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In recent years, the development of lithium-selective membranes (LSMs),
among which the most widely used are ion-imprinted membranes (lIMs),
lithium-ion sieve membranes (LISMs) and supported liquid membranes
(SLMs), has attracted great interest due to the possibility of their use in
direct lithium extraction (DLE) processes. This approach can be an
alternative to the DLE sorption processes that are currently closest to
commercialization. Although the efficiency of new LSMs has been widely
discussed in original works and recent reviews, they are difficult to compare
due to the different parameters used to estimate it. Fundamental principles of
ion transport underlie the path to improved membrane performance. Success
in membrane structure design on the way to its optimization are expressed by
the «trade-off» effect: high selectivity of lithium extraction leads to low
productivity. This mini-review presents the results of the analysis of recent
studies in the field of design and testing of different types of lithium selective
membranes. The performance and selectivity of the developed materials were
evaluated using identical parameters: specific flux and selective ion separation
coefficient. This facilitates an understanding of the path to improving LSMs and
scaling it up for application in lithium extraction from brines and eluates of
spent lithium-ion batteries.

KEYWORDS

ion sieve membrane, ion-imprinted membrane, liquid membrane, lithium recovery,
lithium selective membrane

1 Introduction

Direct lithium extraction (DLE) using lithium-selective membranes (LSMs) is an
emerging technology aimed at efficiently recovering lithium from various sources, such
as brines, seawater, and lithium-containing minerals (Foo and Lienhard, 2025; Saleem et al.,
2025). LSM technology integrates the advantages of DLE based on sorbents with those of
commercialized membrane processes such as selective electrodialysis (S-ED), membrane
capacitive deionization, and nanofiltration (NF) (Xu L. et al., 2025; Yao et al., 2025). LSMs
are generally designed to permit the passage of Li* ions while rejecting other ions, such as
sodium, potassium, magnesium and calcium. This selectivity is achieved due to the
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properties of the membrane material, which can include polymer,
ceramic or composite structures exhibiting specific interactions
exclusively with lithium ions.

LSM technology is gaining traction due to its potential to provide a
more sustainable and environmentally friendly alternative to
traditional lithium extraction methods. The combination of

crushing, leaching and reduction, washing, heat treatment,
filtration, evaporation, and related steps forms the basis of
hydrometallurgical processes used for lithium extraction from
brines in the Lithium Triangle countries (Chile, Bolivia, and
Argentina), from mineral deposits in Australia, and from secondary
resources worldwide (Tabelin et al., 2021; Butylskii et al., 2023).
Moreover, in the Lithium Triangle countries and certain regions of
China, evaporation ponds, where concentration and solution
enrichment occur simultaneously, remain the traditional method
(Ezama et al., 2018; King and Dworzanowski, 2021).

Integrated with other membrane-based methods, LSMs are
designed to supplant the costly, energy-heavy processes currently
used to separate and concentrate lithium from liquid sources,
irrespective of the feed solution’s origin (Butylskii et al., 2024). A
major advantage of this technology lies in its versatility. It has
potential applications in regions where climatic and topographic
conditions preclude the use of traditional hydrometallurgical
lithium extraction processes (certain lithium-producing areas of
Russia, China, the United States, Portugal, and Serbia etc.),
including pond evaporation.

However, when analyzing the potential of LSM technology,
researchers often focus primarily on its high selectivity (Zhang
J. et al., 2024; Abrishami et al., 2025), which is achieved through
specific interactions in addition to the size and charge effects of ion
exclusion inherent in various types of ion-exchange and filtration
membranes. The increase in selectivity indicates the presence of
barriers limiting the transport of ions and water, resulting in
increased electrical and hydraulic resistance and directly affecting
both performance and energy consumption. Thus, analyzing the
success of LSM technology solely based on the concept of high
selectivity is somewhat flawed.

The literature already contains numerous research and review
articles presenting test results for individual LSM groups. However,
few studies present a complete classification and compare individual
LSM groups with each other. The difficulty lies in the fact that the
original studies evaluate the performance of different LSM groups
using different parameters. The goal of this paper was to present
such a classification and evaluate LSMs from different groups and
subgroups using the same parameters (specific flux and selective ion
separation coefficient) for performance evaluation.

2 Design strategies for lithium-
selective membranes

The explosive growth in the number of LSM types developed by
researchers worldwide over the past 5 years highlights the need for a
clear and systematic classification. Such classification facilitates
cataloging and enables the correlation of the properties of newly
developed membranes with those of their «relatives» within the
same group or subgroup. Currently, the literature most commonly
categorizes LSMs according to their fabrication methods and
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these, the
mentioned are ion-imprinted membranes (IIMs), ion sieve

constituent materials. Among most  frequently

membranes (ISMs), and liquid membranes (LMs) (Figure 1).

2.1 lon-imprinted membranes

The synthesis of IIMs involves filling ion-imprinted polymers
(ITPs), which are produced through the interaction of functional
monomers, template ions and cross-linkers. This process results in
the formation of specific recognition sites for target ions such as
lithium. The template ion must then be leached from the polymer
structure to obtain a gap equal to the size of the target ion. The
efficiency of template removal and the integrity of the imprinted
polymer structure after the leaching procedure determine the
performance and efficiency of the final IIM. According to
Zavahir et al. (2024), IIMs can be classified into four main
categories: filled IIMs, free IIMs, hybrid IIMs, and composite
IIMs, depending on the synthesis method and composition.

The development of IIMs originated from the concept of
molecular imprinting polymers (MIPs), which, beginning with
the pioneering work of G. Wulftf (Wulff and Sarhan, 1972; Wulff,
2013), steadily gained attention in the field of selective particle
extraction and expanded into various kinds of methods and
applications. The principles underlying MIPs later served as the
foundation for the IIPs creation. The first study on IIPs was
published by Nishide et al. (1976), describing a chelating resin
in the

presence of metal ion templates (Cu®*, Fe**, Co**, Zn**, Ni*", and

synthesized by cross-linking poly (4-vinylpyridine)

Hg’"). Since then, both the materials and their morphology have
been continuously improved. A variety of IIPs have been recently
developed for the selective extraction of various ionic components
such as Mn (II) (Khajeh and Sanchooli, 2011; Aravind and Mathew,
2020), Ni(II) (Saraji and Yousefi, 2009), Co (II) (Yusof et al., 2019),
Cd(II) (Singh and Mishra, 2009; Li et al., 2015), Cu (Kuras and
Wigckowska, 2015) and several others. Based on these materials,
IIMs have been fabricated as thin films or layers, often supported by
a porous material, that enable selective ion transport.

IIMs gained significant attention following the peak of applied
interest in lithium extraction from brines, largely due to the particular
challenge of separating lithium ions from the coexisting monovalent
Na"and K" ions, which are present in excess. Selectivity toward Li" ions
is typically achieved by introducing a chelating agents such as 12-
crown-4 ether (Cui et al., 2018), which is also commonly employed in
the fabrication of another type of LSMs-liquid membranes (Swain,
2016). Furthermore, modified crown ethers (Sun et al., 2017), calix [4]
arene (Yu et al,, 2020), and other macrocyclic compounds can also act
as chelating agents. Advances in the chemical composition of MIPs
(Ali and Omer, 2022; Shen et al., 2023), IIPs, and particularly in IIMs,
have been comprehensively summarized in recent reviews in this field
(Branger et al., 2013; Shakerian et al., 2016; Lazar et al., 2023; Zavahir
et al,, 2024).

2.2 lon sieve membranes
The most significant progress in the development of LSMs

has apparently been achieved in the case of ISMs. According to
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FIGURE 1
Groups and subgroups of lithium-selective membranes.

the Scopus, from 2000 to the present, the number of publications
on ISMs is almost four times higher than the number of
on IIMs (6,929 records vs. 1,871
Structurally, ISMs are composite materials
featuring microporous frameworks ion channels. As the name

publications records,

accordingly).

implies, the fundamental mechanism of ion separation in these
membranes is based on the pore-size sieving effect, where
monovalent ions are partially or completely dehydrated to
facilitate the transport (Xu et al, 2024). In this context,
extensive research has focused on crystalline materials such
(MOFs),
frameworks (COFs), porous organic cages (POCs), hydrogen-

as metal-organic frameworks covalent organic
bonded organic frameworks (HOFs), and polyoxometalates
(POMs),
porous structures permeable to ions (Yang et al., 2023; Chen
et al., 2024; Jaid et al., 2024). Among these materials, MOFs and
COFs are the most widely utilized. MOFs are constructed by

joining metal-containing units with organic linkers, using

which form stable two- and three-dimensional

coordination bonds to create open crystalline frameworks
with permanent porosity (Naka, 2014), whereas COFs are
porous crystalline polymers consisting of covalently bonded
organic units (Coté et al., 2005).
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Although MOFs themselves have existed since the 1990s,
originating from the pioneering work of R. Robson on the
coordination of copper ions with organic linkers (Hoskins
and Robson, 1989), and further developed and stabilized
through the seminal contributions of Yaghi et al. (1995),
Kondo et al. (1997), and Fujita et al. (1995), their application
in membrane technology, particularly for selective lithium ion
separation (2019-2025), has emerged only recently (Razmjou
et al., 2019).

Currently, advanced strategies for constructing hierarchical
structures such as MOF-on-MOF (Abdollahzadeh et al., 2022;
Xiao et al., 2022) and COF-on-MOF (Li Y. et al., 2021; Xia et al.,
2022) architectures with ordered pore arrangements are employed
to control ion transport. For instance, carboxyl-functionalized
Ui0-66, followed by UiO-66 with amine functional groups, can be
sequentially grown layer by layer on a porous anodized aluminum
oxide (AAQ) substrate membrane (Xiao et al., 2022). It has been
reported that the incorporation of carboxyl groups enhances Li*
transport in the presence of Mg®" ions.

Another noteworthy strategy involves the fabrication of an
oriented MOF based on UiO-67 with a preferential growth
direction along the plane (Xu et al, 2022). This approach
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primarily addresses the challenge of reduced flux of the target Li* ion
with increasing membrane selectivity.

The construction of tailored structures within MOFs for
enhanced monovalent ion selectivity of membranes is also of
great importance. A study by Prof. T. Xu’s group (Xu et al,
2024) demonstrated an in situ growth technology for crown
ether@UiO-66 membranes, in which crown ethers are perfectly
confined within the UiO-66 MOF structure. Similar hybrid
architectures, such as MOF-in-COF structures (Fan et al.,, 2021),
have also been reported in gas separation applications. These
materials exhibit high permeability and selectivity due to the
formation of MOF domains as chains of unit cells embedded
within the one-dimensional channels of two-dimensional COFs.

Although POCs have been known in the literature for a long
time (approximately from 1970s), they represent a relatively new
class of crystalline materials actively studied for selective ion
separation. The first hydrocarbon cage with a complete C-C
backbone was reported in 1977 (Yang et al., 2023). Currently,
cages with a mixed backbone of C-C and C-N bonds are being
actively synthesized and studied. For selective ion separation, and
particularly for lithium extraction, POCs can be assembled layer-
by-layer on the substrate surface (Zhang Y. et al., 2024). They can
pack in either crystalline or an amorphous solid state via
noncovalent interactions. Their unique properties even enable
porosity switching in response to specific chemical triggers
(Jones et al., 2011; He et al., 2022; Ghaffar et al., 2023), which
can be exploited to fine-tune pore size for targeted applications.
Notably, thin POCs-based membranes hold great promise not
only for selective ion extraction but also for use in lithium-ion
batteries (LIBs), drug delivery, sensors, etc (Dai et al., 2022; Li
et al., 2022).

Another effective approach to fabricating ISMs involves the
use of precursors or powders of ion-sieve adsorbents (Sun et al.,
2021). Various membrane designs have been reported for this
class of materials, including those based on lithium ion
conducting glass ceramic (Ounissi et al., 2020), first proposed
by Hoshino (2015), as well as \A-MnO, (Bao et al., 2023; Mojtahedi
et al., 2025) or a-Al,O3 (Xue et al.,, 2020), etc. These membranes
are typically formed either by incorporating a lithium-selective
agent into the membrane bulk or by coating it onto the surface. In
both cases, the lithium transport rate is constrained by the
permeability of the ion-conducting pathways formed by the
selective agent in the polymer matrix or by the thickness of the
functional layer.

In recent years, MXene-based sieve structures have gained
considerable attention in the design of ISMs (Lu et al, 2024;
Chen et al.,, 2025). MXenes are 2D materials that are transition
metal carbides or nitrides. In their structure layers of transition
metal atoms (M) alternate with layers of carbon or nitrogen atoms
(X) (Huang et al., 2018). They were first investigated by Naguib M.
etal. (Naguib etal.,, 2011; Naguib et al., 2012), who reported a simple
method for producing Ti,AlC, Ta4AlC; (TipsNbgs), AlC,
(Vo5.Crgs); AlC,, and Ti;AICN by immersing their powders in
hydrofluoric acid (Naguib et al., 2012). Currently, MXene-based
polymer membranes are being actively developed and evaluated
using various techniques for selective ion separation (Mozafari et al.,
2021). Among these, vacuum-assisted filtration, drop casting, and
hot pressing are the most commonly employed (Lim et al., 2022).
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The broad range of modification methods explored for MXene-
based polymer membranes enables the design of advanced strategies
for enhanced conductivity, improved selectivity and thermal
stability of polymer membranes.

More detailed information on the advances in the structure
and properties of MOF-, COF- and POC-based membranes, as
well as the ion transport mechanisms governing their
performance, can be found in recent reviews (Li Y. et al., 2021;
Huetal, 2022; Lim et al., 2022; Yang et al., 2023; Xu T. et al., 2025;

Zhang et al., 2025).

2.3 Liquid membranes

LMs represent a relatively prospective separation method for
lithium extraction, despite having been first patented as early as
1968 by N. Li (Li, 1966; Li, 1971). Essentially, this membrane type
can be regarded as an advancement of conventional liquid-liquid
extraction technology (Swain, 2016). The technology utilizes an
organic solvent containing extractants that selectively bind to
target lithium ions (Demin et al., 2018). These extractants form
lipophilic organometallic complexes with lithium ions, which
diffuses from the treated solution into the organic solvent
phase. This is followed by back-extraction of lithium into an
aqueous solution and subsequent regeneration of the extractant.
In theory, the method offers extremely high selectivity, as among
all cations present in the treated solution (Li*, Na*, K*, Mgz*,
Ca’"), only Li* should form such complexes and be transported
across the selective liquid layer.

According to a 2023 mapping of DLE technologies conducted by
the German company Extantia, sorption, ion-exchange, solvent
extraction, electromembrane, and electrochemical technologies,
have the highest potential for rapid commercialization (Werny,
2023). However, solvent extraction faces several challenges that
limit its scalability, including the use of large volumes of
solvents and extractants, high labor costs, and the need for
skilled operation. Implementing the technology in the form of
liquid membranes helps to mitigate these limitations and
simultaneously enhances ion transport. In this configuration, a
membrane impregnated with a liquid extractant functions as the
organic phase or serves as a medium separator. Accordingly, LMs
are generally classified into supported liquid membranes (SLMs)
and non-supported liquid membranes (nSLMs), the latter
including emulsion liquid membranes (ELMs) and bulk liquid
membrane (BLMs). In SLMs, separation occurs on the membrane
surface. In nSLMs it takes place within the bulk phase, either in the
emulsion of ELMs (Bjorkegren et al., 2015) or in the extractant
layer located between two microporous membranes, forming a
BLM structure (Zhao et al., 2020). The structure of BLMs is
particularly interesting, as ion transport occurs not only by
diffusion but also via electromigration. Ions are transported
the membrane to the other side, into a stream or layer
containing an organic solvent with extractant. Back-extraction
and extractant regeneration can occur simultaneously in the same
system (Zhao et al., 2020). Lithium ions contained in the ligands
diffuse to another membrane, forming a stream or layer
containing the organic solvent. Lithium back-extraction into
the receiving solution occurs through this stream or layer.
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0. Yaghi, S. Kitagawa

and R. Robson were awarded
the Nobel Prize in Chemistry
for the development of MOFs

MOF-on-MOF, COF-on-MOF and
MOF-in-COF, MXene structures
for advanced LSMs design

Development of MOFs, COFs
and POCs-based membranes
for selective lithium extraction
M. Naguib, 2011
MXenes were first studied

O. Yaghi, 2005
COFs have been first designed
and synthesized

R. Robson, 1989
synthesized the first MOFs
with copper atoms

H. Nishide et al., 1976
chelate resin with inclusions of
metal ion templates for IIPs

N. Li, 1966
LMs are patented
for the first time

FIGURE 2

Timeline and main milestones in the development of lithium-selective membranes.

However, BLMs also have limitations: they possess a relatively
small interfacial area, and the high resistance of the microporous
membranes used in their design constrains their efficiency and
scalability compared to SLMs (Belova et al., 2014).
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Research focuses on optimizing
membrane design (e.g., surface
charge, wettability, nanochannel
dimensions) and operating
conditions (current, pressure,
and concentration) for enhanced
lithium selectivity

M. Fujita and O. Yaghi did
receive the 2018 Wolf Prize
in Chemistry for the
development of MOFs

The concept of using ion-
selective membranes for lithium
extraction from aqueous
solutions gains traction

Validation of supported liquid
membranes for lithium extraction
from a multicomponent mixture

0. Yaghi, S. Kitagawa

and M. Fujita, 1994
independently laid the
foundation for MOFs as a
robust and versatile technology

G. Wulff, 1972
development of molecular
imprinting polymer
technology (MIPs)

Early research begins on ion-
selective membranes, focusing
on various ions, including
lithium

Taken together, the advances in LSMs reflect a continuous refinement
of strategies toward achieving high lithium selectivity, stability, and
scalability. The timeline in Figure 2 shows the key technological
milestones that have shaped this evolution over the past decades.
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TABLE 1 Comparison of lithium extraction efficiency from solutions using different types of lithium-selective membranes.

Reference Membrane Membrane Feed Experiment JLics Competing Jen+, Siivjcn
type solution details mol/ cation, C™* mol/
(m?xh) (m?xh)
lon-imprinted membranes (/IMs)
Yang et al. (2022) | TiO,/PVDF-12C4E Composite ITMs 0.1 g/L Li* H-type cell 0.03 Na* 0.16 0.06
0.1 g/L Na* (diffusion)
0.1 g/L K* 1.1 x 10 m* K* 0.045 0.13
0.1 g/L Mg** 2h
0.1 gL Ca>* Mg 0.036 0.25
Ca** 0.085 0.06
Li L. et al. (2021) Sf-sg-AB12C4 Composite ITMs 3.5 g/L Li* ED cell - Na* - 0.027
11.5 g/L Na* 2V
19.55 g/L K* 3.1 x 10 m? K* - 0.023
12.1 g/ Mg** 2h
Mg - 0.03
Ca?* - 0.021
Yu et al. (2020) PDMS-PDA-calix Composite ITMs 0.2 g/L Li* diffusion cell 0.5 Na* 0.36 0.4
[4] arene 0.2 g/L Na* 0.5 x 10™* m?
02 g/L K 3h K* 0.23 0.38
0.2 g/L Rb*
Rb* 0.11 0.35
Yang et al. (2019) M-co-0.50 Composite IIMs 0.35 g/L Li" ED 4-compartmet 0.33 K* 1.1 0.3
1.96 g/L K%, cell
1.2 g/l Mg 50 A/m? Mg 0.15 22
2.0 x 107 m?
1h
Cui et al. (2019) CA/CS-12C4E Composite IIMs 0.1 g/L Li* H-type cell 0.014 Na* 0.03 0.16
0.1 g/L Na* (diffusion)
0.1 g/L K* 25x 10 m? K 0.02 0.15
0.1 g/L Mg** 4h
0.1 gL Ca>* Mg 0.04 0.1
Ca** 0.03 0.08
Sun et al. (2017) PVDEF- 2AM12C4 Composite IIMs 0.1 g/L Li* H-type cell 1.67 Mg* 0.09 5.3
0.1 g/L Mg** (diffusion)
1.5 x 10 m?
3h
lon sieve membranes (ISMs)
Jeong et al. (2025) a-AlL,Os/MLG other 0.027 g/L Li* H-type cell 7.1 Na* 0.26 3,260
10.8 g/L Na* -15V
0.435 g/L K* 2.1 x 107° m?
1.33 g/L Mg** 72h (3 x 24 h)
0364 g/L Ca**
0.007 g/L N?*
0.01 g/L Co*
Han et al. (2024) | 2:1 [BMIM][AICI4]- MOFs-ISMs 0.8 g/L Li" NF cell - Mn?* - 8.9
MOF TFN 1.27 g/L Mn** 2.5 bar
1.05 g/L Co** 09 x 107 m? Co* - 9.9
3.42 g/L Ni2* N
003 glL Cu* Ni - 10.1
0.04 g/L Fe’*
0.05 g/L AP*
Pang et al. (2023) VmMS-1 Vermiculite-ISMs 1.4 g/L Li* ED cell 1.3 Na* 0.09 14.9
4.6 g/L Na* 200 A/m’
7.8 g/LK* 3x10° m? K* 0.07 19.1
49 g/L Mg* 1h
Mg 0.05 238
Eden et al. (2023) CTA-S-60 MOFs-ISMs 0.69 g/L Li* H-type cell 1.0 x 107" Na* - 1.2
23 g/L Na* ~10-+10V
0.96 x 10 m’
100 s
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TABLE 1 (Continued) Comparison of lithium extraction efficiency from solutions using different types of lithium-selective membranes.

10.3389/frmst.2026.1753282

Reference Membrane Membrane Feed Experiment JLics Competing Jen+, Siivjcn
type solution details mol/ cation, C"™* mol/
(m?xh) (m?xh)
Ahmadi et al. GO-based other 3.5 g/L Li H-type cell 0.005 Na* 0.016 0.28
(2022) membrane 11.5 g/L Na* 1V
19.5 g/L K* 0.5h K* 0.017 0.27
12.1 g/L Mg**
Ounissi et al. Lithium Composite other 0.2 g/L Li* ED 4-compartmet 0.087 Na* 2.35x 107 112
(2022) Membranes (LCM) 2.0 g/L Na* cell
5 A/m*
0.4 x 107 m?
4h
Lu Z. et al. (2021) Ti3C,T,-PSS MXene-ISMs 1.4 g/L Li* U-shaped cell 0.01 Na* 0.001 10
4.6 g/L Na* 75 h
7.82 g/L K* 0.5 K* 0.04 12
49 g/L Mg**
0.4 Mg* 0.016 25
Deng et al. (2021) TizC, Ty MXene-ISMs 1.4 g/L Li* U-shaped cell 0.01 - - -
0.8 x 107 m*
24 h
Ounissi et al. Lithium Composite other 0.1 g/L Li* DD and CID cell 0.045 Na* 9.7 x 107° 5,543
(2021) Membranes (LCM) 4.0 g/L Na* 0.78 x 10 m?
24h 0.098 Na* 13 x 107 931
Lu J. et al. (2021) | 3D UiO-66-COOH MOFs-ISMs 0.7 g/L Li* H-type cell - Na* - 0.24
2.4 g/l Mg** 1.0V
2 min K* - 0.18
Mg - 1365
Bajestani et al. CEM/ other 13.9 g/L Li EL cell 8.96 Na* 0.28 0.95
(2020) LiCoosMn, 504 1.35 g/L Na* 5V
3h
Sharma et al. NC-4 other 0.5 g/L Li* ED 4-compartmet 4.32 Na* 0.6 22
(2020) 0.5 g/L Mg** cell
0.5 g/L K* 2 cell pair K* 0.25 3
0.5 g/L Na* 2 V/cell
0.0066 m>2 Mg* 0.25 4.8
2h
Zhang et al. HSO0;-UiO- MOFs-ISMs 0.28 g/L Li* 2-compartment cell 2.8 x 107 Na* 0.8 x 107 0.8
(2020) 66-0.6@PVC 2.18 g/L Na’, (diffusion)
0.76 g/L K* 05x 107 m? K" 22x10° 0.6
108.5 g/L Mg>* 60 h
Mg 0.7 x 107 47
Liquid membranes (LMs)
Dong et al. (2025) 14C4PI(TBP- HFSLMs 0.7 g/L Li* MC cell 0.18 Mg™ 0.017 15.8
NaNTf,) 2.4 g/L Mg** 14 x 107 m?
120 h
Li et al. (2024) EVAL/SPEEK-NW FSSLMs 6.25 g/L Li" diffusion cell 0.83 Mg* <0.8 x 1072 >460
97.2 g/L Mg** 5 cell pair
0.033 m*
11 h
Hua et al. (2023) Pl@14C4 FSSLMs 0.7 g/L Li* H-type cell 0.15 Na* 0.83 4.1
46 g/L Na* 03 x 107 m?
39 g/[LK* 9 h K* 0.03 6.1
2.4 g/L Mg**
& gz Mger 0.012 14.1
Zhao et al. (2020) | Sandwiched liquid- BLMs 1.0 g/L Li* EL cell 0.079 Mg™ 0.035 22
membrane 50.0 g/L Mg** 3 Vicell
0.0036 m*
6.9 g/L Li* 12h 0.013 Ca** 1.2x 10" 111
40.1 g/L Ca*
23.0 g/L Na* Na* 13x107° 10
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TABLE 1 (Continued) Comparison of lithium extraction efficiency from solutions using different types of lithium-selective membranes.

Feed
solution

Reference Membrane Membrane

1/<]

Zante et al. (2020) PVDF/liquid FSSLMs 0.052 g/L Li",
membrane 0.17 g/L Na*
69 x 107 g/L

Li*, 2.3 g/L Na*

Experiment JLics Competing Jen+, Siivjcn+
details mol/ cation, C"* mol/
(m?2xh) (m2xh)
1.8 x 10 m? 0.052 Na* 1.3 % 10 400
20 h
0.18 Na* 1.08 16.7

“EL, cell-electrolysis cell; ED, cell-electrodialysis cell; CID, cross-ionic dialysis cell; DD, diffusion dialysis cell; MC, cell-membrane contactor cell; NF, cell-nanofiltration cell.

3 Advantages of lithium selective
membrane types

LSMs are expected to combine several key advantages, including
high lithium-ion selectivity, high specific productivity (ion flux) and
extraction efficiency, energy efficiency and continuous operation
compared to traditional methods, as well as environmental
sustainability through reduced reagent consumption. However, in
practice, it is often impossible to achieve all these parameters
simultaneously due to their inherently conflicting nature, a
trade-off  effect:
productivity usually leads to reduced selectivity, while higher

phenomenon known as the increased
extraction efficiency tends to decrease energy efficiency, and vice
versa. Consequently, most reports in the literature describe
laboratory-scale LSMs that fulfill one or two sustainability criteria
but rarely combine all the desirable characteristics.

Table 1 summarizes the results from recent studies proposing
and testing various structures and compositions of ion-imprinted,
ion-sieve, and liquid membranes. It should be noted that these
results were obtained under diverse experimental conditions. The
reported systems differ in driving forces (concentration, pressure, or
electric field gradients), feed solution compositions (from ternary
electrolytes containing lithium and magnesium salts to
multicomponent solutions with monovalent ions such as Li*, K7,
Na* to divalent ions such as Ca®*, Mg**, Ni**, Mn*", and Co®"), and
in the design of test modules (ranging from simple laboratory
H-type cells to multi-compartment electrodialysis cells with
several repeating cell pairs).

Among the various types of ion-imprinted membranes,
composite IIMs are likely the most widely used in lithium
extraction. They are characterized by ease of fabrication and
broad variability in component composition. Moreover, 12-
crown-4 ether (12C4E) is most frequently employed as a
chelating agent in such membranes (Sun et al., 2017; Cui et al,
2019; Li L. et al., 2021; Yang et al., 2022). The cavity size of 12C4E
closely matches the ionic radius of lithium, enabling the formation
of specific recognition sites through complexation with oxygen
atoms. However, the structure remains permeable to smaller
sodium and potassium ions. In addition, 12C4E can also interact
with magnesium and calcium ions, forming sandwich structure. As a
result, membranes of this type allow the transfer of not only lithium
but also other coexisting ions (Yang et al., 2022), which leads to
selective ion separation (or specific permselectivity) coefficient,
Sti+jcn+> often significantly lower than 1 (Table 1).

The selective ion separation coefficient (Equation 1)

determines the ability of the membrane to preferentially
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transport the target ion over coexisting ions in the feed
solution and is defined as follows:

o i _ e/t
R

where ji;+ and jone are the flux densities of Li* and coexisting C**

1

cations through the membrane, respectively; c{i+ and cém are the
concentrations of coexisting cations in the feed solution; Acl;. and
Ack,. are the changes in concentrations of these ions in the
concentrate (product) compartment over time.

This implies that, based on the physical meaning of the
parameter Sy;+/cne, IIMs are actually «selective» toward coexisting
cations rather than lithium itself. Since the chelating agents
incorporated in their composition exhibit specific affinity for
lithium, the performance of IIMs is typically evaluated not only
in terms of the selectivity coefficient but also by parameters such as
diffusion permeability, sorption coefficients and adsorption
capacity, that is, by characteristics obtained under equilibrium
conditions or driven solely by concentration gradients. Luo et al.
(2020) noted that for membrane applications in electric field-driven
processes, it is essential to evaluate them under appropriate
operating conditions. Moreover, both the specified current modes
(Jiang et al, 2019; Zabolotsky et al., 2020; Golubenko and
Yaroslavtsev, 2021) and hydraulic regimes (Zhang et al, 2021)
can significantly influence membrane performance. Due to the
coupled effects of concentration polarization and phenomena
occurring at elevated (overlimiting) current densities, membranes
can exhibit specific permselectivity only at current densities below
the limiting value (Gorobchenko et al, 2022).
permeability, sorption coefficients, and adsorption capacities

Diffusion

indeed play a major role at low current densities and when the
proportion of the target component is high compared to coexisting
components (20%-60%). This can then be used to calculate the
selective ion separation coefficient (Luo et al., 2020). Therefore,
while these parameters are important, specific permselectivity
remains the key indicator, as it enables a direct assessment of the
performance of different membrane systems and facilitates
comparative analysis of the results independent of external factors.

Another parameter important for practical applications is the
specific flux of the competing cations (Equation 2), ji, mol/(m®xh):

v daclu.

Jor = s dt @)

where V is the volume of feed or permeate solution, s is the
membrane surface area, ¢ is time of an experiment.
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Although this parameter is as universal as the selective ion
separation coefficient, it is not as widely used. Its definition and
expression vary across different membrane-based methods. For
example, in baromembrane concentration and separation
processes (reverse osmosis and NF), which are widely used in
water treatment processes (Jones et al., 2019), performance is
typically evaluated by the membrane permeate flux, j,, L/(m’xh).
During NF treatment, lithium and other monovalent ions enter the
permeate along with water molecules, whereas multivalent ions are
predominantly retained in the retentate.

To develop integrated lithium extraction technologies and
critically evaluate the progress of membrane-based methods,
including those employing LSMs, it is essential to compare their
performance using standardized parameters. Previously, we were the
first to compile, calculate (when data were not explicitly provided in
the original studies), and analyze the results of a wide range of
membrane-based methods (ED, S-ED, BMED, EL, DD, CID, MCDI,
NF, RO, etc.) for lithium extraction from both primary and
secondary sources (Butylskii et al., 2023). The comparison was
based on selective ion separation coefficients and specific ion flux.
The analysis primarily focused on lab-made monovalent cation-
Although  these

membranes often demonstrate high selective ion separation

selective and lithium-selective membranes.
coefficients, their technology readiness level remains too low for
commercialization due to complex and costly fabrication procedures
and testing performed only under simplified conditions using
artificial brines. Therefore, a separate assessment was carried out
for membranes and membrane technologies tested in either artificial
or real multicomponent brines, as well as under near-industrial
conditions (large effective membrane area, high total dissolved
solids, integration with other processing stages, etc.) (Butylskii
et al, 2024). This analysis highlighted the high potential of S-ED
and NF methods for lithium extraction from mixtures containing
divalent ions, as well as capacitive deionization, membrane capacitive
deionization and electrobaromembrane methods for reagent-free
separation of lithium from monovalent sodium and potassium ions.

Therefore, only comprehensive, multifactorial testing of the
developed materials can provide a definitive conclusion regarding
their applicability in lithium extraction technologies. Nevertheless,
for preliminary assessments, the selective ion separation coefficient
and specific flux values are sufficient.

In Ref. (Yang et al.,, 2022), a composite IIMs TiO,/PVDEF-12C4E
was proposed. The membrane was fabricated using a PVDF matrix
with the addition of TiO, to enhance overall hydrophilicity, while
surface modification with 12-crown-4 ether imparted lithium-ion
selectivity. The selective permeation ability of created membrane
was measured in multicomponent solution with the same
concentration of Li*, Na', K', Mg*, Ca’" ions. The authors
found that selective permeation ability varied in the following
order: Li* < Mg** < K" < Ca* < Na*, which aligns with the
transport mechanism previously described for IIMs and the
relative hydrated ion sizes. It is noteworthy that the membrane
exhibited close permeation ability for Li* and Mg®" ions, which can
be attributed to their comparable hydrated ionic radii. According to
our calculations, the membrane demonstrates a lithium flux of
0.03 mol/(m>xh) and a specific permselectivity Stimgr = 0.25.

Similar results were reported in Ref (Cui et al., 2019) for a CA/
CS-12C4E hybrid membrane composed of cellulose acetate and
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chitosan, further modified with TiO, and 12-crown-4 ether.
However, in a mixed solution, the permeation ability differed
and followed the order: Li* < Na" < K* < Mg* < Ca*". This
deviation can be attributed to structural differences in the
substrate membrane and variations in the loading level of the
chelating agent. Under identical feed solution concentrations and
operating solely under a concentration gradient, the lithium flux
through the CA/CS-12C4E membrane, according to our estimates is
lower (0.014 mol/(m?xh)), compared with the TiO,/PVDF-12C4E
membrane (Table 1).

In Ref. (Yu et al., 2020), a PDMS-PDA -calix [4]arene membrane
was developed and tested using a different chelating agent (calix [4]
arene). The enhanced lithium retention was attributed to its
interaction with ester groups. However, based on the authors’
data, the lithium flux through this IIM is approximately 0.5 mol/
(m>xh), while the selectivity toward coexisting singly charged Na*
and K* ions is nearly an order of magnitude lower than that achieved
with membranes employing 12-crown-4 ether as the chelating
agent (Table 1).

The performance of lithium extraction using IIMs can be
improved by applying an electric current or pressure as an
additional driving force alongside the concentration gradient. In
Ref. (Li L. et al., 2021), a polysulfone-type membrane, Sf-sg-AB12C4,
with 12-crown-4 ether, was synthesized and tested under a constant
potential drop of 2 V. Unfortunately, the authors did not report
specific flux values, and the available quantitative data are insufficient
to perform an independent calculation. Nevertheless, it is worth
noting that the membrane demonstrates significantly higher selective
ion separation coefficient.

Thus, the analysis shows that although composite IIMs can
exhibit high selective ion separation coefficients with respect to
coexisting ions, they typically demonstrate low specific lithium
fluxes. However, for this membrane type, low fluxes imply low
lithium loss due to its removal with competing ions. This is because
the target lithium product remains in the feed solution compartment
rather than passing through the membrane, unlike in most other
membrane processes.

The ISMs, conversely, are designed for the direct extraction of
lithium by selectively transporting only Li* through the membrane, while
coexisting ions are effectively excluded (Xu et al., 2024). Membranes of
this type have been tested in both pressure-driven (Han et al., 2024), and
electric-field-driven (Ounissi et al., 2022) processes.

MOFs-based ISMs deserve particular attention due to the
rapidly increasing number of studies on their synthesis. In Ref.
(Lu J. et al,, 2021), a 3D UiO-66-COOH membrane was fabricated
using an amino-functionalized PET-NC film whose pores were filled
with carboxyl-functionalized UiO-66 crystals. This approach
enabled the formation of subnanometer pores within a polymer
nanochannel, resulting in a membrane that, according to our
calculations, exhibits an exceptional selective ion separation
coefficient for lithium over magnesium of 136.5 under an applied
electric field. In Ref. (Han et al., 2024), a 2:1 [BMIM][AICI4]-MOF
TFN nanofiltration membrane was prepared on a PVDF film
modified with MIL-101 grafted with different ionic liquids (ILs).
Similar to other MOFs-based ISMs used in electrodialysis, the
mechanism of lithium selectivity arises from a combination of
the sieving effect and electrostatic interactions. In this membrane
architecture, ionic liquids are employed to enhance electrostatic
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exclusion, thereby improving selectivity. According to the authors
(Han et al., 2024), the membrane exhibited lithium selectivity in the
presence of Mn**, Co*', and Ni**, with values ranging from 9 to
10 (Table 1).

Although MOFs-based ISMs frequently achieve high selectivity, the
specific lithium flux through them is often low at practically reasonable
lithium concentrations in the feed solution (up to 0.5 g/L). Another
limiting factor for the practical implementation of MOFs-based ISMs
technology is the complexity of MOF fabrication and their associated
high production costs.

Reviews (Abrishami et al., 2024; Xu T. et al., 2025) summarize
both the achievements and the limitations of MOFs-based ISMs,
enabling an assessment of their prospects for integration into
technologies. The highlight a
significant gap between laboratory-scale samples and the large-

lithium  extraction authors
area MOF-based ISMs required for industrial ion separation.
However, MOF-based membranes for gas separation are being
actively developed in parallel, with reports of the fabrication of
ZIF-8 flat membranes with areas of up to 2,400 cm?, and even up to
4,800 cm® for spiral-wound membrane module (Yu et al., 2023).

A potential solution to the challenge of rapid scale-up is the use
of less expensive materials for creating ISMs. MXene-based ISMs
have recently emerged as a promising candidate in this regard. Deng
et al. (Deng et al,, 2021) reported the fabrication of a Ti;C,Ty
membrane with a large area of up to 575 cm’. Although MXenes are
two-dimensional materials, unlike MOFs, the interlayer gaps in their
structures provide comparably effective pathways for lithium-ion
separation. Lithium selectivity relative to Na* and K* can reach
values of around 10, while selectivity relative to Mg** reaches 25,
with a lithium flux of 0.08 mol/(m?xh) (Lu Z. et al., 2021).

The use of LMs for lithium extraction also shows significant
promise. Membranes of this type are characterized by high specific
permselectivity (Table 1). Zante et al. (2020) reported the development
and testing of PVDF-based FSSLMs employing heptafluoro-
dimethyloctanedione (HFDOD) and tri-n-octylphosphine oxide
(TOPO) as lithium-selective ligands. The selectivity toward Na*
reached 400, while the lithium flux in a concentration-gradient-
driven system reached 0.052 mol/(m’xh). Another similarly
successful strategy is the use of BLMs. The sandwiched liquid-
membrane developed by Zhao et al. (2020) incorporates a lithium-
selective agent in the internal space between two ion-exchange
membranes. The use of ionic liquids such as tri-n-butyl phosphate
(TBP), which are well established in solvent extraction of lithium,
enables high selectivity in the electric-field-driven process while
simultaneously achieving enhanced lithium fluxes.

Similar to other membrane types, LMs also face surface area
limitations that affect their performance and hinder broader
adoption. In Ref. (Dong et al, 2025), 14C4PI(TBP-NaNTf,)
HFSLMs designed as membrane contactors were fabricated and
tested. Membrane contactors are devices equipped with polymer
partitions that enable direct phase contact (gas-liquid or
liquid-liquid) across an interface without dispersing one phase
into the other. Their key advantage is efficient mass transfer
between phases (Drioli et al, 2011). To maximize the effective
use of the interface, membrane contactor configurations with the
highest membrane surface area—to-volume ratio, namely, tubular or
hollow-fiber membranes, are typically preferred. The 14C4PI(TBP-
NaNTf,) membrane is made of 14-crown-4 ether functionalized
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polyimide, the pores of which were filled with TBP and sodium bis
(trifluoromethylsulfonyl)imide as a selective agent. With an area of
14 x 107 m? in Li" and Mg separation tests, the membrane
demonstrated a lithium selectivity of 15.8 at a lithium flux of
0.18 mol/(m?>xh) (Table 1).

Thus, this review demonstrates that, although numerous types
of lithium-selective membranes and a wide range of implementation
strategies have been reported in the scientific literature, moving to
high levels of availability requires significant experimental
development. Only a small fraction of laboratory prototypes has
undergone detailed, long-term testing in multicomponent solutions
for lithium extraction from natural brines. The complexity of
fabrication methods, the need for continuous monitoring of
membrane stability, the scarcity of comprehensive performance
evaluations, and the inconsistent reporting of productivity,
selectivity, and efficiency metrics (which vary depending on
precursors, membrane type, and intended application) collectively
hinder the implementation of LSM technologies for direct lithium
extraction.

4 Conclusion

Direct lithium extraction using lithium-selective membranes
represents a promising advancement in the field of lithium
recovery. By leveraging the unique properties of specialized
membranes, this method offers a more efficient, sustainable, and
environmentally friendly approach to meet the growing demand for
lithium. However, the present review highlights that the concept still
faces a number of critical challenges. Despite achieving high selective
ion separation coefficients, most LSMs exhibit relatively low specific
lithium fluxes, necessitating productivity enhancement either
through substantial increases in membrane surface area or by
intensifying the driving force via pressure or electric field
application rather than relying solely on concentration gradients.
At the same time, the requirement for large membrane areas
remains a major bottleneck for most LSMs. The cost of the
precursors required for their fabrication and the overall
complexity of the production technology continue to limit both
productivity —and scalability.  Furthermore, the
productivity, selectivity, and efficiency of different types of LSMs

industrial

are often expressed in non-uniform parameters, which complicates
their comparison with other membrane types as well as with other
processes that must be integrated into a complete extraction system.
It is expected that continued research and development, aimed at
improving LSM design and optimizing lithium extraction processes,
will enhance the overall feasibility and efficiency of DLE systems.
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