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1. Introduction1)

Emissions of greenhouse gases cause severe global 
warming, and consequently, major climate change. 
Reduction on the dependence on fossil fuels and find-
ing alternative sources of clean energy is extremely 

essential. Rechargeable batteries are one such alter-
native sources for generating energy. Currently the lith-
ium ion battery (LIB) is a very successful form of bat-
teries although there is much research being conducted 
to substitute conventional LIBs with more efficient and 
less costly ones. With the growing demand on lithium, 
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요   약: 리튬 이온 배터리(LIB) 수요는 화석 연료에 대한 부담을 줄이기 위해 전 세계적으로 매년 증가하고 있다. LIB는
전기 자동차, 고정식 저장 시스템 및 기타 다양한 응용 분야에 사용된다. 리튬은 해수, 염수, 염호에서 구할 수 있으며 환경
친화적이고 저렴한 방법으로 추출하면 리튬 채굴의 부담을 크게 줄일 수 있다. 주로 나노여과(NF)와 같은 막 분리 공정은 용
액에서 리튬 금속을 분리하는 효과적인 방법이다. 전기투석 및 전기 분해는 리튬 분리에 사용되는 다른 분리 공정이다. 역삼
투압(RO) 공정은 이미 해수 담수화를 위한 잘 정립된 방법이다. 따라서, 리튬 금속을 목적으로 사용되는 개질된 RO 분리막
은 용액속에 존재하는 다른 금속 원소의 간섭에 의한 문제를 해결할 수 있는 좋은 대안 방법이다. 적합한 NF 막을 찾거나 개
발하여 리튬을 선택적으로 제거하는 것은 도전적일 수 있지만 흥미로운 연구 영역이다. 이 총설에서는 나노여과, 전기투석, 
전기분해 및 기타 공정을 이용한 리튬 회수에 대해 자세히 설명한다.

Abstract: Lithium ion battery (LIB) demands increase every year globally to reduce the burden on fossil fuels. LIBs are 
used in electric vehicles, stationary storage systems and various other applications. Lithium is available in seawater, salt 
lakes, and brines and its extraction using environmentally friendly and inexpensive methods will greatly relieve the pressure 
in lithium mining. Membrane separation processes, mainly nanofiltration (NF), is an effective way for the separation of lith-
ium metal from solutions. Electrodialysis and electrolysis are other separation processes used for lithium separation. The 
process of reverse osmosis (RO) is already a well-established method for the desalination of seawater; therefore, modifying 
RO membranes to target lithium metals is an excellent alternative method in which the only bottleneck is the interfering 
presence of other metal elements in the solution. Selectively removing lithium by finding or developing suitable NF mem-
branes can be challenging, but it is nonetheless an exciting area of research. This review discusses in detail about lithium 
recovery via nanofiltration, electrodialysis, electrolysis and other processes.
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drastic price jumps can be prevented by mining the 
metal or extracting it from salt-water sources. Since 
mining is both dangerous and nonrenewable, extracting 
lithium from natural water sources is sustainable and 
necessary. Disposing of briny waste after desalination 
is an immediate issue. The recovery of lithium ions 
from brine will be a win-win situation as it reduces 
polluted water while recovering precious metals. 
Recycling LIBs by recovering their lithium content is 
another valuable process which will prevent further en-
vironmental pollution. Different processes are used for 
the extraction of the metals, but currently membrane 
separation is one of the most efficient methods of ex-
traction [1-5]. 

There are many methods for the desalination of sea-
water using nanofiltration (NF) membranes [6-10]. 
Reverse osmosis (RO) is a well-established process for 
desalination as it simply uses applied pressure to for-
cibly filter the feed through the NF membrane to pro-
duce a purer solution. The selectivity in RO is mostly 
determined by pore size of the membrane and its 
chemical affinity toward water and lithium ions. 
Electrodialysis is another effective process in which 
charged membranes, such as the cation and anion ex-
change membrane (CEM and AEM), are used to se-
lectively filter certain ions when voltage is applied. 
Similar to electrodialysis, electrolysis is an electro-
chemical process that selectively mobilizes ions for ef-
fective separation and collection. Furthermore, fabricat-
ing composite membranes is a favorable method to op-
timize lithium recovery in any separation process. 
Today, many studies dedicate their research to modify-
ing NF membranes in order to collect pure lithium sol-
utions by overcoming the challenge of rejecting mag-
nesium and other salts in the seawater that interfere 
greatly during the filtration process. For instance, 
ion-imprinted membranes are highly selective of lith-
ium ions and easily reject other ions.

Many recent studies that explain novel composite 
membranes or analyze the effectiveness of RO NF, 
electrodialysis, electrolysis, or other methods show 
great potential for the separation of lithium ions from 

brine, especially for large-scale recovery from salt-wa-
ter sources. The synthesis, characterization, and results 
of some of these studies on lithium recovery are dis-
cussed in this review. 

2. Membrane separation process

2.1. Nanofiltration
S. H. Park et al. introduced an efficient two-step 

process for Li recovery from brine via nanofiltration (NF) 
and membrane distillation (MD) [11]. Commercially 
available polyamide (PA) based NF membranes and a 
hydrophobic and porous polyvinylidene fluoride (PVDF) 
membrane were purchased for NF and MB, respectively. 
Artificial brine samples with varying ratios of eight 
different salts were created to imitate Li-containing 
natural water sources around the world. Ion-coupled 
plasma optical emission spectrometry (ICP-OES) was 
used to determine cation concentrations before and af-
ter Li recovery. Field-emission scanning electron mi-
croscopy (FE-SEM) visualized the NF membrane sur-
face morphologies after larger salts were filtered out 
and crystalized. To compare the efficiency of the novel 
two-step membrane process with naturally-occurring 
salt precipitation in water sources, a solar-based evapo-
ration method for brine was deployed. This involved 
solar evaporation, solvent extraction, and chemical 
treatment, which proved to be time consuming and 
cost-intensive due to high usage of energy and chemicals. 
Moreover, the final Li concentration extracted from the 
brine is low due to poor separation from other remain-
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Fig. 1. Schematic of lithium recovery by membrane process.
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ing salts. The two-step membrane separation process 
improved upon these flaws and consequently reduced 
recovery time and total cost. First, the brine is filtered 
through the NF membranes to filter out divalent cati-
ons, such as Ca2+ and Mg2+, which tend to crystallize 
(this was to prevent formation of crystals on the MB 
membrane surface in the next step). Then the thinned 
brine was passed through the MD membrane to further 
separate out the remaining salts and produce a Li-rich 
solution. The Li concentration (1,200 ppm) after the 
two-step membrane process resulted in up to twelve 
times the concentration of the solar-evaporated solution 
(100 ppm), which was highly desirable for efficient Li 
collection afterwards. In addition, the membranes ex-
hibited a water flux of 22.5 L m-2 h-1 which was ap-
proximately sixty times greater than the evaporation 
method, significantly decreasing operation costs and 
time. This simple two-step membrane process has great 
potential for Li recovery in real large-scale water 
sources.

L. Wang et al. proposed a non-PA, metal-coordinated 
NF membrane for separation processes in brines [12]. 
Using polyethersulfone (PES) as the substrate, m-phe-
nylenediamine (MPD) ligand solution, CuCl2 metal sol-
ution, and NaIO4 oxidant solution were added in re-

spective order on top of the PES substrate and shaken 
for 5 h to react and polymerize, as illustrated in Fig. 2. 
Afterwards, the Cu-MPD NF membrane was obtained 
and completed with posttreatment. Transmission elec-
tron microscopy (TEM) characterized the cross-section 
and surface layers of the NF membrane. Quartz crystal 
microbalance with dissipation (QCM-D) analyzed the 
chemical properties of the Cu-MPD complexes that 
were formed during the reaction step. In lithium recov-
ery processes, current commercialized NF membranes 
(based on PA) have shown to be ineffective due to 
poor Li+/Mg2+ selectivity. They also possess an inherent 
water-permeance/salt-selectivity trade-off, which means 
increasing permeance usually decreases the effects of 
selectivity, and vice versa. This study incorporated a 
complex of copper metal and organic MPD, where the 
Cu2+ acted as both a crosslinking agent for MPD 
chains as well as positively charged sites. Performance-
wise, the novel Cu-MPD NF membrane maintained an 
excellent water permeance of 16.2 ± 2.7 LMH bar-1, 
rivaling the performance of high water permeance 
(conventional) NF membranes. For Li+/Mg2+ selectivity, 
the membrane exhibited 8.0±1.0, which was a sig-
nificant improvement from the poor selectivities of the 
same NF membranes. In addition to overcoming the 

Fig. 2. Membrane fabrication route and structural illustration of Cu–MPD NF membrane. The MPD, CuCl2, and NaIO4 sol-
ution was poured onto the surface of the PES substrate, followed by immersion of the surface-coated membrane into a 
GA/ethanol bath at 50°C to form a cross-linked Cu–MPD NF membrane. The volumes of the MPD, CuCl2, and NaIO4 sol-
utions were 80, 80, and 40 mL, respectively. (Reproduced with permission from Wang et al., 12, Copyright 2021, American 
Chemical Society).
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inherent trade-off performance of conventional NF mem-
branes, the Cu-MPD complex showed properties of pH-
response. It shows better overall performance of the 
membrane at lower pH—and anti-biofouling, proving 
the long-term stability of the novel membrane even in 
complex brine mixtures. Other morphological character-
izations (Fig. 3) determined the average pore radius 
(1.25 nm) and porosity (21%) and revealed a pore tun-
ability factor by adjusting monomers or cations, ex-
tending the possible applications of the Cu-MPD NF 
membrane in the separation field.

P. Xu et al. focused on improving the concentration 
of Li+ and rejection of Mg2+ by synthesizing a 
PA-based layer of nano-functionalized networks on NF 
membranes [13]. Using PES as the substrate, a PA 
layer—doped with potassium carboxylate functionalized 
multi-wall carbon nanotubes (MWCNTs-COOK)—was 
synthesized on top of the PES substrate via the inter-
facial polymerization of aqueous solution (containing 
MWCNTs-COOK) and organic phase (trimesoyl chloride 
(TMC) in n-hexane). Dopant concentrations included 0, 
30, 100, 150, 300, and 1000 ppm and labeled NF1 to 

NF6, respectively. FE-SEM provided magnified images 
of the membrane surface morphologies, mostly focusing 
on uniform distribution of dopants and the intactness 
of the PA layer. Water contact angle (WCA) measured 
the hydrophilicity of each synthesized membrane. With 
the COOK portion providing high positive charges on 
the membrane surface, the MWCNTs would enhance 
the hydrophilic properties; combined, a tight network 
of cross-linked structure is created, allowing highly ef-
ficient water channels. More specifically, the novel 
MWCNTs-COOK NF membrane in artificial brine ex-
hibited an outstanding performance where the highest 
water flux was 12.23 L m-1 h-1 bar-1 and an Li+/Mg2+ 
separation factor of 58. To emphasize this significance, 
the water flux is on par with some of the highest per-
forming NF membranes reported, but its separation 
factor is approximately triple the average separation 
factor. It is good to note that the 150 ppm concen-
tration performed the best, and membrane character-
izations indicating that higher concentrations of MWCNTs-
COOK led to interferences in the polymerization step 
and consequently formed loose layers in the final 

Fig. 3. (a, b) SEM, (c, d) TEM, (e, f) AFM, and (g, h) XPS images of the prepared membrane; (a, b, e, g) are for PES sub-
strate, and (c, d, f, h) are for Cu1/2–MPD NF membrane. (i) Water flux against applied pressure; (j) rejection of neutral sol-
utes under different applied pressures for the Cu1/2–MPD membrane. In (i) and (j), dots and curves indicate data obtained 
from experimental work and model work, respectively (Reproduced with permission from Wang et al., 12, Copyright 2021, 
American Chemical Society).



A Review on Lithium Recovery by Membrane Process

Membr. J. Vol. 31, No. 5, 2021

319

membrane. Moreover, hydrophilicity increased with in-
creasing dopant concentrations, but this is essentially 
useless if the membrane is not tightly intact and can-
not filter efficiently. Nonetheless, the MWCNTs-
COOK novel NF membrane has proven its superiority 
over other reported NF membranes and shows its po-
tential in future lithium recovery technologies in larger 
brine sources.

2.2. Electrodialysis
M. Bazrgar et al. fabricated a CEM to separate Li+ 

from Na+ using electrodialysis [14]. After purchasing 
commercially available CEM resin and powdering into 
microparticles, the CEM was dissolved in dimethyl
formamide (DMF) and well combined with another 
prepared solution of PES/DMF. The homogenized mix-
ture was then casted and dried into a membrane and 
further modified with a thin surface coating of spinel-type 
lithium selective adsorbent particles in poly(acrylic 
acid) (this membrane was called M-CEM). An alter-
native membrane with the selective particles inserted 
directly into the CEM matrix was fabricate (C-CEM). 
Fourier transform infrared (FTIR) analyzed the chem-
ical interactions between functional groups in the 
CEMs, which confirmed the peaked presence of the 
adsorbent material in the novel membranes where it 
was absent in the pure CEMs. Ion exchange capacity 
(IEC) characterization measured the electrochemical 
properties and Li+ mobility of the novel membranes. 
Generally, the performance of the C-CEM was slightly 
worse than M-CEM, but they were overall similar in 
effect. Although unmodified CEMs have high cation 
flux, their cation selectivity is low, especially in the 
cases where cations are similar in properties such as 
Li+/Na+. By incorporating a layer of lithium-selective 
adsorbent particles, the modified CEMs would improve 
the cation selectivity; however, ion flux would be hin-
dered due to pore blockages. In detail, the M-CEM in 
artificial brine showed a molar Li+ flux of 0.149 mol 
min-1 m-2 and molar selectivity of 32.2, which was an 
18.58% decrease and 62.3% increase, respectively, 
compared to pure CEM. Despite the decrease in flux, 

the more pressing issue of selectivity was significantly 
improved in comparison. The drawback in flux, how-
ever, cannot be ignored, which is why the critical con-
centration of the selective adsorbents was determined 
to be 0.6 wt%, as any higher particle loadings would 
form large agglomerations and considerably effect the 
flow efficiency. As long as critical loadings are man-
aged, modified CEMs to improve cation selectivity 
shows promising results for lithium ion recovery.

M. Grageda et al. studied the effects of changing 
electrodialysis parameters to determine ways to pro-
duce higher concentrations of LiOH—a highly pure 
cathode precursor desirable in batteries—without pro-
ducing energy-intensive lithium carbonates in between 
[15]. As seen in Fig. 4 and Fig. 5, an acrylic cell is 
created where the anode (graphite with impure LiCl 
solution as the anolyte) and cathode (stainless steel or 
nickel with LiOH solution as the catholyte) compart-

Fig. 4. Diagram of membrane electrodialysis cell to obtain 
Lithium hydroxide (Reproduced with permission from 
Grageda et al., 15, Copyright 2020, MDPI AG).

Fig. 5. Membrane electrodialysis cell design with two 
compartments. (a) Computer design, (b) cell built in acrylic
(Reproduced with permission from Grageda et al., 15, 
Copyright 2020, MDPI AG).
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ments are strictly separated by a membrane. The mem-
brane used were commercially available copolymer 
perfluorosulfonic acid/polytetrafluoroethylene. X-ray 
diffraction (XRD) measured the crystal structures in 
the collected solid from the final catholyte, verifying 
the major presence of LiOH. In this study, temper-
ature, current density, membrane thickness, impurity 
concentration, and electrode material were varied to 
optimize operating conditions as well as LiOH recovery. 
In terms of energy efficiency, literature suggests that 
reported specific electricity consumptions (SECs) ranged 
between 5 to 15 kW h per kg of LiOH. The optimal 
conditions, therefore, should produce high purity LiOH 
(above 99%) while consuming close to 5 kW h kg-1 
LiOH. First, temperatures exceeding 80°C generally de-
creased purity most likely due to the thermal expansion 
of membrane pores and decrease in ion selectivity. The 
highest purity of 99.93% was obtained below 75°C, 
but electrolytic conductivity was lowered, causing SEC 
to increase (i.e., over 11 kW h kg-1 LiOH). Second, 
current densities exceeding 2400 A m-2 would generally 
overproduce Li+ at a rate higher than the ions could 
migrate through the membrane, decreasing the overall 
LiOH generation per energy consumption. The lowest 
SEC (7.25 kW h kg-1 LiOH) was measured when the 
current density was set to 1200 A m-2 at temperatures 
at 85°C, although the purity decreased to 93.65%. 
Third, thicker membranes, lower concentrations of im-
purities in the initial anolyte, and nickel as the cathode 
improved purity due to improved selectivity and ion 
flow rate. Depending on the desired result either high 
LiOH purity or low SEC can be achieved, but it is 
difficult to say whether further adjustments on only ex-
perimental parameters could allow simultaneous im-
provement in lithium production and energy consumption.

T. Ounissi et al. synthesized a composite membrane
—or mixed matrix membrane (MMMs)—to improve 
upon commercialized NF membranes flexibility and se-
lectivity for lithium ions [16]. To begin, polyepi-
chlorohydrin (PECH) and 1,4-diazabicyclo[2.2.2]octane 
(DABCO) were dissolved in dimethylacetamide 
(DMAc) to form a polymer binder solution. Lithium 

ion conducting glass ceramic powder (LICGC) was 
mixed with DMAc and BRIJ76 (C18H37[C2H4O]10OH) 
surfactant before it was dispersed (“blended”) uni-
formly into the PECH-DABCO. Finally, PES base sol-
ution was combined to the dispersion, and the resultant 
mixture was casted and dried to form the novel lithium 
selective composite membrane (LCM). SEM charac-
terized the membrane surface and cross-sectional 
morphologies. An INSTRON traction machine was 
used to test the tensile strength of the LCM. The 
LICGC membrane alone may inherently possess good 
lithium selectivity, but its high rigidity risks brittleness 
and cracking under pressure. On the other hand, most 
polymer membranes are highly flexible, yet they pos-
sess poor selectivity. The hope was to combine these 
two materials to compensate for each drawback, fab-
ricating a strong and flexible film that is highly se-
lective of lithium. For the composite membrane to 
work, however, the LICGC inorganic particles must be 
homogenous with the polymer binder; this was verified 
during membrane characterization where microscopic 
images showed even dispersions of LICGC particles 
and no agglomeration formation. Moreover, the me-
chanical properties were greatly affected, confirming 
that a higher polymer content resulted in a higher rup-
ture point (meaning it can withstand greater stress/ 
strain). The LCM was tested under dialysis (not to be 
confused electrodialysis) conditions using an impure 
Li+ feed containing similar cations such as Na+ and K+, 
which would be filtered into distilled water. It is rare 
for the Li+ selectivity to surpass 100 for both commer-
cialized or novel NF membranes, but the LCM ex-
hibited superior lithium ion selectivity of 363 for 
Li+/Na+ and 278 for Li+/K+. Although flexibility is in-
deed critical for a long lasting performance, it is cru-
cial to incorporate LICGC—or any lithium selective ad-
ditive—in lithium recovery technologies. Despite the in-
organic nature of LICGC, this study has proven that 
blending/dispersion method can be used to create a ho-
mogenous and working membrane.

P. P. Sharma et al. doped sulfonated poly(ether ether 
ketone) (SPEEK) polymer with nanomaterials highly 
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selective in lithium in order to synthesize a cation ex-
change membrane to be applied in electrodialysis [17]. 
In detail, lithium manganese oxide nanoparticles were 
dispersed in DMAc solvent and then later combined 
with a prepared SPEEK/DMAc solution; the resulting 
mixture was casted and dried to form a thin composite 
membrane. The universal testing machine (UTM) char-
acterized the synthesized membranes’ mechanical sta-
bility in terms of stress/strain and elasticity. Ionic con-
ductivity of membranes was determined by AC im-
pedance spectroscopy. Because of the high impurity 
factors of brines extracted from natural resources, such 
as salt lakes, lithium recovery membranes that are 
highly selective and durable for multiple cycles is 
greatly desired. In terms of durability, the nano-
material/SPEEK composite membrane (nano-SPEEK) 
showed decrease in elasticity when increasing the load-
ing of nanomaterials and decreasing polymer; however, 
the overall strength of the membrane increased due to 
the introduction of crystalline nanomaterials in the 
matrix. The ionic conductivity also increased when in-
troducing nanomaterials because the transport of ions 
became smoother due to increase in hydrophilicity of the 
membrane (i.e., wider water channels). Consequently, 
the nano-SPEEK in artificial brine showed a natural 
lithium adsorption of 15.2 mg g-1, which was five 
times the intake of Mg. In addition, a respectable 64% 
of lithium was recovered during electrodialysis, where 
selectivities for Li/Mg, Li/K, and Li/Na were 4.82, 3.0, 
and 2.17, respectively. Although this novel membrane 
does not extract the purest lithium solution through di-
alysis, it was determined that the nano-SPEEK is suit-
able for recovering Li+ from larger scale brine sources 
with good efficiency.

2.3. Electrolysis
C.H. Díaz Nieto et al. proposed a new methodology 

of concentrating Li+ in brines by coupling membrane 
electrolysis with crystallization to remove large concen-
trations of Na+ [18]. In this study, a three-compartment 
acrylic electrochemical cell was applied. Commercially 
available AEM was used to separate the anode and 

middle compartments whereas CEM was used to sepa-
rate the cathode and middle compartments; titanium 
mesh and stainless steel mesh were the anode and 
cathode, respectively. In terms of electrolytes, the 
anode compartment contained (bi)carbonate buffer, the 
cathode contained NaHCO3, and the middle contained 
the brine (real brine with/without Mg2+ and Ca2+ re-
moved). XRD was used to measure the crystal struc-
tures of the precipitated solids. In general, the lithium 
recovery process was structured in three main steps: 
first was removing Mg and Ca ions from real brine in 
the form of hydroxides, second is the crystallization 
and removal of Na+ in the form of NaHCO3, and third 
is the crystallization and collection of Li+ in the form 
of Li2CO3. (These carbonates are formed when the cat-
ions are selectively passed through the CEM into the 
cathode and reacted with CO2 during water electrolysis 
to precipitate pure carbonates.) Through characterizations, 
it was confirmed that the precipitated NaHCO3 had an 
excellent purity of 99.5%, highly concentrating the re-
maining brine with Li+ for more efficient recovery in 
the following step. In addition, the resultant product 
was pure water. To be specific, the water salinity was 
about two orders of magnitude lower than the initial 
brine and the SEC to treat 1 m3 of brine was meas-
ured to be 331.3 kW h. Although this three-step mem-
brane electrolysis procedure was both energy and time 
consuming, the benefits of extracting pure salts was 
obtaining a by-product of fresh water, which is argu-
able worth the cost in environments where natural 
fresh water sources are depleting at alarming rates.

W.R. Torres et al. focused on improving the lithium 
carbonate recovery efficiency in the previously men-
tioned three-stage membrane electrolysis methodology 
[19]. The acrylic based electrochemical cell was div-
ided into three compartments. The anode (containing a 
titanium current collector in a buffer of carbonates) 
and middle (where brine is introduced) were separated 
by commercially available AEM; likewise, the middle 
and cathode (containing stainless steel current collec-
tor) were separated by commercially available CEM. 
The first stage of electrolysis removed any large diva-
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lent salts from a prepared artificial brines. The second 
stage removed Na+ to further concentrate the resulting 
brine with lithium. The third stage, the focus of this 
study, would then crystallize the lithium in the form of 
lithium carbonate (Li2CO3) by introducing carbon 
dioxide. XRD characterization determined the crystal-
line structure of the resulting Li2CO3 crystal powders, 
comparing the purity of the powders produced from 
brines of different initial ion content. The brine sam-
ples included Li+/K+ solution, Li+/Na+ solution, and 
Li+/K+/Na+ solution, and the diffraction peaks of the 
powdered sample from each brine were identical to 
pure Li2CO3 (from reference), indicating a successful 
lithium carbonate recovery regardless of brine content 
or concentration. SEM images showed the surface mor-
phologies of the anodic and cathodic exchange mem-
branes before and after each stage of electrolysis. 
Interestingly, the untouched membranes already had 
micro holes and cracks; however, only the AEM 
seemed to increase in defects considerably after each 
stage of electrolysis. Otherwise, both AEM and CEM 
showed increase in salt deposits that remained im-
bedded in the membrane even after thorough cleaning. 
In terms of efficiency, the purity of the collected 
Li2CO3 salt range between 93.8 and 97.5 wt% with an 
energy consumption of 70.6 kWh m-3. In addition, a 
by-product of low-saline water was obtained. Although 
increasing the energy input certainly improves the effi-
ciency of lithium recovery, the financial consequences 
are an issue. It is, therefore, imperative to find alter-
native solutions to reduce electrochemical resistance or 
raise current densities, perhaps starting with innovations 
for exchange membranes.

2.4. Others
J. Cui et al. introduced a facile membrane fab-

rication for lithium adsorption and recovery by poly-
merizing biodegradable hybrids of cellulose acetate 
(CA) and chitosan (CS) [20]. The CA/CS membrane 
was synthesized by evenly blending dimethyl sulfoxide, 
CS, CA, PVA, PVP, and glutaraldehyde and casting 
the resulting solution into a film. This was then doped 

with dopamine and then polymerized with TiO2 
(obtained from hydrolyzed tetrabutyl titanate). Finally, 
the modified CA/CS membrane was combined with 
LiCl and other crosslinking agents to polymerize the 
novel lithium ion imprinted composite membrane 
(LIICM). The incorporation of lithium ions would cre-
ate pore pockets highly tuned for only Li+, essentially 
leaving “imprints” when the ions were later rinsed and 
removed before testing. Atomic force microscopy 
(AFM) observed the surface roughness of the mem-
branes, which showed a higher roughness for LIICM 
than unmodified CA/CS membranes, increasing specific 
surface area for adsorption. FTIR measured the charac-
teristics peaks of the respective functional groups in 
the LIICM, which indicated a successful synthesis as 
all the appropriate peaks were shown. In the adsorption 
experiments, the novel LIICM exhibited an excellent 
maximum Li+ adsorption capacity of 20.08 mg m-1 
when immersed in an LiCl solution. The selectivity 
was then tested with the LIICM immersed in solution 
of Li+ and one other type of ion. In detail, the se-
lectivity ratios of Li+/Na+, /K+, /Mg2+, and /Ca2+ were 
respectively 1.78, 2.43, 2.60, and 3.61. As for reus-
ability, the LIICM had an Li+ loss of only about 7% 
and negligible membrane/imprint damage even after six 
full cycles, confirming the sustainability of using 
LIICMs. 

M. Mohammad et al. introduced a composite of met-
al organic framework (MOF) and metal phenolic net-
work (MPN) into membranes to advance lithium ion 
extraction processes [21]. Using polypropylene (PP) as 
the substrate, two coatings were applied. The first coat-
ing was the MPN layer, which was synthesized by 
casting an aqueous solution of tannic acid and FeCl3 
hydrate to form TA-FeIII particles. The second coating 
was the MOF layer, which was a result of casting an 
aqueous solution of Zn2+ and 2 methylimidazole to 
form zeolitic imidazolate framework particles (ZIF-8). 
Zeta potential characterization determined the surface 
charge of the novel TA-FeIII/ZIF-8 membrane, which 
indicated a shift to a negative potential upon the in-
corporation of TA-FeIII particles in the MPN layer. The 
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increase in negative charge would consequently attract 
Zn2+ and promote the nucleation of ZIF-8 particles in 
the MOF layer. SEM images showed the cross-section 
of the composite membrane, showing smooth interface 
adhesion and confirming strong chemical interaction 
between the two active layers. Because MOFs are 
known for their advanced tunability in pore size and 
chemical selection, it was considered a desirable com-
ponent to filter mixtures consisting of chemicals with 
different sizes and chemical properties. The 
TA-FeIII/ZIF-8 membrane was used as a separator be-
tween the anode and cathode (both containing the same 
salt solution) of a simple electrochemical cell to test its 
ion transport properties. Various selectivity factors of 
monovalent ion/Mg2+ concentrations were calculated, 
including 4.49 for K+/Mg2+, 4.0 for Na+/Mg2+, and 3.87 
Li+/Mg2+; the selectivity factor for Ca2+/Mg2+ was 1.1 
(negligible difference). Although membrane was highly 
selective of the monovalent ions compared to the diva-
lent ones due to size disparity, there were negligible 
differences in selectivity between the monovalent ions 
themselves, similar to the divalent ions (Ca2+/Mg2+). In 
fact, K+ seemed to have greater in ion mobility than 
Li+ through the membrane, which was most likely a 
chemical interaction issue. Indeed, the Ta-FeIII/ZIF-8 
membrane is not suitable for Li+ extraction alone; 
however, it is certainly a highly efficient membrane to 
remove divalent ions to promote concentrating lithium 
in brines for later extraction processes.

A. Razmjou et al. studied the fundamental elements 
of nanostructured membranes that are crucial for ion 
selective properties, especially lithium ions [22]. By 
collecting and reviewing various works on Li+ selective 
membranes, this study was able to narrow down key 
aspects in the nanostructural design, including pore 
channels and Li+ selective chemicals. In terms of ion 
channels, considering the continuity of the tunnel, the 
selective pore size, and the negative surface charge are 
significant factors during the membrane synthesis step. 
Firstly, discontinuous channels—usually occurring when 
uniformity is disturbed by heterogeneously mixing or 
aggregation of additives—physically hinder ion mobility 

through membranes. These are best tackled during the 
synthesis process by either templating to create artifi-
cial and uniform tunnels or evenly dispersing ion-se-
lective additives to form additional bridges or 
pathways. Secondly, pore size is important as a sieving 
component to quickly remove any large impurities; 
however, it is not so simple to synthesize pore sizes 
smaller than the hydration ionic diameter of lithium 
ions. A solution to this is to allow larger pore sizes up 
to the hydration diameter of lithium ions but to also 
ensure a negative surface charge through the channel 
to selectively pull the ions and reject water. As seen in 
Figure 6, the side view of the protein channel illus-
trates the efficient transport of the monovalent cation 
through the negatively charged tunnel, while rejecting 
much of the H2O molecules (dehydration). Surface 
charge was determined to be one of the factors of 
nanostructures that is both effective in selectivity as 
well as tunable. One simple means to increase the neg-
ative charge of the inner linings of the nanochannels is 
to attach functional groups. For instance, incorporating 
chemicals rich in carbonyl groups (C=O) may in-
troduce plenty of oxygen sites that provide negative 
charges to attract positive cations, as in Fig. 6. All in 
all, membranes with nanostructures that possess nano-
channels that maintain uniform and continuous path-
ways, encourage selective dehydration of Li+ ions, and 
provide plenty of negative surface charge were ob-
served to show the best results in terms of lithium ion 
selectivity.

S. Roobavannan et al. designed a process involving 
membrane distillation and chemical ion sieving to re-
cover both pure water and lithium salt from real sea-
water [23]. Commercially available polytetrafluoro-
ethylene (PTFE) hydrophobic membrane was used dur-
ing the distillation step. Acid manganese oxide (HMO)
—synthesized by reacting in situ prepared LiMnO2 with 
HCl—was used as the ion-sieving solution during the 
final lithium extraction step. Both untreated and pre-
treated seawater were tested to study the effects in-
organic species concentration as well as divalent ion 
concentration. WCA measurements determined the hy-
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drophobicity and surface morphology of the membrane 
prior and after direct contact membrane distillation 
(DCMD). XRD characterization analyzed the crystal-
line properties of the HMO as a powder before and af-
ter its intake of Li+ from the resultant seawater after 
DCMD. In general, the extraction procedure is as follows: 
(1) either untreated or pretreated seawater samples were 
allowed to pass through the PTFE membrane, and wa-
ter extraction was calculated (2) after DCMD the high-
ly concentrated solution was mixed with HMO, and 
ion concentrations were calculated. In actuality, the 
DCMD step with PTFE membrane showed a sig-
nificant increase in water recovery for seawater pre-
treated with oxalic acid compared to untreated (i.e., 
~50% increased to ~90%). This was most likely due to 
the initial removal of Ca ions from the seawater with 
oxalic acid pretreatment. The water recovery results ef-
fected the following ion sieving process. To explain, 
after DCMD, the pretreated solution had 7 times the 
ion concentration of the untreated one, resulting in a 
greater adsorption of Li+ in HMO (17.8 mg g-1). All in 
all, this study concluded that multiple stages of the 
lithium recovery process are necessary, especially when 
using real saline sources; these include pretreating (i.e., 
removing divalent species), concentrating lithium ions, 
and finally extracting (in this study, adsorption and de-
sorption).

C. Yu et al. developed a novel composite membrane, 
ester-functionalized and lithium ion-imprinted, for re-
covering lithium ions from seawater [24]. Applying 
sugar-templated polydimethylsiloxane (PDMS) as the 
substrate, the PDMS base was copolymerized with pol-
ydopamine (PDA). The PDMS-PDA was then reacted 
with succinic anhydride to obtain PDMS-COOH, then 
reacted with thionyl chloride to obtain PDMS-COCl. 
The PDMS-COCl substrate was then imprinted by mix-
ing with a prepared solution of ligand calix [4] arene, 
which resulted in the novel Li ion-imprinted membrane 
(Li-IIM). FTIR analysis detected functional groups of 
the synthesized membranes. Basically, Si-O-Si was de-
tected for pristine PDMS, additional N-H for PDMS-
PDA, carboxyl groups for PDMS-COOH, and C-Cl for 
the final PDMSl-COCl membrane, verifying a success-
ful synthesis of a functionalized membrane. Energy 
dispersive X-ray (EDX) spectroscopy revealed nearly 
50% of lithium content in the Li-IIM, indicating a suc-
cessful synthesis, but no lithium content in the PDMS-
COCl membrane due to the lack of ligand ion 
templating. To emphasize, the significance of the novel 
Li-IIM was the high Li+ adsorption capacity resulting 
from the abundance of lithium-suitable cavities and 
functional groups. Specifically, the Li-IIM possessed a 
high rebinding capacity of 50.872 mg g-1, and good se-
lectivities of Na+, K+, and Rb+ (respectively 1.71, 4.56, 

Fig. 6. Schematic in a represents a biological ion channel with an angstromsized asymmetric ion selectivity filter and a nano-
meter-sized cavity for fast ion transport (Spheres: orange = oxygen, blue = monovalent cations that are surrounded by H2O 
molecules before entering and exiting the nanochannel). In the biological protein nanochannels, ions have a chance to gradu-
ally lose their hydration shells as they move into the asymmetric ion filter (Reproduced with permission from Razmjou et al., 
22, Copyright 2019, Nature Research).
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3.80) were approximately triple the results of PDMS-
COCl. Moreover, the ester group structure exhibited 
regeneration abilities after several cycles of adsorp-
tion/desorption, indicating a long-term stability for the 
novel composite membrane. 

3. Conclusions

Lithium recovery from natural salt water sources is 
beneficial for LIB production, water purification, and 
brine waste reduction. Reverse osmosis nanofiltration, 
electrodialysis, and electrolysis using membranes are 
ion-separation processes that are effective for lithium 
extraction from mixtures of monovalent and multivalent 
metal ion solutions. Membrane separation processes are 
desirable as they can be highly selective of lithium 
ions and cost effective. For more advanced separation 
performance, some studies have modified these mem-
branes into composite membranes in order to increase 
lithium ion permeation while maintaining high rejection 
of other ions. This review has discussed the successful 
synthesis of these novel membranes and their charac-
terizations, including morphological (structural) analysis 
and ionic conductivity. Although these studies have 
shown mixed results, some better than others, there is no 
doubt that lithium recovery, especially with membrane 
filtration, is a field that requires further investment. 
Nonetheless, the various combinations of composite 
membranes and separation processes reveal the vast 
potential for innovative lithium recovery in the near 
future.
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