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• NF membranes enhance Li extraction
from brines.

• Review covers diverse aqueous sources.
• Compares emerging and current Li
recovery.

• Discusses Li-selective membrane
challenges.

• Aims to boost targeted membrane
research.
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A B S T R A C T

This study investigates the dynamics of the lithium (Li) market, focusing particularly on the use of nanofiltration
(NF) membranes for Li extraction from various brines. It covers a range of aqueous resources, including brines
from seawater desalination, oil- and gas-produced waters, salt lakes, and geothermal aquifers, emphasizing the
value of repurposing leftover brines. The research compares current and emerging brine-based Li recovery
methods, underlining their advantages over traditional sources. A critical aspect of the study is a comprehensive
review of recent advancements in Li-selective NF membranes, exploring materials design principles and the
development of membranes with enhanced Li+ selectivity. The integration of NF systems in Li recovery, as
supported by various studies, appears promising. This review also discusses the practical challenges and potential
advancements in designing targeted Li+ ion-selective membranes, aiming to spur continued research in this
crucial area. Ultimately, the study provides an extensive analysis of Li extraction from various brine sources
using NF technology, positioning it as an effective strategy in the field.
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1. Introduction

1.1. Lithium- a crucial element in modern technologies and energy
transition

Lithium (Li), a crucial element for sustainable energy initiatives, is
extensively utilized across various industries, including electronics, al-
loys, glass, ceramics, greases, and metallurgy [1]. It plays a key role in
advancing renewable energy technologies, particularly through its
application in lithium-ion batteries (LIBs). These batteries are essential
for efficient energy storage solutions that facilitate the integration of
solar and wind power into electrical grids and are crucial for extending
the range and powering the drive trains of electric vehicles (EVs),
contributing to a surge in Li demand [2–4]. The global Li market has
experienced consistent growth, with an annual increase of 6 % from
2010 to 2016, and is projected to reach about 95,000 metric tons by
2025 [5]. Ambrose et al. predict a significant increase in Li production,
estimating an output of 4.4 to 7.5 million metric tons of Li carbonate
equivalent (LCE) per year by 2100 [6], highlighting the rising demand,
trade activities, and prices of Li raw materials [7].
Current Li demand is surpassing supply, primarily due to its

extensive use in electric and hybrid vehicles, as well as portable elec-
tronic devices [8]. Projections by Yang et al. [9] indicate a consistent
increase in global Li consumption from 2015 to 2050, potentially
reaching 5.11 million tons (Fig. 1a)— over one-third of the Earth’s total
Li reserves. At this consumption rate, terrestrial Li reserves are expected
to be depleted by 2080 (Fig. 1b). In response, various countries are
enhancing their Li production capabilities, exploring technological ad-
vancements such as direct Li extraction (DLE) and direct Li to product
(DLP) to boost supply capacities [3]. Concurrently, research is
advancing on LiBs to improve energy density, lifespan, and safety.
The 2023 Mineral Commodity Summaries from the U.S. Geological

Survey (USGS) identified key countries rich in Li resources [10]
(Fig. 1c), highlighting the importance of the Lithium Triangle
—Argentina, Bolivia, and Chile— which contains roughly two-thirds of
the global Li reserves [11]. This region is pivotal in the global Li market
and plays a significant role in geopolitical strategies due to its sub-
stantial reserves [12]. Efforts to avoid foreign military interventions
underscore the strategic importance of Li and its sensitivity in interna-
tional relations [13]. Within the Lithium Triangle, each country has
implemented distinct strategies to leverage its Li assets: Argentina is
focusing on using its Li reserves to spur economic growth [14], while

Fig. 1. Overview of Li usage and global distribution: (a) Global end-user distribution of Li across multiple applications, illustrating sector-specific utilization patterns.
(b) Projection of Li consumption in millions of tons over the next decades, based on current and expected demands [9]. (c) Geographical distribution of global Li
resources as reported by USGS in 2023, showing the reserves in million tons per country and highlighting regional variations in resource availability.
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Chile, with its established prominence, is exploring nationalization to
strengthen its market position [15]. The term “White Gold” aptly reflects
the economic and geopolitical significance of Li, emphasizing the critical
role of the Lithium Triangle in shaping global energy policies [16].
Seawater presents a vast and largely untapped Li resource, with the

potential to diversify and stabilize the global Li supply chain. Techno-
logical advancements in extraction could significantly transform the
industry by providing a robust alternative to terrestrial brine sources,
contributing to a more resilient and sustainable Li market. Such ad-
vancements could reduce dependence on geographically concentrated

deposits, enhancing industry resilience and supporting the transition to
clean energy. In regions without traditional Li mines, such as the Middle
East, extracting Li from brine byproducts generated by seawater desa-
lination or from produced water in oil and gas production facilities is
particularly noteworthy. This method not only utilizes these resources as
a Li source but also aligns with global efforts to expand Li production
bases [17], thus reinforcing the Middle East’s position in the clean en-
ergy landscape as terrestrial reserves diminish.
One of the recent reports by Zhai. et.al [18] investigates the potential

of nanofiltration (NF) as a pretreatment technology for Li extraction

Fig. 2. Global distribution of Li sources: (a) Major Li-bearing salt lakes around the world, highlighting key locations where Li is extracted from saline environments.
(b) Global distribution of unconventional oil and gas (UOG) fields with brines that contain appreciable concentrations of Li, indicating potential alternative sources
for Li extraction.
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from geothermal brines, specifically those from the Salton Sea. The key
findings reveal that NF membranes can achieve superior Li+/Mg2+

selectivity under optimized conditions. The study also emphasizes the
importance of integrating NF with calcium precipitation to manage high
concentrations of divalent cations, such as calcium and magnesium,
which pose significant challenges in the extraction process. In contrast,
the current work broadens the scope of Li recovery, examining not only
geothermal brines but also other resources, including seawater reverse
osmosis (SWRO) brines, salt-lake brines, and oil and gas field brines.
This study emphasizes the sustainable extraction of Li from waste brine
resources using NF technologies. It also focuses on the regulatory im-
plications and presents novel approaches to brine-based Li recovery,
highlighting their advantages. The study reviews the selectivity mech-
anisms and recent technological advancements, identifying the optimal
conditions for operating Li-selective NF membranes to maximize Li+ ion
recovery. Additionally, it evaluates the efficacy of various NF processes
by assessing their technology readiness levels (TRL). The integration of
NF systems into Li recovery workflows is examined, addressing practical
implementation challenges and suggesting potential advancements in
membrane design specifically tailored for Li-ion separation for com-
mercial applications. Overall, this study provides a comprehensive
analysis of NF technology as a viable method for Li separation from
diverse brine sources.

1.2. Lithium extraction from brines: a sustainable alternative

Interest in Li extraction from natural water sources is increasing, as
these sources contain around 70 % of global Li reserves and offer
environmentally sound waste-to-value strategies. With traditional
evaporative methods under scrutiny for their environmental impact, the
industry is shifting towards more sustainable alternatives [19–25]. Li
recovery from salt lake brines is now preferred over solid ore mining due
to its cost-effectiveness and easier accessibility, attracting significant
industrial attention [5].
The prevalent extractionmethod uses solar energy to evaporate brine

in large open reservoirs, concentrating the Li. However, this process is
slow and weather-dependent, typically achieving Li-ion concentrations
of approximately 4200 to 4800 mg/L [26]. This method also results in a
substantial water loss— 85-95 %, equating to 200–1400m3 per ton of Li
extracted — which raises concerns about the impact on local water
sources, including salt lakes, aquifers, and wetlands, particularly in arid
regions like Chile’s Atacama Salt Lake [27,28]. Additionally, the process
generates significant waste, potentially damaging local ecosystems and
creating conflicts with nearby communities [29]. The remote locations
of many Li brine deposits further add logistical challenges and costs,
such as transporting chemicals and providing energy, affecting the
overall sustainability of these operations.
For effective recovery, brines should ideally have Li concentrations

around 6000 ppm [27]. These brines contain other ions, such as calcium
(Ca), sulfate (SO4), magnesium (Mg), and potassium (K) [30]. Pre-
liminary treatment and a series of operational phases are necessary to
isolate Li from these minerals, including chemical treatments, filtration,
and ion exchange processes [31]. Adjustments of pH levels and precip-
itation methods help to remove unwanted elements while keeping Li
chloride in the solution [32]. This careful management of extraction
processes is essential to minimize environmental impact and optimize Li
recovery.
Several techniques are employed for the selective extraction of Li

from brines. Adsorption methods using titanium- or manganese-based
adsorbents are effective for extracting Li from petroleum brines, with
adsorption capacity influenced by the brine’s pH and potentially
improved through specific pretreatments. Li-ion sieves, known for their
high adsorption capacity and selectivity, are particularly effective for
retrieving Li from highly saline brines with low Li content [30]. Direct
Lithium Extraction (DLE) technologies offer sustainability advantages
over traditional methods, with techniques including sorption,

membranes, electrochemistry, and ion exchange gaining preference
[33]. Aluminum-based adsorption in DLE systems is noted for its effi-
ciency and minimal reagent usage, though it faces challenges such as
high operational temperatures and water recycling complications. Ion
exchange-based DLE is advantageous due to its high recovery rates and
reduced water dependency, but stability remains a concern. Solvent
extraction-DLE, while effective in achieving high Li concentration in-
dependent of climatic conditions, is associated with environmental risks
and high costs.
Emerging technologies like Li-selective membranes shows promise

due to their eco-friendliness and scalability, though they require further
enhancements in stability and selectivity. Electrochemical methods
support large-scale Li recovery with lower carbon footprints but still
require advancements in membrane technologies. Direct carbonation
processes offer simplicity and environmental benefits, though they
typically have lower recovery rates and operational complexities.
Certain DLE approaches also involve altering the brine’s pH or heating
to 80 ◦C to enhance Li recovery, which can increase energy and fresh-
water use [29]. Li brine concentration (LBC) methods aim to synergi-
cally enhance DLE processes, improving Li recovery efficiency and
reducing water loss [28]. Effective extraction of Li from brines is crucial
for the sustainable energy sector, especially given its critical role in
rechargeable batteries and other industrial applications [30,34]
Extracting Li from salt-lake brines is a key strategy to address Li

scarcity for commercial applications. Chile’s Atacama salt lake, with an
average Li concentration exceeding 1840 mg/L and estimated reserves
of 6.3 Mt., stands out as a significant source. Bolivia’s Uyuni salt lake,
with substantial Li levels averaging 530 mg/L, also contributes to the
global Li supply [35]. Fig. 2a provides an overview of the world’s largest
Li-containing salt lakes [36–38], emphasizing regions where Li is
abundant, extraction costs are lower, and environmental impact is
minimized [39]. The predominant cations in these brines include Li+,
Na+, K+, Ca2+, Mg2+, and B3+, with anions such as Cl− , SO42− , CO32− .
However, the efficiency of Li extraction is often limited by low Li+

concentration relative to other co-existing ions, particularly Mg2+. Due
to its similar ionic radius and chemical properties, Mg2+ often results in
a high Mg-to-Li mass ratio [40,41]. This abundance of Mg2+ complicates
both traditional and advanced extraction methods, as Mg2+ ions can
interfere with Li+ during the carbonate phase, hindering the crystalli-
zation of Li carbonate (Li2CO3) and increasing both the cost and energy
consumption of the extraction process [42]. Research by Liu et al.
highlights that varying the Mg/Li ratio affects the morphology, particle
size, and purity of Li2CO3 crystals. Higher Mg2+ content leads to less
efficient crystallization, reducing both the yield and purity of Li car-
bonate, necessitating additional processing steps to remove magnesium,
thus increasing operational costs. Additionally, a study by Zeng et al. on
Mg-Li alloys provides insights into the mechanical properties and
microstructural changes related to varying Li concentrations in mag-
nesium sheets, indirectly highlighting the extraction challenges posed
by Mg. This requires precise control and optimization of the extraction
process to achieve the desired properties, whether in alloy form or as a
purified Li compound [43]. This detailed understanding aids in devel-
oping better strategies for Li resource utilization and enhancing the
crystallization process in salt lakes. Therefore, research focuses on
developing effective separation methods to improve the Li-to-Mg mass
ratio in brines, crucial for enhancing Li enrichment from these sources.
Membrane technology can efficiently process low Li concentrations

in oil and gas-produced water, provided that optimal temperature,
pressure, and anti-fouling measures are maintained. Fig. 2b shows sig-
nificant Li levels found in certain oilfield brines globally [37,44,45].
Although these wastewaters contain lower Li concentrations than other
sources, they offer a dual benefit: they eliminate the need for drilling
new wells and turn potential disposal costs into revenue through Li re-
covery. This creates a mutually beneficial scenario for both oil and gas
producers and Li consumers.
Evaluating oil and gas wastewater as a Li source is important,
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particularly for regions dependent on Li imports, due to its geopolitical
implications. Using existing wells substantially reduces capital expenses
for Li recovery, as evidenced by Daitch’s techno-economic analysis of
the Smackover Formation in the U.S. [46]. This approach to domestic
sourcing helps reduce the risk of price monopolization by Li-rich
countries and promotes energy independence. Companies like MGX
have successfully extracted Li from oilfield wastewater [45,47]. In the U.
S., the projected Li yield from conventional inland-produced waters,
mainly from the Permian Basin and California oil fields, is estimated to
reach 47,000 tons annually, with Li concentrations of 35 mg/L and 14
mg/L, respectively. This output is expected to surpass the country’s
annual Li demand [48–50]. In China’s Nanyishan UOG field, Li con-
centrations can reach up to 980 mg/L, markedly higher than the typical
10–200 mg/L found in most salt lake brines, making Li extraction
economically feasible and positioning it as a strategic resource. Effective
Li recovery not only promotes sustainable practices but also enhances
wastewater management and resource optimization [44].
Geothermal brines, a byproduct of geothermal energy production,

contain Li in low yet economically viable concentrations (hundreds of
ppm). The extraction process is complicated by their complex chemistry,
high salinity, and temperatures exceeding 100 ◦C [51]. Nonetheless, the
large volume of brines produced by geothermal plants renders makes
even low-Li sources valuable. Paranthaman et al. highlights ongoing
global projects focused on Li extraction from geothermal brine [52,53].
In parallel, the ocean, with its vast capacity and dilutive properties, is

recognized as a sustainable resource for essential minerals. While direct
extraction from seawater is limited by low Li concentrations (0.17 ppm)
[54], the more concentrated brine byproduct from desalination plants
offers a higher energy-efficient extraction option. The expansion of
seawater desalination plants enhances the feasibility of extracting
minerals like Li. Desalination brine, with its higher Li concentration,
presents a viable method to reduce waste and recover valuable metals,
offering environmental benefits [55]. The Li concentration in seawater
reverse osmosis (SWRO) brines typically ranges from 0.27 to 0.4 ppm,
depending on the specific conditions and technologies used [54]. The
presence of co-existing ions (Table 1), such as Na and K, poses challenges
to selective Li extraction from both seawater and SWRO brine [56].
However, recent technological advancements have made mineral re-
covery from desalination brine more cost-effective than traditional land-
based mining [57]. Consequently, Li recovery from seawater desalina-
tion brine emerges as a technologically significant and environmentally
sustainable solution, addressing resource scarcity and environmental
concerns. Ongoing research explores the potential of NF and other
innovative techniques to enhance Li recovery from various brine
compositions.
Brine processing, particularly in desalination and oil/gas production,

faces significant challenges related to scaling and economic feasibility.
High salinity and potential scaling issues can cause the deposition of
sparingly soluble salts, complicating operations and increasing expenses
[62]. In oil and gas fields, inorganic scale deposits can severely impact
production rates and profitability, especially in pre-salt oil fields. The
inadequacy of laboratory testing to replicate field conditions often re-
sults in the prescription of unrealistically high doses of scale inhibitors,
which are impractical at higher water cuts [63]. RO, the widely used

technology for desalination, is not suitable for high-salinity water due to
its inefficiency and susceptibility to membrane fouling and scaling. This
fouling, primarily caused by inorganic ions like calcium andmagnesium,
can damage the membrane’s functional layer and its porous structures,
reducing its hydrophilicity and increasing electronegativity, which di-
minishes separation performance over time [64]. Additionally, halite
scaling in high Total Dissolved Solids (TDS) environments presents
another challenge, as accurately assessing solubility and Saturation
Index (SI) is complex. While methods to simulate field conditions and
assess halite scaling risk have been developed, they require careful
optimization to be effective [65]. Geothermal systems also encounter
scaling issues in heat exchangers, which can be mitigated by adjusting
geothermal fluid to equilibrium conditions to prevent the precipitation
of dissolved solids [66].
Economically, the conventional Li extraction practices from brines,

such as evaporation, are characterized by inefficiency and unsustain-
ability, requiring extensive land use, time, and chemical inputs, which
generate large volumes of waste [67]. Although solvent extraction
following NF treatment offers a more straightforward alternative, it still
involves multiple steps and extensive chemical treatments, making it
cost-prohibitive [68]. Emerging electrochemical methods present sus-
tainable prospects but are limited by the need for large-area electrodes
and high energy consumption, affecting their economic viability [67].
Overall, the economic feasibility of brine processing is constrained by
the need for advanced technologies and meticulous control of scaling,
which demands significant investment and precise optimization to
ensure efficiency and cost-effectiveness. While NF represents a scalable
and potentially cost-effective method for Li recovery, addressing these
limitations is essential for its broader industrial application. Further
research and development in membrane technology, process optimiza-
tion, and economic modeling are necessary to enhance the efficiency
and sustainability of Li extraction from various brine sources, supporting
the growing demand in the sustainable energy sector.

2. NF-based pretreatment process for enhanced Li recovery

Conventional large-scale Li production methods, particularly solar
evaporation, suffer from slow processing rates and a high risk of
contamination, which introduces impurities that degrade product
quality [5,69]. In response, membrane-based technologies have
emerged as a sustainable option, designed to reduce water and energy
consumption while decreasing waste, thereby enhancing the efficiency
and purity of the Li extraction process. Park et al. developed a
membrane-based Li recovery method that addresses the inefficiencies
inherent in conventional evaporation techniques, with its relative
effectiveness shown in Fig. 3a and b [70]. These methods are now
preferred for their energy efficiency and sustainable approach to in-
dustrial extraction and separation [71–73].
Among the array of membrane technology—such as nanofiltration

(NF) [74], reverse osmosis (RO) [75], ion-sieve membrane (ISM) [76],
membrane distillation (MD), membrane distillation crystallization
(MDC) [77–79], supported liquid membrane (SLM), and ion-imprinted
membrane (IIM)—NF stands out [61,80]. NF membranes have proven
effective in separating brines with high Mg2+/Li+ ratios, which a

Table 1
Concentrations of Li and co-existing ions (mg/L) in various brine types. The table details the ionic composition of different brine sources, including seawater reverse
osmosis (SWRO) brine, oil-and-gas-produced waters, industrially Li-containing wastewater, salt lakes, and geothermal aquifers, showcasing the variability in ion
concentrations across these sources.

Brine type Lithium (Li) sodium (Na) potassium (K) Calcium (Ca) Magnesium (Mg) Strontium (Sr) Rubidium (Rb) Ref.

SWRO brine 0.39–0.41 23,100–24,800 790.2–810.1 789.3–804.2 2390.5–2524.1 15.42–16.11 0.19–0.23 [58]
Oil- and gas-produced waters 20 35,960 810 11,900 1120 370 [59]
Industrially Li-containing wastewater 1252.8 102.6 0.575 – 0.009 – – [60]
Salt lake 141 117,030 3793 434 5640 – – [40]
Geothermal aquifers 350 63,570 21,370 43 12 – – [61]
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common challenge in the extraction process [40,81–83]. Despite the
complexity introduced by the coexistence of Mg and Ca, NF demon-
strates substantial energy efficiency and the capability for continuous
operation in Li recovery from salt lake brine [56]. The process uses
mechanical pressure to drive brine through NF membranes, which
efficiently retain multivalent ions [29]. Pressure plays a crucial role in

the separation efficiency of Li and Mg, especially in membrane-based
processes. Operating at significantly lower pressures than RO—typi-
cally between 35 and 100 bar—NF membranes exhibit a reduced pro-
pensity for fouling, a significant advantage over other membrane
technologies [84]. Under an electric field with an applied pressure of 4
bar, Li et al. reported the ultrahigh separation efficiency of Mg2+/Li+

Fig. 3. Comparative schematic of Li production systems: (a) Conventional solar evaporation method depicting the process stages and its layout. (b) Advanced Li
recovery utilizing membrane technologies, highlighting the integration of NF in the process chain. This figure compares the process durations for each method,
adjusted for equivalent capital expenditures, and analyzes chemical usage and physical footprint reductions attributable to NF efficiency and process intensification
[70]. (c) VOSviewer overlay map illustrating keyword co-occurrence based on the Web of Science database, with a focus on “Lithium”, “Brine”, and “Nanofiltration”,
emphasizing the thematic intersections relevant to Li recovery technologies.
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(over 99 %) using an in-situ reconstructed positively charged NF
membrane [85]. Research by Sun et al. also confirms that separation
efficiency for Mg2+ and Li+ is highly dependent on operating pressure,
alongside other factors such as inflow water temperature, pH, and the
Mg2+/Li+ ratio [40]. Their findings indicate that increased pressure
tends to enhance permeate flux, thus improving the overall separation
efficiency and effectiveness of the NF system in Li recovery.
The operational pressure required for Li recovery using NF mem-

branes depends on variables such as feed concentration, desired sepa-
ration efficiency, brine composition, membrane type, and the
membrane’s performance under high salinity conditions. A lab-scale NF
system effectively reduced TDS and total hardness (TH) in brine
discharge, operating at pressures between 4 and 7 bar [86]. Addition-
ally, a tubular ceramic TiO2 NF membrane demonstrated significant ion
rejection rates in brackish water treatment at a relatively low pressure of
2 bar [87]. However, higher pressures are often necessary for more
concentrated brines. Research by Foo et al. [36] shows that Li+/Mg2+

selectivity decreases by about 43 % when feed salinities rise from 10 to
250 g/L, suggesting the need for higher pressures to sustain effective
separation in high salinity scenarios. Despite these challenges,
commercially available NFmembranes, as demonstrated inWang et al.’s
multi-pass NF process, have shown resilience and the ability to maintain
good Li/Mg selectivity even with brine recirculation [74]. Further
studies indicate the efficacy of specific membranes under varied con-
ditions. For example, the DK NF membrane achieved an 83 % Li yield
from salt lake brine with a high Mg-to-Li mass ratio, though long-term
use led to membrane fouling and reduced performance [64].
Conversely, novel polyamide NF membranes developed by Jin et al.
exhibited exceptional performance, achieving an Mg2+ rejection rate of
99.96 % and a Li+/Mg2+ selectivity exceeding 4000 under optimal
pressure conditions [88].
Moreover, the Li-MFCDI process reported by Saif et al. maintained

stable performance and high selectivity for Li over other monovalent
cations, even in the presence of high Na+/Li+mass ratios, supporting the
commercial viability of these membranes for handling high-salinity
brines [89]. The Filmtec NF90-2540 membrane has also proven effec-
tive in managing high salinity feeds, with performance influenced by
feed temperature and TDS levels [90]. Furthermore, Nafion membranes,
typically used in energy applications, were effective in managing high

salinity gradients, although the presence of divalent cations like mag-
nesium reduced the power density [91]. These findings emphasize the
viability and robustness of NF membranes in Li recovery applications,
indicating that appropriate operational parameters and commercially
available membranes like those from Filmtec and Nafion can be suitably
deployed in high-salinity environments.
NF employs membranes such as DK and NF90, and their modified

forms, including EDTA-modified NF membrane and the modified poly-
amide membrane with carbon nanotubes (MPMC), which is a high-flux,
positively charged NF membrane. These membranes operate between
RO and UF, featuring pore sizes ranging from 0.5 to 2 nm and molecular
weight cut-offs (MWCO) from 200 to 1000 Da. This configuration is
optimized for intercepting multivalent inorganic salts and small organic
molecules [92], making them highly effective for Li selectivity from
various brine sources. A comparative study by Somrani et al. [83]
demonstrated the NF90 membrane’s capacity to fully retain Mg2+ while
allowing 15 % permeability for Li+ at lower operational pressures. This
study used a transmembrane pressure range of 0–15 bars, observing
maximum selectivity at 8 bars and a notable difference in Li and Na
rejection of 40 %. The permeate flux for the NF90 membrane with
diluted brine was measured at 0.7 L/hm− 2 bar− 1, indicating its potential
for scalability in full-scale experiments, although fouling mechanisms
require further investigation.
The design of NF membranes with specialized pore size ensures

efficient separation, especially beneficial for Li extraction from brine.
The industry is actively enhancing NF processes to deliver high flow
rates and precise extraction, focusing on Li+ selectivity over competing
ions such as Mg2+, Na+, and K+, NF membranes frommanufacturers like
Dow FilmTec and Osmonic Desal’s DL/DK series have been successful in
Li+/Mg2+ separation, showing improved performance in less saline
brines [81,93].
To gain insight into the landscape of Li recovery through NF, a

comprehensive analysis was conducted via the Web of Science using the
keywords “Lithium,” “Brine,” and “Nanofiltration” for the period from
2013 to 2023. This search identified 707 keywords. For clarity in
network visualization, only keywords appearing a minimum of five
times were included, resulting in 64 keywords meeting this criterion.
These keywords were mapped using VOSviewer to create a bibliometric
network, as illustrated in Fig. 3c. In this visualization, the size of each

Fig. 4. Illustration of mechanisms of solute exclusion in NF according to the Donnan steric pore model with dielectric exclusion (DSPM–DE) [106].
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cluster represents the frequency of the term, while the proximity of
terms indicates their interrelation within the research field.

2.1. Properties of NF membrane and separation mechanisms

NF membranes are fabricated from various materials, including
polymers, ceramics, or a combination thereof, each offering distinct
separation properties [94]. The performance of an NF membrane hinges
on several critical parameters, such as pore radius, surface charge den-
sity, and membrane thickness [95]. Pore size is a key characteristic and
is typically evaluated by the rejection of neutral solutes; a 90 % rejection
rate corresponds to the membrane’s MWCO [19], which acts as an in-
dicator of effective pore size [40]. The Stokes-Einstein equation is also
used to calculate the radii of organic molecules [96], providing further
insight into membrane selectivity. A membrane’s hydrophilicity, influ-

Table 2
Characteristics of coexisting ions in Salt-Lake brine. It presents key physico-
chemical properties of various ions, including their hydrated radius, Stokes
radius, diffusion coefficient, and hydration-free energy, as derived from studies
referenced in [83,107].

Ions Li+ Mg2+ Na+ K+ H+ Ca2+ Cl−

Hydrated
radius (nm)

0.382 0.428 0.358 0.331 0.28 0.412 0.332

Stokes radius
(nm)

0.238 0.348 0.184 0.125 – 0.347 0.121

Diffusion
coefficient
(109.m2S− 1)

1.03 0.72 1.33 1.957 9.31 0.792 2.03

Hydration-free
energy kJ/
mol

− 515 − 1828 − 365 − 295 − 1504 − 340

Table 3
Summary of Literature on NF operating conditions for Li recovery, detailing NF membrane types, operational parameters (such as temperature, pressure, and pH), and
outcomes (including Li molar flux and recovery percentages) across different brine sources.

Source and
concentration (mg/
L or ppm)

Membrane materials/process Temperature
(◦C)

Pressure
(Mpa)

pH Lithium
molar flux
(LMH)

Remarks Ref.

• Geothermal Brine
• Li = 350
• Mg = 12
• TDS = 85,345

• NF2, made up of polyamide (PA)
material produced by Rising Sun
Membrane Technology, China

2–45 1.5 10 42 • Li recovery reaching >75 %. [61]

• Artificial brine
• Li = 204
• Mg = 5, 800
• TDS = 59,250

• Spiral wound membrane
apparatus (0.44 nm pore size)

• Laboratory scale

20–40 1.5–3.5 – 5–30 • % yield Li = 50–99 % at Mg/Li
concentration ratio of 1.5–4 with 7–20
separation factor (SF)

[81]

• Salt lake brines
(East Taijiner
brine)

• Mg2+/Li+ ratio
was <20

• Li = 132
• Mg = 5640
• TDS = 126,038

• DL-2540
• Available membrane area 2.51 m2

– 0.48–2.76 2–11 5.24 • Average rejection of MgSO4 = 96 %
• Water yield = 3.18 m3 d− 1

[40]

• Synthetic brine
• Li = 100
• Mg = 2400
• TDS = 2500

• EDTA modified
• PA- NF membrane (0.2 nm pore
size)

• Laboratory scale

25 1 – – • % Rejection of Li = 68.1 % with a 24 (SF)
and Mg/Li = 24 ionic solution

[82]

• Salt lake brine
• Li = 159 ppm
• Mg = 3400 ppm
• TDS = 21,584

• NF90 membrane 21 >1.5 6.7 – • NF of Tunisian salt lake brine diluted ten
times, a 100 % rejection of Mg2+ and only
15 % for Li+, with a separation of 85 %
under low pressure (15 bars).

[83]

• High Mg2+/Li+

ratio brine.
• Li = 10.9–21.7
• TDS = 60,000

• The NF element was a spiral-
wound DK-1812model

20 ± 0.5 0.8 – – • The rejection of magnesium (R(Mg2+)) and
the separation factor (SF) were 0.96 and 42,
respectively.

• The Mg2+/Li+ ratio in permeate could be
reduced to 0.9, and Li+ recovery ratio was
85 %

[108]

• Salt lake brine
• Li = 159
• Mg = 3400
• TDS =21,584

• PA film Pilot scale 35 1.5 – – • % Recovery of Mg = 100 %
• % Recovery of Li = 15 %
• Mg/Li ratio = 3.3333

[83]

• Artificial brine
• Li = 204
• Mg = 5, 800
• TDS = 59,250

• Concentrate flux = 120 L/h 39.85 3.5 4 ±

0.2
50 • Yield of Li =23 %; [81]

• Artificial brine
• Li = 10.9–21.7
• TDS = 60,000

• Spiral wound membrane
apparatus (0.238 nm pore size)

• Laboratory scale

20 0.5 – • Mg/Li ratio = 0.96
• % Recovery of Li = 85 % up to 40 (SF)/ionic
solution

[108]

• Synthetic brine
• Li = 1000
• Mg = 1000
• TDS = 2000

• Polyacrylonitrile (PAN) UF hollow
fiber membranes (1.66 nm pore
size)

• Laboratory scale

– 0.3 – 7.5 • % Rejection of Li = 40.7 %/ionic solution [19]
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enced by its surface roughness and composition, plays a crucial role in
enhancing its rejection rates, flux performance, and resistance to
fouling. The water contact angle is commonly employed as a measure of
a membrane’s hydrophilicity and overall filtration efficiency. The
charge of membrane charge, which varies depending on the materials
and manufacturing techniques used, is critical for its application speci-
ficity. For example, positively charged membranes are particularly
effective for extracting Li+ from brines with high Mg2+-to-Li+ ratios, due
to their ability to repel similarly charged solutes [20,97].
The NF process, driven by applied pressure, excels in the efficient

extraction of Li+ ions, utilizing mechanisms such as Donnan exclusion,
steric hindrance, and dielectric exclusion [5,98,99]. Donnan exclusion
promotes separation through electrostatic interactions between the
charged membrane surface and multivalent ions. Steric hindrance, or
physical sieving, occurs when molecules of varying sizes pass through
the membrane’s pores. Dielectric exclusion leverages the polarized
charges of ions and their interactions with the membrane’s dielectric
properties. The integrated Donnan steric pore model with dielectric
exclusion (DSPM-DE) help elucidate the interactions at the membrane-
feed interface, as depicted in Fig. 4, providing a rationale for the pref-
erential rejection of Mg2+ over Li+ due to its higher hydrated radius and
differing diffusion coefficient, as detailed in Table 2.
The effectiveness of NF membranes in ion separation is significantly

influenced by their charge [100]; positively charged membranes are
particularly adept at differentiating between multivalent cations such as
Mg2+ and Li+ [5,101,102]. These membranes offer considerable ad-
vantages for Li+ extraction from brine, highlighting their adaptability
and effectiveness [103]. NF technology is characterized by its height-
ened selectivity among ion types, typically following the rejection
sequence of Mg2+ > Ca2+ > Li+ > Na+. It benefits from higher hydraulic
permeability in membranes, facilitating convective transfer and
reducing energy consumption. The adoption of novel and existing ma-
terials further amplifies these benefits, promoting more efficient and
energy-saving separation processes [104,105].

2.2. Analysis of performance metrics of NF membrane

The functionality of NF membranes is intricately linked to the dy-
namics of pore size and molecular interaction. These membranes are
designed to allow the passage of ions and molecules based on their size,
closely correlating to the MWCO of the membrane. This relationship is
quantitatively assessed using the Stokes-Einstein equation, which cal-
culates the radius (rs) of organic molecules (m). The equation is given
by:

rs =
kT
6πμDs

(1)

Here, k is the Boltzmann constant (1.380649 × 10− 23 J/K), μ is viscosity
(Pa⋅s), T is the temperature (K), and Ds is the diffusion coefficient (m2/s).
This formula allows for a precise correlation between molecular weight
and effective pore size, aiding in the accurate measurement of organic
molecules’ radii [40].
The efficiency of NF membranes in separating different solutes is

measured by several key performance indicators including retention rate
(Robs, %), separation factor (SF), and membrane flux (Jw). The retention
rate is defined as:

Robs =

(

1 −
CP

CF

)

× 100% (2)

where CP and CF are the concentrations of the permeate and feed solu-
tions (mol/L), respectively. This metric indicates the percentage of so-
lute retained by themembrane. The separation factor for ions such as Li+

and Mg2+, crucial for applications in Li recovery, is evaluated using:

SLi,Mg =
CLi,p

/
CMg,p

CLi,f
/
CMg,f

(3)

Here, CMg,p and CLi,p represent the permeate concentration (mol/L) of
Mg2+ and Li+, respectively, while CMg,f and CLi,f are their concentrations
(mol/L) in the feed [22]. A separation factor of 1 indicates no selective
separation between Mg2+ and Li+.

2.3. Operating conditions influencing NF process for Li recovery

Effective Li recovery via NF requires a strategic pre-treatment
approach that capitalizes on the selectivity of NF membranes. This
selectivity is influenced by factors such as pore size, membrane charge,
ionic strength, solute properties, hydration, pH, operational pressure,
and feed temperature. Each factor affects salt movement through the
membrane, contingent on the membrane’s specific properties and the
operational conditions [83]. A comprehensive summary of the literature
specifying the NF operating conditions for Li recovery from various
brines is provided in Table 3.

2.3.1. Temperature
Temperature significantly impacts NF processes by influencing both

the structural integrity of the membrane and the physical properties of
the solution. Manufacturers specify optimal operating temperatures for
each NF membrane type; for instance, the DK membrane operates
effectively up to 323 K. Temperature exceeding this range can induce
thermal expansion of the membrane, potentially causing pore enlarge-
ment and altered permeability. Yan et al. observed increased permeation
and decreased retention of Mg and Li as temperatures rose from 293 to
313 K [81].
While higher temperatures can enhance flux rates, they may reduce

separation efficiency, particularly when separating Mg from Li in brines
with high Mg2+/Li+ ratios. At elevated temperatures, lower viscosity
reduces concentration polarization, enhances solute diffusion, and in-
tensifies turbulence within the flow. These conditions, though favorable
for increasing flux, can compromise Mg/Li separation. Sun et al. [40]
observed that temperature increases beyond 18–20 ◦C adversely affect
membrane selectivity by elevating osmotic pressure, reducing solution
viscosity, and altering pore sizes. Accurate temperature control is thus
essential for optimizing Li recovery and maintaining consistent separa-
tion performance [40,81].

2.3.2. Pressure
Effective separation via NF membranes requires the externally

applied pressure to surpass the osmotic pressure difference (Δπ) across
the membrane. Osmotic pressure, vital for separation, emerges from
solute concentration disparities on either side of the membrane, driving
solvent migration towards higher solute concentrations. This osmotic
mechanism facilitates the selective passage and retention of specific ions
and molecules during NF operations. Influenced by factors including
temperature and feed concentration, osmotic pressure adheres to the
principles of the solution-diffusion model. The membrane flux (L/m2⋅h)
equation [109] is expressed as:

Jw = Lp(ΔP − σΔπ) (4)

where Lp represents the water permeability coefficient (L/m2⋅h⋅bar), σ is
the reflection coefficient, and ΔP (MPa) denotes the transmembrane
pressure. The osmotic pressure difference is given by:

Δπ = ΔcsRT (5)

Here, R is the gas constant (83.1 cm3 bar− 1 mol− 1 K− 1), T (in K) rep-
resents the absolute temperature, and Δcs is the difference in salt
concentration.
In NF operations, particularly when targeting efficient Li recovery,
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maintaining optimal transmembrane pressure is crucial. As a consistent
feed concentration, membrane flux is predominantly influenced by
pressure. Ion accumulation at the membrane surface can lead to con-
centration polarization, affecting both solute flux and ion rejection.
Higher pressure conditions significantly enhance Li separation from Mg.
For example, applying a pressure of 3.5 MPa achieved 92%Mg rejection
[81]. Further investigation by Sun et al. [40] using the Desal-2540 NF
membrane showed that increased pressure leads to higher water flux
and Mg rejection, thereby enhancing separation efficiency in brine
wi0th high Mg2+/Li+ ratios. Zhao et al. [110] explored the efficacy of
integrating bipolar membrane ele00ctrodialysis (BMED) with NF, RO,
and continuous electrodialysis (CED) processes to extract Li hydroxide
from salt lake brine with a high Mg/Li ratio. This study examined how
operating pressure within this integrated membrane framework (NF-RO-
CED-BMED) influences Li recovery, maintaining operational conditions
like a feed temperature of 25 ± 1 ◦C and a feed pH of 8.0. Results
indicated that both Li+ and Mg2+ rejection rates improved as pressure
increased from 1.5 to 3.5 MPa, significantly lowering Mg2+ concentra-
tion in the permeate at the elevated pressure. Conversely, Li rejection
decreased within the same pressure range, suggesting a preferential
passage of Li through the membrane. This investigation highlighted that
Li recovery benefits from increased pressure, attributable to enhanced
volumetric flux and improved Li retention, as shown in Fig. 5a.

2.3.3. pH effect
The operational efficacy of NF membranes is significantly influenced

by the pH of the solution, affecting membrane pore size, surface charge,
and hydrophilicity through electrical interactions with organic and
inorganic substances. Sun et al. demonstrated that a lower pH favors Mg
rejection while decreasing Li rejection [40]. Zhao et al. [110] further
investigated pH effects within a multi-stage Li recovery system (NF-RO-
CED-BMED) (Fig. 5b), finding that Mg rejection declines with increasing
pH, whereas Li rejection dips at pH 5.17 before beginning to rise again.
Notably, the membrane’s volumetric flux remains relatively stable
across different pH levels.

The isoelectric point (IEP) of the membrane, pivotal in determining
its charge properties, shifts with the presence of divalent ions. Below the
IEP, the membrane assumes a positive charge, reducing its rejection
capabilities due to weakened electrostatic repulsions. Above the IEP,
increased electrostatic repulsions and the influence of Donnan equilib-
rium enhance Li rejection. The identified IEP of the DK membrane at pH
5.17 represents a shift from previous reports, indicating how the pres-
ence of divalent ions can influence membrane behavior. Additionally, as
the pH rises above the IEP, Mg retention decreases slightly before sta-
bilizing, illustrating the subtle impact of pH on Li recovery in the NF
system (Fig. 5b).
Li et al. examined the complex interplay between pH and salinity on

the separation efficiency of Mg2+/Li+, revealing that heightened salinity
leads to decreased flux primarily due to increased viscosity and con-
centration polarization [111]. While pH has a less pronounced impact
on flux, a lower pH enhances the dielectric exclusion of multivalent ions,
favoring Mg2+/Li+ separation. Optimal pH management is especially
critical in multi-stage NF processes. A notable study demonstrated that
adjusting the pH to 3.5 in a dual-phase system significantly improved
the Mg2+/Li+ ratio, reducing it from 13.25 to 0.17 after separation
[112]. This adjustment emphasizes the critical role of pH in optimizing
the separation dynamics of NF systems and enhancing overall recovery
efficiency.

3. Regulation of NF membrane for enhanced Li selective
separation

Optimizing the selectivity of NF membranes is essential not only for
improving the quality of permeate but also for enhancing the efficiency
of resource recovery [113]. Developing innovative strategies to regulate
NF membranes is crucial for achieving superior Li selectivity, which is
fundamental for effective extraction from brine sources.

Fig. 5. Effects of operating parameters on ions rejections, permeate volumetric flow rate, and Li recovery in the NF process: (a) Operating pressure. (b) pH of feed
solution. Experimental conditions: temperature of 25 ± 1 ◦C, operating pressure of 3.5 MPa, feed solution pH of 8.0 [110].
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3.1. Advanced interfacial polymerization (IP) processes

Refining the design of NF membrane through advanced interfacial
polymerization (IP) processes represents a promising avenue for
enhancing membrane structure and composition, which are critical for
improving separation performance and Li selectivity. This approach
involves incorporating innovative materials such as hydroxypropyl-
trimethyl ammonium chloride chitosan (HACC) [114] and developing
electro-NF membranes [115] through layered interfacial polymerization
(IP) techniques. Such advancements are pivotal in fabricating mem-
branes that offer improved Mg2+/Li+ selectivity, navigating the typical
trade-off between selectivity and permeability. Zhang et al. [114]
advanced the field of IP for Li recovery from brine using NF by incor-
porating HACC, known for its hydrophilicity and strong positive charge.

They developed a process for preparing thin-film composite (TFC) NF
membranes, illustrated in Fig. 6a. In their methodology, HACC was
blended with piperazine (PIP) and reacted with trimesoyl chloride
(TMC) to fabricate positively charged NF membranes. This tailored IP
process using HACC resulted in a thinner separation layer, improved
hydrophilicity, and consistent pore size in the modified NF membrane,
significantly enhancing Mg2+/Li+ separation efficiency and perme-
ability. Furthermore, the incorporation of quaternary ammonium
groups from HACC also enhanced the membrane’s antibacterial
properties.
Following optimization, the NF-HACC-0.3 membrane achieved a

remarkable separation factor of 115 for a solution comprising 1866 ppm
MgCl2 and 134 ppm LiCl. The performance of NF membranes with
various HACC concentrations in separating MgCl2 or LiCl solutions is

Fig. 6. Detailed representations of NF membrane processes and performance: (a) Schematic illustration of the TFC NF membrane manufacturing process. (b)
Performance efficiency of NF membranes for individual MgCl2 and LiCl separation [114]. (c) Ion flux and selectivity in engineered NF membranes (ENFMs). (d)
Cyclic performance of the SIP-750 k membrane. (e) Diagram depicting the selective transmembrane movement of Li+ and Mg2+ during electrodialysis [115].
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depicted in Fig. 6b. Additionally, this membrane exhibited a water
permeance of 157 ± 7.5 L m− 2 h− 1 MPa− 1, more than doubled that of
the pristine membrane. This method presents a promising approach for
preparing and developing specialized NF membranes tailored for Mg2+/
Li+ separation, offering significant potential for Li extraction from brine
sources.
Chen et al. reported the fabrication of electro-NF membranes

(ENFMs) via sequential interfacial polymerization (SIP). This technique
involves embedding polyethyleneimine (PEI) on the surface of the
membrane, significantly enhancing its selectivity and reducing the
electrical resistance [115]. The chemical modification of the membrane
surface creates robust chemical interactions with the membrane matrix,
substantially improving stability. By varying PEI’s molecular weight,
adjustments were made to the membranes’ pore size and surface charge,
effectively enhancing Li+/Mg2+ selectivity through electrostatic repul-
sion and pore size sieving. Incrementing PEI’s molecular weight altered
the membrane surface’s zeta potential from negative to positive and
constricted the pore size. Fig. 6c illustrates a direct correlation between
Mg2+/Li+ selectivity and the Li+ to Mg2+ flux ratio, showcasing the
ENFMs’ superior selectivity post-SIP process compared to traditional IP
membranes. This enhancement demonstrated increased Li+ flow and
reduced Mg2+ flux, effectively challenging the conventional trade-off
between selectivity and permeability. The cyclic performance of the
SIP-750 k membrane, tested over 10 cycles, is depicted in Fig. 6d. This
membrane exhibited excellent cyclic durability, maintaining consistent
properties across multiple cycles, thereby indicating robust long-term
stability for practical applications. Despite a slight increase in Mg ion
flux over the extended operation, the selectivity remained impressively
high at >15.6, confirming the ENFMs’ robust performance. Fig. 6e
presents the transmembrane movement pathway of Mg2+/Li+ under an
electric field, guided by zeta potential, MWCO, and XPS results. At an
optimal current density of 10 mA cm− 2, the ENFMs exhibited substantial
Li+ flux (3.08 × 10− 8 mol cm− 2 s− 1) and remarkable Li+/Mg2+ selec-
tivity (16.55), coupled with minimal membrane electrical resistance
(2.42 Ω cm2) and elevated limiting current density (50.6 mA cm− 2),
underscoring their efficacy in Li extraction.
Further advancing this domain, Wu et al. developed a novel

Fig. 7. Schematic and performance characteristics of NF membranes produced via IP: (a) At the liquid/liquid interface (LLIP). (b) At the gas/liquid interface (GLIP).
(c) Salt rejection profiles for several inorganic salts using NF membranes fabricated by LLIP and GLIP. (d) Long-term stability of GLIP-manufactured NF membranes,
tested over a 5-min reaction time, with feed solutions containing 100 mg/L LiCl and 2000 mg/L MgCl2. (e) Zeta potential measurements demonstrating prolonged
activity of NF membranes [116].

Fig. 8. Performance analysis of the ideal PA-B2-E3 membrane during a 36-h
filtration cycle: (a) Separation factor for SLi,Mg, and corresponding flux. (b)
Removal efficiencies for Cl− , Li+, and Mg2+ under operational parameters of
1.0 MPa, pH 5.5, CMg2+ = 2.4 g/L, and Mg2+/Li+ = 24 [82]. (c) Diagram of the
two-step NF process for professing a concentrated salt blend (LiCl: 0.5 g/L,
MgCl2: 25 g/L) at 6 bar pressure, with the second stage feed being the permeate
from the first stage. (d) Water flux measurements for the first and second stages
using PEI-TMC and DAIB membranes. (e) Li+ flux and (f) Mg2+/Li+ selectivity
in the permeates of the first and second NF stages, respectively [118].
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positively-charged NF membrane using a gas/liquid interfacial poly-
merization (GLIP) technique, an alternative to the conventional liquid/
liquid interfacial polymerization (LLIP) [116]. Unlike LLIP (illustrated
in Fig. 7a), GLIP (Fig. 7b) substitutes the amine solution with amine gas,
resulting in a surplus of amine monomers relative to acyl chloride
monomers, thereby fostering a positively charged membrane surface.
The GLIP process, by allowing slower reaction kinetics, offers greater
control over the surface charges and average pore sizes of the PA layers.
This adaptability is crucial for tailoring NF membrane structures to
optimize Li+/Mg2+ selectivity. The NF membrane fabricated via GLIP
demonstrated a high MgCl2 rejection rate of 98.5 % and a low LiCl
rejection rate of 22.6 %, indicative of exceptional selectivity. Fig. 7c
shows the rejection rates of different inorganic salts using NF mem-
branes produced by both LLIP and GLIP, with reaction time of 2 min for
LLIPs and 5 min for GLIP, at an inorganic salt concentration of 1000 mg/
L. Over prolonged operations, these membranes maintained a high Li+/
Mg2+ separation factor of 28, as shown in Fig. 7d. Fig. 7e presents the
zeta potential of NF membranes from both IP methods, demonstrating
consistent performance over time, thereby affirming their structural
stability and practical utility for Li recovery from brines.

3.2. Surface modification

Enhancing NF membrane performance for ion separation and
permeability can be effectively achieved through strategic surface
modifications using monomers or chelating agents. This method has
garnered significant attention in research, with diverse techniques and
materials being employed to enhance NF membranes’ capabilities. A
notable advancement in this area was demonstrated by Li et al. [82],
who developed a composite NF membrane with a positively charged
surface layer, designated as PA-B. This layer was synthesized using TMC
and branched poly(ethylene imine) (BPEI) through IP on polyetherimide
support. The performance of the PA-B NF membrane was evaluated
using a simulated brine solution composed of LiCl/MgCl2. The results
validated the membrane’s enhanced efficiency in Li recovery from brine.
To further augment Li+ selectivity over Mg2+, the PA-B NF mem-

brane underwent additional treatment with the chelating agent EDTA.
The optimized EDTA-modified NF membrane, referred to as PA-B2-E3,
exhibited a separation factor of around 9.2 for the LiCl/MgCl2 mixture
with a Mg2+/Li+ mass ratio of 24. This membrane demonstrated
commendable stability over a 36-h filtration period, detailed in Fig. 8a.
During its operation, the membrane consistently rejected around 90% of
Mg2+ and Cl− , while maintaining a Li rejection rate at around 10 %.
These results highlighted the membrane’s refined ability to selectively
isolate Li from brines, making it a potent solution for Li recovery ap-
plications (Fig. 8b).
Recent advancements have leveraged layer-by-layer construction

and embedding of positively charged compounds such as amine-
functionalized ionic liquids to significantly improve Mg2+/Li+ separa-
tion [117–120]. Peng et al. developed a technique that considerably
enhances the selectivity and permeability of NF membranes by modi-
fying their surface with diaminoethimidazole bromide (DAIB) mono-
mers [118]. This approach involves the creation of positively charged,
ultra-permeable membranes that effectively separate Li ions from
brines with high Mg2+/Li+ concentration ratios. The modified nano-
heterogeneous membrane, based on PEI–TMC polyamide TFCM, in-
corporates DAIB which possesses bidentate amine groups. This config-
uration allows for the selective passage and swelling of hydrated Li+ ions
while effectively blocking larger Mg2+ ions, facilitated by nano-
heterogeneity that improves surface hydrophilicity and reduces water
transport resistance across the approximately 100 nm thick separation
layer. In performance testing, the DAIB-modifiedmembranes underwent
two NF cycles with concentrated Mg2+/Li+ brine. The initial cycle used
simulated salt lake brine with a 25.5 g/L concentration and a 50 Mg2+/
Li+ ratio, reducing the Mg2+/Li+ ratio in the permeate to 8.75 (Fig. 8c).
The subsequent cycle, using this permeate as feed, further decreased the

Mg2+/Li+ ratio to 0.85, significantly simplifying subsequent Li purifi-
cation steps (Fig. 8d-f) [95,121]. At an operating pressure of 6 bar, the
membrane demonstrated substantial Li flux (0.7 mol m− 2 h− 1) for brines
with a 20Mg2+/Li+ ratio, highlighting its enhanced water permeability -
a fivefold increase compared to the pristine membrane - and excellent
stability with 95.8 % MgCl2 rejection over 200 h of continuous
operation.
Further membrane innovation, Feng and team enhanced PA mem-

branes, composed of interfacially polymerized PEI and TMC, by incor-
porating a novel monomer, quaternized bipyridine (QBPD) [120]. The
QBPD-modified membrane exhibited a significant increase in pure
water flux, approximately 96.6 L m− 2 h− 1 while maintaining an MgCl2
rejection rate of around 92 % ± 3. This marked improvement in flow
rate, 2.8 times higher than that of unmodified membranes, is attributed
to the partial degradation and structural changes in the PA layer,
resulting in a less dense selective layer. Its improved surface charge
effectively reduced the Mg2+/Li+ ratio of the feed from 50 to around 8
by selectively filtering the ion mixture. The QBPD membrane sustained
stable separation performance over 162 h at 0.6 MPa. Given its excellent
performance, employing the QBPD membrane is a viable option for Li
extraction from salt lakes with high Mg2+/Li+ ratios.

3.3. Surface charge regulation

Recent advancements in NF membrane technology have focused on
manipulating surface charge to improve Li selectivity. Innovations such
as interlayer charge compensation and the strategic blockage of nano-
layers have significantly advanced Li selectivity [122,123]. The delib-
erate design of charge distributions within NF membranes plays a
pivotal role in achieving a high degree of Li separation. Membranes
engineered with a specific mix of charges, tailored to precise spatial
distributions, have demonstrated enhanced Li selectivity, highlighting
the critical role of surface charge patterns in ion separation [124].
At neutral pH, most commercial thin-film composite polyamide

(TFC-PA) NF membranes exhibit a negative charge, predominantly due
to the presence of carboxyl groups introduced during the IP process
[125]. While negatively charged membranes are common, those with
positive charges have proven especially effective in Li recovery from
brine, particularly in differentiating Li from Mg ions [116,126].
Research indicates that size exclusion predominantly occurs in fully
aromatic membranes, while Donnan exclusion is more significant in ion
separation for semi-aromatic membranes [127]. Given the close hydrate
ion radii of Li+ (0.382 nm) and Mg2+ (0.428 nm), typical negatively
charged commercial NF membranes often struggle with effectively
separating these cations, as indicated in Table 2. This challenge has
steered efforts towards the development of positively charged NF
membranes tailored specifically for Mg2+/Li+ separation.
Extensive research efforts have been directed towards fabricating

positively charged NF membranes with enhanced selectivity. During the
IP process, replacing traditional amines like piperazine with alternatives
such as nanocellulose, 1,4-bis(3-aminopropyl) piperazine, or poly-
ethyleneimine (PEI) introduces more positively charged groups
[128–131]. Tailoring the surface charge through electrostatic in-
teractions can significantly refine a membrane’s selectivity, improving
the distinction between monovalent and multivalent ions. This shift
from negative to positive surface charges on TFC-PA membranes favors
monovalent ions, creating a stronger repulsion against divalent ions and
enhancing Li extraction [22,132].
Recent studies have focused on the innovative use of the Layer-by-

Layer (LbL) technique for NF membrane filtration to improve Li recov-
ery efficiency. Moradi et al. [133] demonstrated that depositing alter-
nating layers of positively and negatively charged polyelectrolytes,
especially poly(diallyldimethylammonium chloride) (PDADMAC) and
poly(sodium 4-styrenesulfonate)(PSS), enhances the membrane’s
selectivity. This modification strategy improves the rejection of divalent
cations such as Mg2+ and Ca2+, while facilitating the passage of
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monovalent ions like Na+ and Li+, thereby optimizing the membrane for
Li recovery. The performance of these modified membranes was tested
with synthetic brine solutions designed to mimic real seawater condi-
tions, assessing their capacity to selectively separate Li ions based on ion
size and charge.
Furthermore, innovations in non-polyamide NF membranes have

also been explored. A noteworthy approach includes the Cu2+-assisted
MPD self-polymerization process [73]. These membranes, enhanced
with Cu2+, exhibited superior water flow and Mg2+/Li+ selectivity
compared to both commercial and laboratory-produced counterparts.
The performance improvements, particularly under acidic conditions,
were highlighted in Fig. 9a. Detailed structural and functional analyses
were conducted using quartz crystal microbalance with dissipation
(QCM-D) technology, which provided insights into how membrane
structure and surface charge density vary with pH.
Dan et al. developed a novel approach by inverting the surface

charge of the NF membrane to introduce a positively charged layer
[134]. This modification, grounded in the DLVO theory of surface in-
teractions, resulted in a membrane with high positive charge density
capable of effectively separating Li from Mg2+ ions. These membranes
demonstrated long-term stability, a high separation factor (SLi/Mg) of
12.37, and notable resistance to fouling by Ca2+, particularly in chal-
lenging conditions with high Mg2+/Li+ mass ratios of 150. The intro-
duction of amine groups on the membrane surface not only enhanced its
stability by providing high cationic selectivity but also prevented the
accumulation of multivalent cations like Mg2+ and Ca2+, which typically
cause scaling and reduced performance. The use of low-molecular-
weight PEI in the modification process contributed to a denser and
more electropositive surface, thereby enhancing the membrane’s overall
durability in Li extraction applications. The fabrication of SP-PEI
membranes involved a charge inversion through a secondary reaction
in a non-aqueous medium, as depicted in Fig. 9b. This method proves
both efficient and simple, offering significant potential for scaling up for
industrial applications.

3.4. Surface functionalization

Surface functionalization of NF membrane involves the modification
of membrane surfaces by attaching functional groups or molecules that
impart desired properties such as hydrophilicity or specific surface
charges via physical or chemical methods. This technique not only
transforms membrane surface properties but also synergizes with stan-
dard membrane manufacturing processes, promoting easy integration
into production lines to improve cost-effectiveness and scalability.
However, the durability of these modified surfaces under prolonged
operational conditions still requires through validation [135,136].
Soyekwo et al. reported innovative insights into how surface func-

tionalization using multication side chains can remarkably improve ion
separations by molecularly tuning ion-membrane electrostatic in-
teractions in polymeric membranes [137]. Their study introduced a
novel approach to surface functionalization through the incorporation
of triquaternary ammonium-based ionic liquid (TQAIL), creating nano-
scale structural heterogeneity. This heterogeneity not only enhances the
surface hydrophilicity of the membrane but also reduces internal resis-
tance, thereby improving Li/Mg selectivity and water permeability. By
embedding TQAIL with multication side chains into the polyamide layer
of NF, the study effectively regulates the surface charge, leading to the
formation of highly positively charged nanochannels, which facilitate a
much higher permeability and selectivity for Li over Mg.
Wu et al. established an effective Li extraction method using a

positively charged NF membrane tailored for brines with high Mg2+/Li+

ratios by grafting an amine-functionalized ionic liquid, specifically 1-(3-
aminopropyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)
imide ([MimAP][Tf2N]), onto a polymeric PIP-TMC layer [119]. The
fabrication and separation performance of this membrane for simulated
brine is shown in Fig. 10a and b. Initially, the NF-IL-0 membrane
exhibited negative zeta potentials at various pH levels, as presented in
Fig. 10c. After modification, the membranes acquired a positive charge
(at pH 6.4) due to the introduction of quaternary ammonium group in
[MimAP][Tf2N], significantly enhancing selectivity between mono- and
divalent cations, particularly between Li+ and Mg2+. These membranes
exhibited an increased water permeance rate of 37.8 L/(m2⋅h),
achieving 83.8 % rejection of MgCl2 and 24.4 % rejection of LiCl. When
tested with simulative brine (Mg2+/Li+ ratio = 20), the NF-IL-2.0 %
membrane displayed rejection rates of about 81.9 % for Mg2+ and 45.2
% for Li+. The stability and long-term performance of this modified PA
membrane was evaluated in a 30-h experiment, demonstrating its
durability without significant degradation, and achieving a high selec-
tivity (SLi/Mg) of 8.12, as shown in Fig. 10d.
Furthermore, Soyekwo et al. introduced a new ionic liquid monomer,

N1-(6-aminohexyl)-N1,N1,N6,N6,N6-pentamethylhexane-1,6-dia-
minium bromide (DABIL), covalently attached to a pristine polyamide
TFC membrane through a subsequent amidation reaction, as depicted in
Fig. 10e [138]. This modification aimed to enhance the membrane’s
surface charge strength and stability, thereby improving its selective
separation capability for Li from high Mg2+/Li+ mixtures. The incor-
poration of DABIL into the PA network resulted in increased hydrophi-
licity, larger pore sizes, and enhanced Donnan exclusion effects,
significantly advancing the membrane’s ion separation capabilities.
Molecular dynamics simulations have highlighted that the interac-

tion energies between water molecules and the multi-cation groups are
crucial in determining the membrane’s surface properties. The DABIL-
modified membranes demonstrated remarkable improvements in
water permeability and ion selectivity. Specifically, a study incorpo-
rating DABIL-5 in the membrane’s structure depicted in Fig. 10f shows
that this modification results in water permeability six times greater
than that of the unmodified membrane and achieves a Li+/Mg2+ selec-
tivity of 26.49. These capabilities surpass those of existing state-of-the-
art positively charged membranes, making the DABIL-modified mem-
brane a highly promising tool for Li extraction.

Fig. 9. Comprehensive performance and design characteristics of NF mem-
branes: (a) Metal-coordinated NF membrane on the left; a juxtaposition of
water permeance and Li+/Mg2+ separation factors, including results from the
literature, commercial membranes, and the membrane developed by Wang
et al. [73]. (b) Illustration of surface-charge inversion in SP-PEI membranes,
facilitating the synchronous reinforcement of Donnan exclusion and size sieving
effects [134].
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3.4.1. Incorporation of γ-cyclodextrins (γ-CDs) in membrane fabrication
Zhao et al. [139] utilizes γ-cyclodextrins (γ-CDs) and PEI in an

advanced interfacial polymerization process with TMC to fabricate TFC
NF membranes. This method results in an extra-thin active layer opti-
mized for Li separation. The hydrophilic surface and hydrophobic cavity
of γ-CDs improve the surface characteristics of the membrane, leading to
improved water flux and selective separation of Li ions. The amphi-
pathic cavities of γ-CDs play a crucial role in the functionalization of the
membrane surface, facilitating separate sieving of Li and Mg ions and
thereby enhancing Li recovery.

3.4.2. Development of Janus NF membrane
Guo et al. developed a novel three-layered Janus NF membrane,

which includes a polyethersulfone (PES) substrate, a hydrophilic and
negatively charged carboxylate cellulose (CNC–COOH) nanocrystal
interlayer, and a top ultra-thin, positively charged PA layer [23]. The

intermediate layer’s negative potential, derived from its abundance of
carboxyl groups, complements the hydrophobic PA layer’s positive
charge from unreacted amino groups. This double Janus NF membrane
configuration enhances stability and results in exceptional water flux
and effective separation capabilities for Mg2+ and Li+ ions. The struc-
tural integrity during operation is underscored by high solute retention
and permeance, with the CNC-COOH interlayer enhancing membrane
stability by imparting a strong negative potential and improving hy-
drophilicity, essential for a stable PA layer formation. The original PES
substrate membrane is inherently hydrophobic and lacks functional
groups, rendering it electrically neutral as depicted in Fig. 11a. In
contrast, the Janus membrane, enhanced with functional groups, ex-
hibits distinct electrostatic properties, as illustrated in Fig. 11b. During
brine treatment, the electrostatic repulsion in the PA layer creates a
concentration gradient that selectively impedes Mg2+ ions while facili-
tating the passage of Li+ ions due to electrostatic attraction. This dual

Fig. 10. (a) Advanced functionalities and comparative performance of NF membranes: (a) Illustration of the synthesis of a [MimAP][Tf2N]-PA/PAN NF membrane
for Li+ separation from simulative brine. (b) Separation functionality of the membrane using simulative brine. (c) The NF membranes’ zeta potentials. (d) Perfor-
mance evaluation of commercially available NF and NF-IL-c membranes, comparing SLi,Mg vs. permeate flux for simulated brine [119]. (e) Diagram showing the
pristine polyamide (PEI − TMC TFC) NF membrane and its modification with DABIL molecules (DABIL TFC NF). (f) Effects of varying Mg2+/Li+ ratios in feed
mixtures on the separation performance of the DABIL-5 membrane (conditions: 0.5 g/L LiCl, pH 6.6, 30 ◦C, and 5 bar) [138].
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Fig. 11. Characterization and performance evaluation of NF membranes: (a) Illustration of charge generation in a PES substrate membrane without functional
groups. (b) Formation of charges in the presence of various functional groups. (c) Diagrammatic representation of force analysis in the triple-layered Janus mem-
brane, detailing the Mg2+ and Li+ ion transport pathways [23]. (c) Optimized NF Membrane rejections for selected inorganic salts and (d) extended performance
assessment for Mg2+ separation from Li+ [72].

Fig. 12. Detailed analyses of NF membrane modifications and performance: (a) Grafting reaction on hydroxy contained MWCNTs. (b) Comparative hydrophilicity of
the NF membranes and the substrate. (c) Rejection performance of the PEI/M-CNTs (MPMC) membrane for various salts at a concentration of 2000 ppm [20].
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mechanism is schematically represented in Fig. 11c. With this innova-
tive Janus membrane, a Mg2+/Li+ feed mass ratio of 30 results in a
rejection disparity of approximately 74 % between Mg2+ and Li+,
achieving a separation factor of 12.2 for SLi,Mg.

3.4.3. Enhancement of UF substrate membrane with MWCNTs-COOK
Xu et al. [72] further enhanced UF substrate membranes by incor-

porating potassium carboxylate functionalized multi-walled carbon
nanotubes (MWCNTs-COOK). This modification not only improved the
structural integrity and stability of the membranes but also facilitated
the formation of a robust PA layer via IP. The eco-friendly oxidation
process used to functionalize these MWCNTs-COOK ensured their high
water solubility and effective dispersion in polar solvents, which was
crucial for anchoring them in the PES UF substrates. This foundational
stability was pivotal in maintaining the polyamide layer’s integrity
throughout the IP process. The Incorporation of MWCNTs-COOK
significantly enhanced the bonding between the substrate and the PA
layer, improving hydrophilicity, porosity, and the water permeability of
the UF membrane. Performance analysis of the NF membrane with an
optimum 0.012 wt% MWCNTs-COOK revealed a high separation factor
(SLi,Mg) of 58.66 and a notable difference in rejection between Li+ and
Mg2+ of 86.9 %, substantially outperforming many previously estab-
lished NF membranes. This membrane demonstrated a high flux of
11.46 L m− 2 h− 1 bar− 1, which is 2.28 times higher than that of its un-
modified counterpart. Fig. 11d shows the rejection performance of this
optimized NF membrane towards divalent cations and a stronger
attraction towards divalent anions (SO42− ) compared to monovalent
anions (Cl− ). The larger ions faced higher transmission resistance due to
their hydrated radius, affecting the rejection ratio of inorganic salts
through steric hindrance and electrostatic interactions. Long-term
testing of the MWCNTs-COOK-modified NF membrane, as depicted in
Fig. 11e, confirmed its consistent high permeable flux and stable Mg2+/
Li+ separation performance. This study exemplifies the feasibility and

efficiency of integrating MWCNTs-COOK into UF substrate membranes
to enhance Mg2+/Li+ separation in NF applications, paving the way for
accelerated Li enrichment processes.

3.5. Incorporating nanomaterials

The incorporation of functional nanomaterials such as graphene
oxides (GOs), carbon nanotubes (CNTs), titanium dioxide (TiO2), co-
valent organic frameworks (COFs), and metal-organic frameworks
(MOFs) into NF membranes represents a promising approach to mitigate
the trade-off between permeability and separation efficiency. These
nanomaterials can modify the surface composition of membranes,
enhancing interactions with Li ions and thereby improving selectivity
and separation performance.

3.5.1. Enhanced NF membrane with MWCNTs
Xu et al. [20] developed a positively charged NFmembrane using PEI

and TMC, where permeability was further augmented by incorporating
hydroxyl-rich, modified MWCNTs with piperazine (PIP). This modifi-
cation not only increased the hydrophilicity of the NF membrane but
also formed low-resistance water channels at the interface between the
CNTs and the PA, as depicted in Fig. 12a and b. [140]. The resulting
modified polymeric MWCNT (MPMC) membrane exhibited a marked
increase in hydrophilicity after IP, leading to a remarkable enhancement
in water flux, which reached 56.1 L m− 2 h− 1 at 4 bar. Salt rejection rates
were elevated up to 96.9 %, attributed to the hydrophilic groups and
PIP-grafted chains on the modified CNTs. This membrane also displayed
excellent selective separation abilities, with high rejections for divalent
salts like MgCl2, CaCl2, and MgSO4 exceeding 97 %, while maintaining
lower rejection rates for monovalent cations, below 70 % as shown in
Fig. 12c. Furthermore, it demonstrated effective separation capabilities
for Mg2+ and Li+, coupled with durability, underscoring its utility for Li
recovery from seawater brine with high Mg2+/Li+ ratios.

Fig. 13. Development and characterization of CGPNF membranes: (a) Diagram of the electrospinning process used to fabricate CGPNF membranes from 12C4/
graphene/PES dispersions, combining two-dimensional graphene nanosheets with crown ether molecules. (b) SEM images of CGPNF membranes before and (c) after
Li-ion adsorption, with (c) presenting a magnified view (Scale bar = 100 nm). (d) Influence of pH on the membrane’s adsorption capabilities, and (d) impact of metal
ions. (f) Regeneration capacity of the membrane for Li recovery [141].
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3.5.2. Graphene-incorporated PES nanofiber membranes
Jo et al. [141] developed a graphene-in-polyethersulfone (PES)

nanofiber membrane embedded with the macrocyclic chelating ligand
(12C4) molecules, enhancing the membrane’s durability and reusability
for targeted Li recovery from aqueous solutions. The fabrication process
of these composite graphene PES nanofiber (CGPNF) membranes is
illustrated in Fig. 13a. These membranes consist of nanofibers initially
measuring 100 nm in diameter, but this dimension and their surface
roughness increase upon Li adsorption, as evidenced by SEM images in

Fig. 13b and c, showing the CGPNF membranes before and after Li
binding. The addition of graphene to the 12C4/graphene/PES mixture
influences the electrospinning parameters such as viscosity and con-
ductivity, which in turn affect the final diameter of the nanofibers. Post-
adsorption, the CGPNFmembranes demonstrate a 6 % to 7 % increase in
fiber diameter and acquire a rougher surface, indicating successful Li
capture.
Nitrogen sorption tests confirm that the inclusion of graphene sheets

enhances the stability of the nanofibers, improving porosity and surface

Fig. 14. Comprehensive illustration of ion separation mechanisms and membrane performance: (a) Schematic showing the chelation-based metal cation stabilization
strategy in GO membranes from a top and side view, highlighting the selective permeation of monovalent ions over divalent ions. (b) Permeance rates for monovalent
and divalent ions and the selectivity of these ions in GO/tpy–COOH–Ba2+membranes [147]. (c) Schematic depicting the hydrated Li+ and Mg2+ transfer via the 15C5
channels. (d) Illustration of the hopping mechanism that facilitates fast and specific Li+ transport within the 15C5 channels. (e) Stability performance of the
PEI@15C5-TMC membrane in Mg2+/Li+ separation with a mass ratio of 20. (f) Comparative performance of the PEI@15C5-TMC membrane against other polymeric
NF membranes previously reported [144].
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area, in addition to increasing surface roughness, chemical heteroge-
neity, and hydrophilicity. The pH level of the solution impacts the
CGPNF membrane’s adsorption capacity, with higher pH levels proving
more advantageous, as shown in Fig. 13d. Selectivity tests detailed in
Fig. 13e reveal that the CGPNF-2 membrane possesses significantly
lower adsorption capacities for sodium and potassium ions—by 29 %
and 44 %, respectively—compared to Li ions. The membrane’s regen-
eration involves repeated adsorption/desorption cycles using hydro-
chloric acid, where the CGPNF-2 membrane maintains over 97 % of its
original adsorption capacity after 3 cycles, as indicated in Fig. 13f. In a
dynamic flow system, the CGPNFmembrane reached an adsorption peak
of 86.3 mg g− 1 for Li and preserved >93 % of its capacity after ten
regeneration cycles, highlighting its efficacy and longevity for Li re-
covery applications.

3.6. Implementation of artificial nanochannels in NF membranes

The development of NF membranes equipped with artificial nano-
channels represents a cutting-edge approach in NF technology, specially
engineered to selectively transport Li ions. These channels are meticu-
lously designed to allow pores just under the hydrated diameter of Li+

ions (0.76 nm) to preferentially admit them. As Li+ ions approach these
pores, they undergo partial dehydration, effectively reducing their size
to navigate through these precisely sized channels [142]. Zhang et al.
[143] demonstrated the ultrafast and selective transport of alkali metal
ions in ZIF-8 membrane, where Li+ ions move faster than Na+, K+, and
Rb+ ions. This selective speed is due to the specific interactions within
the tailored nanochannels that favor Li over other alkali metals.
Li et al. [144] successfully designed an NF membrane with artificial

channels that not only enhance water flux but also improve Li+ ion
transference. This membrane was synthesized using an IP method
combining TMC and PEI with 15-crown-5 ether (15C5), a molecular
known for its specific ion affinity to Li+. In tests with simulated brine
demonstrating a high Mg to Li ratio (MLR) of 20, the PEI@15C5-TMC
membrane effectively reduced the MLR to 1.7, achieving an SLi,Mg sep-
aration factor of 14. Despite its negative zeta potential, which indicates a
separation mechanism beyond the Donnan effect, the membrane facili-
tates Li+ ion transport primarily through dehydration processes occur-
ring at and within the channels [145,146].
Graphene oxide (GO) membranes are distinguished by their two-

dimensional nanochannels, which demonstrate exceptional selectivity
for monovalent over divalent ions due to their unique pore architecture.

Fig. 15. Overview of NF process and performance using PEI@15C5-TMC membrane: (a) Depiction of the separation mechanism and technological process utilized by
the PEI@15C5-TMC membrane [149]. (b) Analysis of permeability and osmotic pressure (Δπ) difference across the PEI@15C5-TMC membrane at each stage of the
NF process. (c) Concentrations of Li+ and Mg2+ in both permeate and feed solutions of each stage, including the mass ratio of Mg2+/Li+ [144]. (d) Schematic
representation of the multi-pass NF process for Li+/Mg2+ separation. (e) Comparative analysis and recovery of Li+/Mg2+with and without recirculation, as a function
of the number of passes, using a LiCl/MgCl2 feed solution at a pressure of 6 bar [74].
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Li et al. [147] advanced GOmembranes’ ion sieving capabilities through
a stabilization method using polydentate ligands to bind metal cations
(Fig. 14a). These modified GO membranes, integrated with ligand-M2+

coordination complexes, form stable nanochannels that impede divalent

ions via steric hindrance while allowing monovalent ions to pass,
compensating for their hydration and thus achieving high ion selec-
tivity. The GO/tpy–COOH–Ba2+ membrane displayed a monovalent ion
transmission rate of approximately 0.78 mol m− 2 h− 1 and a selectivity

Table 4
Performance characteristics of NF membranes for enhanced Li selectivity.

Regulation of NF membrane
for enhanced Li+ selectivity

Membrane material/process Brine type Test condition/operating
parameters

Li+/Mg2+

separation
ability

Flux (L/m2h
bar)

TRL Ref

IP process NF90 commercial membrane Brine (contains Li+ and
Mg2+)

• Mg2+/Li+ = 20
• 2000 ppm
• 3 bar

2.10 – [19]

Advanced IP processes HACC- PIP: TMC (comonomer
addition)

Li brine • 2000 ppm
• 6 bar

115 1.57 ± 0.075 4–5 [114]

SIP-750k membrane (electro-
nanofiltration membranes via
sequential interfacial polymerization)

Brines from seawater and
salt lake

• Current density: 10 mA/cm2

• Membrane area: 16 cm2

• Feed solution: 0.1 M LiCl and
0.1 M MgCl2 (120 mL)

• 6 bar

16.55 3.08 × 10− 8

mol⋅cm− 2⋅s− 1
4–5 [115]

Positively charged NF (gas/liquid
interfacial polymerization (GLIP))

Natural brine • Mg2+/Li+ = 20 27.38 4.3 4 [116]

Surface modification TMC/BPEI/EDTA Simulative brine of mixed
LiCl-MgCl2

• Mg2+/Li+ = 24
• 2000 ppm
• 4 bar

9.26 0.6 3–4 [82]

NF-TC membranes Salt lake brine • Mg2+/Li+ = 20
• 2000 ppm
• 5 bar

167 40 4–5 [151]

Quaternized bipyridine-modified PEI
(source: synthetic salt solution)

Salt lake brine • Mg2+/Li+ = 50
• 2000 ppm
• 6 bar

5.2 81.6 3–4 [120]

PEI–TMC polyamide TFCM, modified
with DAIB

Brine (high Mg2+/Li+

ratio)
• Mg2+/Li+ = 20
• 6 bar

– 0.7 mol m− 2

h− 1
3–5 [118]

Surface charge regulation DK commercial membrane Salt lake brine • Mg2+/Li+ = 18–24
• 16 bar

2.94 – 3 [152]

[MimAP][Tf2N]-PA/PAN Brine (high Mg2+/Li+

ratio)
• Mg2+/Li+ = 20
• 3 bar

8.12 9.43 4 [119]

PEI grafted on PA Simulated brine • Mg2+/Li+ = 20
• 4 bar

33.4 12 1–3 [128]

Cu − MPD NF membrane Simulated brine • Mg2+/Li+ = 23
• 2000 ppm
• 5 bar

8 16.2 3–4 [73]

SPE-PEI Salt lake brine • Mg2+/Li+ = 150
• 2000 ppm
• 6 bar

12.37 3–4 [134]

Advanced IP processes &
surface charge regulation

DL-2540 commercial membrane Salt lake brine • Mg2+/Li+ = 60
• 20 bar

2.86 – 4–6 [40]

PES-PEI/TMC Salt lake brine • Mg2+/Li+ = 20
• 2000 ppm
• 8 bar

20 5.02 4–5 [22]

DAPP/TMC Brine (high Mg2+/Li+

ratio)
• Mg2+/Li+ = 20
• 2000 ppm
• 3 bar

2.60 – 4–6 [19]

Surface functionalization Zwitterion-functionalized g-C3N4
(BHC-CN)

Salt lake brine • Mg2+/Li+ = 73
• 0.4 MPa
• 20 ◦C

16–23.9 5.6–2 4–6 [129]

Incorporating
nanomaterials & surface
functionalization

PEI/TMC/CNC-COOH/PES Salt lake brine • Mg2+/Li+ = 30
• 2000 ppm
• 8 bar

12.2 4.17 1–3 [23]

PEI/TMC/CNC-COOH/PES Salt lake brine • Mg2+/Li+ = 60
• 2000 ppm
• 8 bar

5.85 3.4 1–3 [23]

PES-MWCNTs-COOK/PEI-TMC Salt-lake brine • Mg2+/Li+ = 20
• 2000 ppm
• 3 bar

58.66 11.46 4–5 [72]

Incorporating
nanomaterials

PES/(PIP-PHF)/TMC brine or seawater • Mg2+/Li+ = 21.4
• 2000 ppm
• 6 bar

13.16 6.7 3–4 [153]

PES-GO/PEI/TMC Brine (high Mg2+/Li+

ratio)
• Mg2+/Li+ = 20
• 2000 ppm
• 3 bar

16.13 11.15 4–6 [154]

PEI/GQDs-NH2/TMC Salt lake brine • Mg2+/Li+ = 20
• 2000 ppm
• 3 bar

27.86 11.94 3–4 [131]

Multi-pass filtration PEI@15C5-TMC Salt lake brine • Mg2+/Li+ = 50
• Mg2+/Li+ = 6.4
• Mg2+/Li+ = 0.1

14 1st NF-2.8
2nd NF-9.5
3rd NF-9.7

4–5 [144]
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ratio of around 23.5 for mono/divalent ions, as evidenced in Fig. 14b.
Theoretical and experimental findings confirm that water molecules

significantly hinder ion permeation, where ions with lower hydration
energies more easily shed their hydration layers for entry into the
transport channels [148]. Li+ ions, with a hydration energy of 515 kJ/
mol, face a lower barrier to dehydration and channel entry compared to
Mg2+ ions, which possess a higher hydration energy of 1828 kJ/mol,
thus encountering greater difficulty in shedding their hydration shells
(Fig. 14c). The incorporation of 15C5 in the membrane channels spe-
cifically enhances Li+ complexation due to the size and shape alignment
with Li+ ions. This specialized interaction facilitates Li+ transport
through an electrostatic hopping mechanism along the channels’ nega-
tively charged walls [69,146], with oxygen atoms in the 15C5 providing
a tailored route for Li transport (Fig. 14d). The durability of the
PEI@15C5-TMC membrane was validated during a 12-h NF trial,
maintaining high water permeability (8.0 L m− 2 h− 1 bar− 1) and an
impressive Li+/Mg2+ separation factor (SLi,Mg) of about 12, as detailed in
Fig. 14e and f. This showcases the membrane’s capability for efficient Li
recovery, offering a promising direction for future enhancements in NF
membrane technology.

3.7. Multi-pass filtration

3.7.1. Three-stage NF process utilizing PEI@15C5-TMC membranes
Li et al. developed a three-stage NF process employing PEI@15C5-

TMC membranes, tailored for the effective separation of Mg2+/Li+ in
complex salt lake brines [144]. This innovative approach the selective
permeability properties of the membranes, where changes in salinity

adjust the osmotic pressure differences (Δπ) across the membrane,
influencing water flow. Initial tests immersed the membrane in a salt
solution for 7 days, confirming the stability of the 15C5 component
within the membrane structure. Further stability assessments included
10 rinses and ATR-FTIR analysis, which verified no leaching of the 15C5,
demonstrating exceptional membrane stability. A continuous 12-h NF
trial further validated the stable permeability and separation perfor-
mance of the membrane under operational conditions, as illustrated in
Fig. 15a.
The multi-stage process effectively reduced the Mg2+/Li+ mass ratio

(MLR) from 50 in the feed to 6.4 after the first stage, achieving a 99.8 %
Mg2+ rejection and a permeability of 2.8 L m− 2 h− 1 bar− 1 (Fig. 15b). In
subsequent stage, the permeability increased to 9.5 L m− 2 h− 1 bar− 1 in
the second stage and to 9.7 L m− 2 h− 1 bar− 1 in the third, with the MLR
further dropping to 0.1. These improvements were facilitated by
decreasing Δπ, which initially was 3.3 bar due to concentrated brine,
reducing to 1.6 and then to 1.1 bar in later stages, as shown in Fig. 15c.
The monitored concentrations of Li+ and Mg2+ in the permeate at each
stage confirmed efficient ion separation, culminating in approximately
95 % Li carbonate production by adding Na2CO3.

3.7.2. Multi-pass NF technologies with brine recirculation
Wang et al. introduced a novel multi-pass NF technique incorpo-

rating brine recirculation, designed to achieve high selectivity without
compromising Li recovery [74]. In this process, the permeate from each
pass is repressurized and fed into the subsequent pass, enriching Li/Mg
selectivity by continually rejecting the less permeable ion, Mg2+. Each
pass’s feed is the permeate from the prior pass, with brine from each pass

Table 5
Characteristics of commercially available NF membranes for brine treatment, summarizing key features of various NF membranes from different manufacturers,
including their polymer type, MWCO, specific applications in brine types, MgSO4 rejection rates, optimal operating conditions, and significant outcomes such as ion
rejection rates and membrane performance.

Membrane material/
manufacturer

Type of
polymer

MWCO
[Da]

Brine type MgSO4
rejection
[%]

Optimum conditions Outcome Ref

NFX 2540 from Synder
Filtration

PA TFC 150–300 SWRO desalination
brine

99.0 • 10 bar
• Permeate
recovery = 80 %

• Mg(OH)2(s) with the highest purities (97 %) [155]

PRO-XS2 from
Hydrnautics

PA TFC – Synthetic SWRO
brines

87 % 20 bar • Rejections of 71 % for Ca(II) and 89 % for
Mg(II) with brine

• SF = 9.6

[156]

DK from Veolia PA TFC 150–300 SWRO desalination
brine

96.0 8 to 30 bar • Demonstrated negative surface membrane
charge

• Highest permeability (3.5 LMH bar− 1) and
selectivity factor (>0.6) for multivalent
elements relative to monovalent ones

[157]

NF2 membrane from
Rising Sun Membrane
Technology

PA Synthetic geothermal
brine

• 15 bar
• pH 10

• Highest Li recovery reaching >75 % [61]

Fig. 16. Standard technology readiness scale.
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recirculated to feed the preceding pass, as depicted in Fig. 15d. This
setup allows for varying water recovery rates and applying different
pressures in each pass, optimizing the system’s efficiency. Theoretical
simulations suggest that a four-pass NF process without brine recircu-
lation can achieve a Li+/Mg2+ selectivity above 4000, corresponding to
99.5 % purity, but with a significant Li loss of 15–20 % in the second and
fourth passes (dashed line in Fig. 15e). Conversely, with brine circula-
tion, the process is theoretically predicted to reach an ultrahigh Li+/
Mg2+ selectivity over 4500 with a Li recovery exceeding 95 %, illus-
trated by the solid line in Fig. 15e. This indicates that brine recirculation
effectively balances selectivity with recovery, making them invaluable
strategy in the multi-pass design. The multi-pass NF technique, partic-
ularly with recirculation, demonstrates exceptional potential in
achieving high Li+/Mg2+ selectivity while maintaining robust Li re-
covery. The energy consumption of this process is notably reduced from
0.30 to 0.18 kWhmol− 1 due to the efficient Li recovery enabled by brine
recirculation, despite the increased capital costs and complexity. A
comprehensive techno-economic analysis would be crucial to evaluate
the economic viability of this advanced multi-pass NF process compared
to other Li+/Mg2+ separation technologies, considering all stages of Li
extraction treatment. This technique not only showcases potential in
Li+/Mg2+ separation but could also advance other membrane-based
separation technologies, enhancing NF-based solute-solute separations
in resource extraction and recovery scenarios.

4. Technology readiness levels (TRLs) : NF processes for
selective Li separation

The evaluation of NF processes for Li selectivity from brines in-
tegrates detailed performance analysis from Table 4 with the commer-
cially available membranes in Table 5, offering a nuanced
understanding of their respective their Technology Readiness Levels
(TRL) and operational efficiencies. The TRL chart (Fig. 16), adapted
from [150], offers a concise overview of the maturity and integration
potential of these NF techniques into commercial Li recovery operations.
Table 4 highlights the diverse array of NF membranes, each tailored

for specific brine types and characterized by unique separation capa-
bilities and technological maturity. The NF90 commercial membrane,
despite its moderate Li/Mg2+ separation ability and lower selectivity
ratio, has an established presence in the field, reflecting a higher TRL
indicative of commercial deployment readiness. Advanced membranes
like HACC-PIP-TMC composites showcase a higher Li/Mg2+ separation

ability of 115 and a flux of 1.57 L m− 2 h− 1 bar− 1, suggesting superior
performance due to innovative material use and process refinement,
with TRLs around 4–5, indicating they are close to commercial appli-
cation. Surface-modifiedmembranes, such as those utilizing TMC/BPEI/
EDTA, offer enhanced Li/Mg2+ separation abilities and high flux rates,
reflecting their effectiveness and the potential for scale-up, pending
further long-term operational validation.
Commercially available membranes such as NFX 2540, PRO-XS2,

DK, and NF2 are also evaluated for their performance in Li recovery,
as detailed in Table 5. NFX 2540 demonstrates exceptionally high
MgSO4 rejection at 99 %, operating optimally at 10 bar with an 80 %
permeate recovery, making it suitable for immediate commercial
application. Its high TRL is indicative of readiness for large-scale oper-
ations. PRO-XS2 and DKmembranes, while showing robust performance
with MgSO4 rejection rates of 87 % and 96 % respectively, vary in
operational pressures and outcomes, suggesting that while they are
commercially available, optimization may still be required to maximize
their efficiency in Li recovery processes. The NF2 membrane, noted for
achieving the highest Li recovery of >75 % from synthetic geothermal
brine, showcases significant potential for Li extraction applications, with
a TRL indicating it is ready for broader commercial use.
The integration of NF membranes for specific applications, such as

those optimized for high Mg2+/Li+ ratios in salt lake brine, achieves
very high selectivity factors. The commercial viability of these mem-
branes hinges on their ability to maintain high performance over
extended operational periods, as indicated by long-term stability tests.
Membranes such as the SPE-PEI, which demonstrates a significant
selectivity factor and operational flux, are particularly promising for
commercial deployment.
Combining the analytical perspectives from Tables 4 and 5 provides a

comprehensive overview of the readiness of various NF technologies for
commercial deployment in Li recovery from brines. While many mem-
branes show high Li selectivity and operational efficiency, their long-
term stability and adaptability to different brine compositions remain
critical areas for ongoing development. Continuous material innovation
and process optimization will be essential as these technologies advance
through higher TRL stages. Comprehensive techno-economic analyses
will also be crucial to assess their commercial potential and strategize
their integration into existing Li recovery infrastructures, ensuring they
meet the stringent requirements of industrial applications.

Fig. 17. Synergistic benefits of integrating NF with various Li recovery methods. This diagram outlines how NF enhances the efficiency, sustainability, and cost-
effectiveness of processes such as capacitive deionization (CDI), membrane distillation (MD), reverse osmosis (RO), and electrodialysis (ED) in Li recovery. Key
advantages include improved feed quality for electrolysis, reduced fouling, increased selectivity for monovalent ions, and better electrochemical activity, contrib-
uting to more effective and environmentally friendly Li extraction.
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Table 6
Characteristics of reported integrated systems for Li recovery from brine.

Technology Brine NF material &
Operating conditions

Final
recovery of
Li (%)

TRL Key outcomes & remarks Limiting factor/barrier Ref

RO-NF-MDC RO brine • 39 ◦C
• Initial volume of 1
L for simulations

73.8 3–4 • Li recovery using membrane
crystallization (MCr) from
RO brine

• Use of vacuum membrane
distillation (VMD) instead of
direct contact membrane
distillation (DCMD)

• Li-contained precipitates as
LiCl at a water recovery rate
of 97 %

• Ore grade degradation
increases production costs,
including water and energy

• Induction time caused a delay
in the start of precipitation in
experiments

[159]

MD-NF Simulated salt
lake brine

• NF270 at 20 ◦C
• pH 5
• 8 bar
• Constant cross-flow
velocity of 40 cm/s

• MD operated with
feed at 40 ◦C and
distillate at 20 ◦C

80 4–5 • Achieved 23 % and 44 % Li
separation through NF90
and NF270 membranes,
respectively.

• Li concentration enriched by
up to 80 % after MD
treatment

• MD influenced by
temperature and salt
concentration

[93]

NF-MD-precipitation Salt-lake brine • TFC PA NF
membrane

• 20 ◦C
• 8 bar
• NF membrane
compacted with
ultrapure water for
stability

42 4–5 • Improved Li enrichment by
MD from 2.5 to 5 through NF
pre-treatment

• Li concentration by MD
increased from 82 to 410
mg/L

• Reduced permeate flux by
membrane scaling during
long-term operation.

• Li recovery affected by
competitive other cations like
Mg

[160]

NF-MD Li-containing
artificial brine

• NE 70
• water flux (25.1 L
m− 2 h− 1)

• Rejection (>30 %)
of divalent ions
(Ca2+ and Mg2+),

• Low rejection (<10
%) of monovalent
ions (Na+ and Li+).

91.6,
12-fold
increased

4–5 • NF pre-treatment required
for removal of divalent ions
(Ca2+ and Mg2+) that are
prone to form crystals.

• Increased Li concentration
from 100 to 1200 ppm.

• Helps avoid crystal
formation and process
failure.

• MD alone ineffective at
removing divalent ions,
potentially leading to crystal
formation and system
clogging.

• Risk of halite crystal
formation without NF,
impacting process efficiency.

[70]

Low pressure reverse
osmosis (LPRO)

Salt-lake brine • PA UF membrane
• 0–41 bar
• 21 ◦C

85 3–4 • Decreased fouling
propensity by NF’s lower
average roughness

• NF fouling by Salt Lake
brines diluted 10 times.

• Total separation of Li from
sodium through dialysis
with NF.

• LPRO alone failed to achieve
total separation between Li
and Na.

[83]

MD-thermoelectric
generation

• PA UF membrane – 3–4 • Effective removal of Ca2+

and Mg2+ via NF, preventing
equipment fouling.

• Generating electricity for
making the process self-
sustaining.

• Rendering Li to pass
through, improving Li
recovery

• High costs of installation and
operation.

• Low efficiency of
thermoelectric generators.

[161]

CDI-NF – – – 1–3 • Enhanced removal of small
ions and organic molecules.

• Improved water quality due
to dual filtration and ion
capture processes.

• Potential for lower energy
consumption compared to
traditional desalination
methods.

• Electrode selectivity &
capacity.

[162]

NF-solvent extraction-
selective precipitation

Simulated NF-
treated seawater
desalination brine

– 74 4–6 • Enhanced the practicability
of recovery by higher Li
concentration in
desalination brine

• NF membranes
concentrating Li by about 3
times from seawater
desalination brine

• Effective in blocking larger,
highly charged particles
from passing through

• Requirement of expensive
chemicals specified for
solvent extraction

• Careful control required for
selective precipitation to
avoid impurities

• Energy-intensive solvent
extraction and selective
precipitation processes

[68]

(continued on next page)

S. M.S. et al. Desalination 592 (2024) 118148 

23 



5. Prospects NF integration with various Li recovery techniques

Several modern technologies have advanced to pilot and commercial
stages for Li recovery from various brines, highlighting the need for an
approach that is energy efficient, has a low carbon footprint and is
scalable, modular, and cost-effective in terms of both capital and oper-
ational expenditures (CAPEX and OPEX). A promising strategy to
enhance Li recovery involves combining NF pre-treatment with different
recovery techniques [93,158]. The integration offers benefits such as
selective separation of Li from impurities, reduced fouling, and
improved energy efficiency. The integration offers benefits such as se-
lective separation of Li from impurities, reduced fouling, and improved
energy efficiency, as shown in Fig. 17, based on systems described in
Table 6 and other hybrid systems for brine treatment. Traditional direct
Li extraction methods like adsorption, ion exchange, and solvent
extraction benefit significantly from NF pre-treatment. Adsorption,
which is at TRL of 9, ion exchange at TRL 8, and solvent extraction at
TRL 7, all show improved efficiency and efficacy when preceded by NF
filtration that removes major impurities and concentrates Li ions.
Furthermore, emerging membrane-based techniques, which are
currently at TRL 4 and selectively transport Li+ ions through nano-
channels, represent significant advancements in direct Li extraction
(DLE) processes.
Producing Li hydroxide (LiOH) from salt lake brine with a high

Mg2+/Li+ ratio presents several challenges, including effective separa-
tion of Li andMg, enrichment of Li, and achieving high purity in the final
Li hydroxide product. Zhao et al. [110] addressed these issues by inte-
grating the BMED process with NF, RO, and CED techniques (Fig. 18a) to
process brines with a Mg2+/Li+mass ratio exceeding 30. The dual-stage
NF and RO-CED processes significantly reduced Mg and enriched Li,
achieving a Mg2+/Li+ ratio below 0.5 and a Li content in the NF
permeate over 14 g/L. The Li-rich solution was then processed through
BMED to produce LiOH, yielding a Li concentration in the alkali solution
of over 1.0 M, with a current efficiency of 36.1 % and energy con-
sumption of 6.2 kWh/kg, surpassing previous studies. This integrated
membrane process effectively separates Li and Mg from high Mg2+/Li+

ratio brines, continuously producing 99.6 % pure LiOH.
Park et al. introduced a novel Li recovery method that utilizes a

combination of membrane distillation (MD) and NF [70]. Initially, the
process employs NF pre-treatment to enrich the Li in the brine while
filtering out unwanted ions such as calcium and magnesium. Three

commercial NF membranes (NE 40, NE 70, and NE 90) were tested, with
the NE 70 membrane chosen due to its optimal water flux (25.1 L m− 2

h− 1), significant rejection of divalent ions (Ca2+ and Mg2+, >30 %), and
minimal rejection of monovalent ions (Na+ and L+, <10 %) (Fig. 18b
and c). The pre-treatment altered the artificial brine’s composition,
reducing Ca+ and Mg2+ concentrations by 40 % while keeping Li+ and
Na+ levels stable. The MD stage, utilizing the NF-treated brine, effec-
tively enriched Li in the brine. However, crystal formation on the
membrane surface necessitated periodic MD cleaning, as water flux was
immediately restored with a minor ion concentration dilution (Fig. 18d
and e). After 140 h, the process increased the brine’s Li concentration
from 100 ppm to 1200 ppm, making it suitable for integration with other
technologies for high-quality Li production. This membrane-based
method demonstrates the potential to utilize low-concentration Li
brine with only a fraction of one-tenth of the capital cost, processing
time, and physical footprint associated with conventional techniques. By
reducing reliance on chemicals heavily used in traditional processes and
inhibiting crystal formation, this approach averts process disruptions
and promotes a more sustainable and economical Li recovery process.
Italian company Tenova Advanced Technologies (TAT) developed

the LipTM process, utilizing NF technology to selectively extract alkaline
earth elements from brines. This process can efficiently extract Li from
brines with concentrations as low as 20 × 10− 6, reducing Li levels in the
raffinate to as low as 1 × 10− 6. The Clayton Valley salt marsh brine Li
extraction project in the United States, conducted by Canadian company
Pure Energy, employs the LipTM process in conjunction with extraction,
ion exchange, and precipitation processes. In May 2018, Pure Energy
completed a pilot plant design for this approach, with pilot trials set to
assess its commercial feasibility [164], underscoring the practical
application of NF in enhancing Li recovery while minimizing environ-
mental disruptions.
Eramet, in collaboration with IFPEN (the French Institute of Petro-

leum and New Energies) and Seprosys, is developing the Centenario
Ratones Li salt lake project in Salta, Argentina. This project employs a
series of advanced techniques to produce Li carbonate suitable for bat-
tery applications with a very high yield of direct extraction (Fig. 19a)
[149] [165]. Key stages include NF and RO to further separate and
concentrate Li. The final step in this innovative process involves con-
verting Li into battery-grade Li2CO3 using a single filtration and washing
step with sodium carbonate. The process boasts an extraction yield of
~90 %, and requires only half the brine typically needed by

Table 6 (continued )

Technology Brine NF material &
Operating conditions

Final
recovery of
Li (%)

TRL Key outcomes & remarks Limiting factor/barrier Ref

• Successful demonstration on
a mini-pilot scale

Electrochemical
intercalation-
deintercalation (EID)-NF-
RO- evaporation, and
precipitation,

Salt Lake brine
with the Mg2+/Li+

ratio of 58.8

• Disc tube NF
membrane based
on PA material.

• pH 3–11
• 2.0 MPa
• 25 ◦C

86.1 4 • Divalent ion removal from
Li-rich solution via NF.

• Reduction in alkali usage
and minimized Li loss with
Mg2+ removal during Mg
(OH)₂ production.

• Effective Li+ and Mg2+

separation.
• Efficient rejection of
multivalent ions, including
Mg2+ and SO₄2− .

• NF technology limited to
brine with very low sodium
and potassium content.

• Dilution necessary after high
salinity brine potassium
removal, consuming large
water volumes.

[163]

BMED-NF-RO-CED High Mg2+/Li+

ratio Salt Lake
brine

• DK NF membrane
with PA active
layer.

• 0–3.5 MPa
• 25 ◦C.
• pH: 3.0–8.0
• BMED stack: CMB/
AHA/BP

92 4–6 • Effective Mg2+ removal,
achieving Mg2+/Li+ ratio
below 0.5.

• Concentrates Li to above 14
g/L.

• RO-CED integrated process
applied for NF permeate
enrichment.

• High purity Li hydroxide
produced via BMED.

• High energy consumption at
6.20 kWh/kg.

• Current efficiency limited to
36.05 %.

[110]
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conventional extraction process, showcasing the efficiency and sus-
tainability of integrating NF in Li recovery operations.
Chinese companies have made significant advancements in extract-

ing Li from salt-lake brines with high mineral-to-Li ratios (MLR), notably
boosting Li production capabilities. Golmud Zangge Lithium Industry
Co., Ltd. has developed a unique technology combining simulated
continuous adsorption with NF/RO for impurity removal and a one-step
synthesis method [149] to produce battery-grade Li carbonate. This
method successfully produced battery-grade Li2CO3 from previously
discharged brine at the Qarham salt lake (Fig. 19b), demonstrating the
scalability and efficacy of combining adsorption techniques with NF and
RO for enhanced Li recovery.
DuPont has introduced the FilmTec™ LiNE-XD NF membrane ele-

ments, specially designed for purifying Li brine [166]. These advanced

membranes, featuring specialized chemistry, support Direct Lithium
Extraction (DLE) operations, facilitating sustainable Li production from
various sources like salt lake brine, geothermal brine, and clay deposits.
The LiNE-XD and LiNE-XD HP series are tailored to Li brine purification,
achieving high Li passage from chloride-rich brine streams while offer-
ing exceptional selectivity over divalent metals such as magnesium. The
efficiency of these FilmTec™ LiNE-XD membranes contributes to
enhanced water and Li recovery rates and lowers energy consumption.
Their distinctive membrane chemistry ensures consistent performance
and longevity, addressing the growing demand for effective and eco-
friendly Li brine processing solutions.

Fig. 18. Overview of integrated Li recovery technologies and NF membrane performance: (a) Schematic illustration of emerging Li recovery technique incorporating
NF, RO, ED, and BMED [110]. (b) Water flux and (c) salt rejection profiles for NF tests conducted with three commercial membranes (NE 40, 70, and 90). (d)
Performance evaluation of the membrane-based Li recovery method using NF, detailing salt rejection and water flux. (e) Ion concentration profiles in the brine during
operation [70].
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6. Potential challenges in the NF process for Li recovery

Li extraction from brine using NF has emerged as a leading com-
mercial method, prized for its straightforward operation and low energy
demands. Despite these advantages, several challenges inhibit its
broader industrial application, particularly the physicochemical prop-
erties of the membranes and the operational complexities of large-scale
systems.
Traditional NF membranes often exhibit limited monovalent selec-

tivity, complicating the efficient separation of Li from other similarly
charged ions such as sodium and potassium, which possess comparable
valances and ionic sizes. The significant presence of Mg, often with
Mg2+/Li+ ratios exceeding 20 and potentially reaching 200, underscores
the necessity for membranes with enhanced selectivity [167]. Current
commercial membranes, which are typically negatively charged, strug-
gle to distinguish between the similar hydration radii of Mg2+ (0.428
nm) and Li+ (0.382 nm), making it difficult to meet industrial standards
for Li purity and recovery efficiency [168,169]. Additionally, differen-
tiating Li+ from other monovalent ions like Na+ and K+, which share
comparable valences and ionic sizes, poses another significant hurdle
[5]. Scaling-prone ions like Ca2+ and SO42− in brines further challenge
the separation performance of NF membranes, leading to fouling that
reduces their operational longevity. Moreover, the high salinity of
certain feed sources necessitates dilution to manage the operational

pressures and maintain membrane permeability, adding to the process’s
complexity and cost.
The structural integrity of NF membranes is at risk under the

continuous high-pressure gradients required to process highly saline
brines, such as those from desalinated seawater. This mechanical stress
can induce microcracks in the membranes, significantly curtailing their
operational lifespan and solute separation capabilities. Consequently,
the energy consumption associated with NF increases with higher
salinity levels, reducing its economic attractiveness [5]. Although
positively charged NF surfaces have shown higher performance in
Mg2+/Li+ separation, the fabrication of such membranes presents
considerable challenges. Negatively charged traditional PA-based NF
membranes, while common, show suboptimal selectivity due to Donnan
and electrostatic effects [116]. Furthermore, positively charged mem-
branes are susceptible to microbial contamination, which can compro-
mise their effectiveness and durability unless equipped with strong
antibacterial properties [22].
The commercial viability of NF membranes requires enhancements

to extract Li+ efficiently from salt lake brines. Many NF membranes
currently demonstrate low permeability and insufficient separation
factors, limiting their practical applications. Membrane fouling remains
a significant obstacle, reducing permeability and selectivity, which is
particularly problematic in systems like NF90, where permeability was
observed to halve and selectivity decreased after just 6 hrs of operation

Fig. 19. Comparative Li extraction processes: (a) A detailed flowchart depicting the Li extraction process by Eramet [165], showcasing stages from direct extraction
to forced evaporation involving NF and RO. (b) The Golmud Zangge Li extraction sequence illustrates steps from pretreatment through NF and RO to resin softening
and carbonization, culminating in the production of Li carbonate [149].
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[83]. To address these challenges, further advancements in membrane
materials are essential. While improvements might enable more efficient
separation in single-pass NF processes, achieving industrially relevant Li
purity remains challenging. Polymer NF membranes typically exhibit
low Li permeability, whereas high-permeability nanofluidic devices face
scale-up and fabrication challenges [118].
Sophisticated Li recovery systems using NF are generally more

expensive than traditional evaporative methods due to the higher capital
investments required for the advanced materials [170]. Proper assess-
ment and management of operational conditions are crucial to enhance
the effectiveness of membrane processes for various brines or waste-
waters, making NF more economically viable for high ion recovery. This
analysis underscores the critical need for continued research and
development in NF technology to overcome these barriers, potentially
revolutionizing Li recovery processes to meet the escalating demands of
the battery and renewable energy sectors.

7. Future directions and conclusion

The increasing demand and price of Li, propelled by the growing
sectors of portable electronics and electric vehicles, highlight the need
for sustainable Li extraction from diverse sources. Recent strides in
membrane technology, particularly in the realm of NF, have been poised
as a pivotal method for Li extraction from brines and seawater, capable
of refining Li concentration and adjusting theMg2+/Li+ ratio effectively.
Innovative developments in membrane fabrication and modification
have culminated in high-performance membranes designed for efficient
Li extraction. The focus for future advancements in NF technology
centers on membranes that not only offer exceptional selectivity and
reduced energy consumption but also demonstrate robust cycling per-
formance essential for prolonged industrial applications. However,
achieving this necessitates overcoming substantial challenges inherent
to membrane operations, such as optimizing functionality and
enhancing operational efficiency.
Future research endeavors will likely concentrate on designing

selectively permeable membranes specifically for Li separation in NF
processes. It is crucial to manage operational conditions meticulously -
such as adjusting pressure, pH levels, and temperature - to maintain
membrane integrity and avoid premature degradation. Enhanced sub-
strate materials may significantly improve the efficacy of NF mem-
branes, propelling Li recovery processes towards higher efficiency and
reliability.
Explorations into multi-pass NF filtration systems should prioritize

the optimization of operating pressure and water recovery rates at each
stage, employing advanced NF membranes that outperform conven-
tional commercial options. Research should extend into systems
handling highly concentrated feed solutions, focusing on the optimal
dilution factor that balances separation performance with economic
feasibility. Understanding and managing the trade-offs between mem-
brane permeability and Li selectivity are crucial for selecting suitable
membranes for specific applications. Hence, ongoing research should
aim to refine NF processes for Li recovery, emphasizing the reduction of
energy demands and minimizing fouling tendencies.
Given the proven capability of NF in Li extraction, there is a

compelling need to reduce operational costs through system optimiza-
tion and membrane improvements. These should particularly aim at
advancing antifouling properties and augmenting Li selectivity. Thor-
ough optimization of either individual or hybrid NF methods in Li
extraction must also consider factors like energy efficiency, system sta-
bility, and product quality. Combining NF with other separation
methods could further improve the extraction of Li ions from brine
solutions.
Seawater desalination brine presents a viable alternative Li source

for regions devoid of traditional mining resources. This approach not
only promises a reduced environmental footprint but also aligns with
sustainable mining practices. However, the existing NF configurations

employed in Li extraction from seawater require further refinement to
achieve the efficiency levels of conventional mining processes. There-
fore, enhancing NF technology and its integration with other recovery
methods is crucial. Focused research and development are needed to
improve productivity and performance in the Li recovery process,
paving the way for its industrial-scale application.
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