predicted by this model
and therefore the spinel structure should maintain its perfor-
mance along with its structure throughout the operations, which
is not in accordance with the observed results. In the case of redox
adsorption, on the other hand, the driving force of lithium inter-
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