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Abstract: The growing demand for lithium, driven by the widespread adoption of elec-
tric vehicles and renewable energy storage systems, has sparked interest in developing
low-grade lithium resources. This comprehensive review explores the types, distribution,
extraction technologies, challenges, and future prospects of low-grade lithium resources.
This article focuses on low-grade lithium sources such as clays, brines, coal, and coal
by-products, and analyzes the principles, advantages, and limitations of key extraction
techniques, including acid-alkaline leaching, bioleaching, adsorption, and membrane sep-
aration. Furthermore, this review discusses the technical, economic, and environmental
sustainability challenges associated with developing low-grade lithium resources and pro-
poses corresponding strategies. Future research should focus on improving the selectivity
and efficiency of extraction and processing technologies, optimizing separation processes,
and developing green and cost-effective extraction methods. Establishing supportive policy
frameworks, strengthening international cooperation, and knowledge sharing are crucial
for promoting the sustainable development of low-grade lithium resources. This review
provides stakeholders with comprehensive insights and recommendations for addressing
the growing lithium demand and achieving the Sustainable Development Goals.

Keywords: low-grade lithium resources; extraction technologies; bioleaching; adsorption;
membrane separation; sustainable development

1. Introduction

Lithium, a silvery-white light metal element with the symbol Li in the periodic table,
is the lightest among the alkali metals and possesses unique physicochemical properties [1].
With an atomic number of 3, a relative atomic mass of 6.941, a density of 0.534 g/ cm?, a
melting point of 180.5 °C, and a boiling point of 1342 °C [2]. Lithium has a high specific heat
capacity and thermal conductivity, and it is also one of the most flammable metals [1,2].

Although lithium is widely distributed in nature, it exists in the form of compounds
due to its high reactivity [3]. As shown in Figure 1a, lithium resources can be classified into
three main categories: pegmatite, sedimentary, and brine deposits [4]. Pegmatite deposits
include minerals such as spodumen, lepidolite, petalite, zinnwaldite, amblygonite, and
eucryptite [5]. Sedimentary lithium deposits comprise smectites, illites, jadarite, searlesite,
zeolites, and other combinations [6]. Brine deposits, which account for the liquid lithium
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resources, can be further divided into salars, oilfield brines, geothermal brines, and ocean

water [7,8].
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Figure 1. Global lithium resources distribution and industry utilization trends, (a) approximate
classification of lithium resources, adapted from “The Sedimentary Lithium Opportunity” by Alex Grant,
Principal of Jade Cove Partners, San Francisco, USA [4]; (b) Annual use of lithium in primary lithium
industries from 2003 to 2020 [9].

Lithium’s versatility has led to its use in various applications across different industries,
with a significant focus on lithium-ion batteries, as depicted in Figure 1b. The consumption
of lithium in batteries has seen a remarkable increase, particularly from 2016 onwards, due
to the widespread adoption of portable electronic devices, electric vehicles, and renewable
energy storage systems. Lithium-ion batteries are preferred in these applications because
of their high energy density, long cycle life, and low self-discharge rate. In addition
to batteries, lithium is used in the production of heat-resistant glass, special ceramics,
lubricating greases, air conditioning systems, and has potential applications in the medical
field and aerospace industry [9].

The growing demand for lithium, driven by its crucial role in sustainable energy
solutions and modern technology, has solidified its position as a critical element in the
global economy [10]. Lithium-ion batteries (LIBs) have become the cornerstone of this shift,
powering electric vehicles and enabling the integration of renewable energy sources through
energy storage systems [11,12]. As the world continues to embrace sustainable energy
solutions, the upward trajectory of lithium use is expected to persist [10,13]. However, this
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increasing demand for lithium presents a significant challenge, as the current reliance on
high-grade lithium deposits is not sustainable in the long run [14].

The looming shortage of high-grade lithium reserves has sparked growing inter-
est in exploring alternative lithium sources, particularly low-grade lithium resources,
such as clays, low-concentration brines, coal and coal by-products, and industrial waste
streams [15,16]. Land-based lithium reserves are expected to be depleted by 2080 at the
current consumption rate, making the development of low-grade lithium resources crucial
for ensuring a stable supply of lithium in the future [17]. Exploring these low-grade sources
offers several potential benefits, including resource diversification, reduced environmental
impacts, and the creation of new economic opportunities [16].

However, the development of low-grade lithium resources is not without its challenges.
The techno-economic feasibility of low-grade sources compared to high-grade ones remains
a critical consideration, as they generally require more complex and potentially costlier
extraction processes [18,19]. Advancements in extraction methods, purification techniques,
and bioleaching are making low-grade lithium extraction increasingly feasible [20-22],
but further research and development are necessary to fully optimize these processes and
ensure their competitiveness with traditional high-grade sources [23].

This review aims to provide a comprehensive overview of recent advances and fu-
ture prospects in the field of low-grade lithium resources, bridging the gap in the current
literature. This review is organized into sections covering various low-grade lithium
sources, recent technological advancements in lithium extraction, techno-economic feasibil-
ity and environmental implications, and concludes with a summary of key findings and
recommendations for future research directions.

By examining the potential of low-grade lithium resources and the latest develop-
ments in extraction technologies, this review contributes to the ongoing efforts to ensure
a sustainable and secure supply of lithium for the growing needs of modern technology.
The insights gained from this review will inform future research and development efforts,
guiding the industry towards more efficient and environmentally friendly practices in the
extraction and processing of low-grade lithium resources.

2. Types and Distribution of Low-Grade Lithium Resources
2.1. Lithium-Bearing Clays

Lithium-bearing clays, such as hectorite and montmorillonite, represent an important
category of low-grade lithium resources. These clay deposits are characterized by their
ability to host lithium within their mineral structure, with lithium typically found within
the crystal structure of clay minerals [24]. While the lithium content in these deposits is
generally lower compared to high-grade deposits, clay deposits can be found in various
geological settings, making them a widespread potential source of lithium [25].

However, extracting lithium from clays presents several challenges. The process often
requires more sophisticated and energy-intensive methods compared to brine or hard rock
deposits [26]. Some extraction processes may also require significant amounts of water,
which can be problematic in arid regions [27]. Furthermore, the lower lithium concentration
in these deposits can make extraction less economically attractive compared to high-grade
deposits [28].

2.2. Low-Grade Brines

Low-grade brines, including those found in salt lakes, geothermal waters, oilfield
brines, and highly mineralized underground waters, represent another significant cate-
gory of low-grade lithium resources [29,30]. These brines typically have lower lithium
concentrations compared to the high-grade brines found in the “Lithium Triangle” of South
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America (Chile, Argentina, and Bolivia) [31,32]. However, they can be found in various
settings and often contain other valuable elements such as potassium, magnesium, and
boron [29,33-35]. Extracting lithium from low-grade brines presents unique challenges.
Traditional extraction methods, such as solar evaporation, are often not economically viable
for these resources due to the low lithium concentration and the need to process larger
volumes of brine [36]. The presence of other elements can also complicate the extraction
process and require additional purification steps [33,37].

Furthermore, brine evaporation, a common concentration method, is highly dependent
on climate conditions, which can limit the geographical scope of extraction [33,38]. The
presence of contaminants, such as hydrocarbons in oilfield brines, can also complicate the
extraction process [31,39]. Researchers are exploring innovative extraction techniques to
make these resources economically feasible, such as the combination of evaporation and
solvent extraction (SX) processes [31]. However, the effectiveness of these methods can vary
between synthetic and real brines, highlighting the complexity of working with real-world
low-grade brine resources and the need for further research and development [40-42].

2.3. Coal and Coal By-Products

Coal and its by-products have emerged as promising alternative sources of lithium.
While the lithium content in coal is generally low, some coal deposits have shown the
anomalous enrichment of lithium [16]. For instance, the No. 21 coal from the Hebi No. 6
mine in the Anhe Coalfield, China, has a lithium concentration coefficient (CC) value of
6.6 on average compared to common world coals [43]. This enrichment makes certain
coal deposits potentially viable sources of lithium. Lithium in coal is primarily associated
with aluminosilicates, mainly clay minerals, which may contain significant amounts of
titanium [43,44].

Coal combustion by-products, particularly fly ash and bottom ash, have also shown
promise as lithium sources [16,45,46]. Fly ash often contains higher lithium concentrations
compared to the feed coal, while bottom ash, although less studied, may have an even
higher lithium content than fly ash [16,45]. The occurrence of lithium in these coal ashes
is related to the enrichment of lithium in the inorganic components of coal during the
combustion process [47].

Another potential source of lithium from coal-related materials is coal mine brines [48].
These brines, formed when groundwater interacts with coal seams and surrounding rocks,
can contain dissolved lithium that may be economically extractable [49]. The concentration
of lithium in coal mine brines can vary significantly depending on the geological setting
and the composition of the coal and associated rocks [50].

The utilization of coal and its by-products as alternative sources of lithium presents
opportunities for sustainable resource management, waste valorization, and the diversifica-
tion of the lithium supply chain [45]. However, the relatively low concentration of lithium
in these resources compared to conventional sources and the need to balance lithium extrac-
tion with the environmental impacts of the coal industry remain important considerations
for future research and development efforts [45,51].

2.4. Other Low-Grade Lithium Resources

In addition to the aforementioned resources, there are other low-grade lithium sources
that have gained attention in recent years. Low-grade solid potash ore, particularly in the
shallow part of Mahai Salt Lake in the Qaidam Basin, contains considerable reserves of
low-grade solid potash resources with abundant lithium brine resulting from solid-liquid
conversion and mining [15]. The lithium in these ores is primarily deposited on soluble salt
minerals in silt or clay, necessitating specific extraction techniques [36].
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Electronic waste, or e-waste, is another emerging low-grade source of lithium and other
critical metals. As the demand for electronic devices continues to grow, so does the amount
of e-waste generated [52]. Extracting lithium and other metals from e-waste presents both
an environmental challenge and an economic opportunity [53,54]. Innovative approaches
like bioleaching, which uses beneficial microorganisms to extract metals, are showing
promise as more sustainable and cost-effective alternatives to traditional methods [55,56].

In conclusion, the diversity of low-grade lithium resources presents both challenges
and opportunities for the lithium industry. As demand for lithium continues to grow, de-
veloping efficient and sustainable extraction methods for these low-grade resources will be
crucial in ensuring a stable and diverse lithium supply chain [36]. Future research and de-
velopment efforts should focus on optimizing extraction techniques for each specific type of
low-grade resource, balancing economic viability with environmental sustainability [36,57].

3. Technologies for Low-Grade Lithium Recovery

The growing demand for lithium has spurred the development of various technologies
to recover this critical metal from low-grade resources. These methods aim to efficiently and
selectively extract lithium while minimizing the environmental impact and cost. Among
the most promising approaches are hydrometallurgical [58], solvent extraction [59], adsorp-
tion [60,61], and membrane separation techniques [21], as well as emerging technologies
such as precipitation [62,63], electrochemical methods [21,64], biotechnology [58], and
nanotechnology [61]. The following sections will discuss these technologies in detail, focus-
ing on their principles, advantages, limitations, and potential applications in low-grade
lithium recovery.

3.1. Leaching Methods

Leaching is a crucial step in the hydrometallurgical processing of low-grade lithium
resources, as it enables the transfer of lithium from the solid phase to the aqueous phase.
The choice of leaching method depends on factors such as the type of lithium-bearing
material, the presence of impurities, and the downstream processing requirements. The
most common leaching methods for lithium recovery include acid leaching [65], alkaline
leaching [66], combined roasting-leaching approaches [67], and bioleaching, which will be
discussed in detail in the following subsections.

Hydrometallurgical methods offer advantages in efficiency, selectivity, and environ-
mental impact for recovering lithium from low-grade sources compared to traditional
pyrometallurgical processes [68-71]. As shown in Figure 2a, a typical hydrometallurgical
process for lithium recovery from spent batteries includes leaching, solvent extraction, and
precipitation steps to obtain purified lithium salts [72].

In addition to the conventional acid and alkaline leaching methods, bioleaching has
emerged as an eco-friendly alternative for lithium recovery (Figure 2b). Bioleaching utilizes
microorganisms to facilitate the dissolution of lithium from solid materials through the
production of organic acids, inorganic acids, and other metabolites. This approach has been
successfully applied to recover lithium from spent lithium-ion batteries and lithium-bearing
ores, demonstrating its potential as a sustainable and low-cost leaching technology.

The following subsections will provide a more detailed discussion on the principles,
advantages, and limitations of each leaching method, as well as their recent applications in
lithium recovery from various low-grade resources.
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Figure 2. Schematic diagram of the leaching process for lithium resources: (a) acid and alkaline
leaching [72]; and (b) bioleaching [73].

3.1.1. Acid Leaching

Acid and alkaline leaching are fundamental techniques for extracting lithium from
low-grade sources, particularly clay-based deposits. These techniques correspond to the
leaching step in Figure 2a.

Acid leaching uses strong acids like H,SO, or HCl to dissolve lithium-bearing minerals,
as shown in the reaction for spodumene dissolution:

LiAlSi,Og + 4H" — Li* + AIP* + 2Si0, + 2H,0 1)

LiNixCoyMn,O; + 4H* — Li* + xNi** + yCo?* + zMn?* + 2H,0 2)

Recent studies have explored various acid leaching techniques for lithium recovery
from coal-based sources. Xie et al. [74] investigated lithium recovery from coal gangue
utilizing acid baking followed by water leaching. Under optimal conditions using 70 wt%
H,S0;, a baking temperature of 180 °C, and a baking time of 1 h, followed by leaching at
25 °C for 1 h, the lithium leaching rate reached 84.42%. Another study by Chen et al. [75]
developed an efficient approach for lithium and aluminum recovery from coal fly ash using
a combination of pre-desilication and an intensified acid leaching process. Under optimal
conditions of 6 mol/L HC], a 1:20 solid-to-liquid ratio, 120 °C, and 4 h, they achieved
leaching efficiencies of 82.23% for lithium and 76.72% for aluminum. These findings
demonstrate the potential of acid leaching techniques in extracting valuable elements from
coal-based sources.

In addition, a novel pyrite reduction-sulfuric acid leaching process was developed
to recover valuable metals from spent LIBs by Su et al. [65]. As shown in Figure 3, the
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spent NCM powder, consisting of metals like Ni, Co, Mn, and Li, undergoes a shrinking
core model reaction in the leaching solution. By optimizing parameters such as H,SO4
concentration, L/S ratio, pyrite dosage, temperature, and time, leaching efficiencies of
98%~99.9% were achieved. Kinetic studies revealed that the process is controlled by internal
diffusion, with activation energies of 20-30 k] /mol for each metal. Moreover, the synergistic
reduction mechanism of Fe and S in pyrite was elucidated in depth. This eco-friendly and
cost-effective approach provides a promising alternative to traditional acid leaching.
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Figure 3. Schematic diagram of the acid and alkaline leaching process for recovering valuable metals
from spent lithium-ion batteries [65].

3.1.2. Alkaline Leaching

Alkaline leaching uses basic solutions like NaOH or KOH. The spodumene reaction
with NaOH is:
LiAlSi;Og + NaOH — LiOH + NaAlSiOy + SiO; 3)

Recent studies have explored various alkaline leaching techniques for lithium recovery
from different sources. Stopic et al. [76] investigated lithium extraction from lepidolite,
spodumene, and petalite using mechanochemical treatment in alkaline media. They found
that petalite’s crystal structure was particularly suitable for this process, resulting in a
substantial lithium extraction of 84.9%, and almost complete conversion to hydrosodalite
after 120 min of ball milling. In another study, Xing et al. [66] developed a novel process for
the clean and efficient extraction of lithium from x-spodumene coupled with the synthesis
of hydroxysodalite zeolite. Using hydrothermal alkaline treatment, they achieved a lithium
extraction efficiency of 95.8% under optimum conditions: temperature of 250 °C, NaOH
concentration of 600 g/L, and a treatment time of 4 h.

The alkaline process for extracting lithium from spodumene has gained interest due
to its potential advantages over the acid process. In the alkaline process, the mineral
concentrate is roasted with lime or limestone, forming a clinker which is then leached
with water, filtered, and crystallized as lithium hydroxide monohydrate. This method can
provide advantages by replacing expensive chemicals such as sulfuric acid and soda ash
with more affordable, domestically produced products like limestone or hydrated lime [77].

3.1.3. Combined Roasting-Leaching Methods

In addition to traditional acid and alkaline leaching, combined roasting-leaching
methods have also been explored for lithium recovery from specific waste materials. For
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example, Wu et al. [67] proposed a sodium carbonate roasting-acid leaching method to
separate and recover lithium from spent lithium-containing aluminum electrolyte. As
shown in Figure 4, under optimized conditions (1.10 times stoichiometric Na,CO3, roasted
at 650 °C for 2.5 h; 2 mol/L HNOs;, L/S = 10, leached at 60 °C for 3 h), a 73.1% lithium
leaching efficiency was obtained. During roasting, Na,CO3; promotes the conversion of
NayLiAlFg to easily soluble LiF, enhancing lithium leaching. The lithium content in the
leaching residue decreased from 2.20% to 0.71%, allowing it to be recycled as raw material
for electrolysis cells. After neutralization and purification, lithium was recovered from the
leachate as Li,COs.

Ly [E)—

Spent lithium-containing
aluminum electrolyte

I Roasting I l Grinding I | Acid leaching I

I

\azCO3 solution )
( xll‘l o

Neutralization . > —'&—
@ _ & Leaching residue,
Puuﬁcatlon |
-

Lithium- contammg Leaching liquid
solution Na,CO, CaCo,

Figure 4. Flowchart of the recycling process for recovering lithium from spent lithium-containing
aluminum electrolyte [67].

This combined roasting—leaching approach takes advantage of both pyrometallurgical
and hydrometallurgical processes, offering a tailored solution for specific waste materials.
The choice of an appropriate leaching method depends on factors like the specific lithium-
bearing materials, impurities, and downstream processing requirements.

3.1.4. Bioleaching

Bioleaching represents an environmentally friendly approach for lithium extraction
from ores and waste materials through the action of microorganisms. These microor-
ganisms can facilitate lithium dissolution either through direct mechanisms (microbial
oxidation/reduction) or indirect mechanisms (production of organic/inorganic acids).

Figure 5 illustrates the key biochemical mechanisms involved in the removal of metals
from spent lithium-ion batteries (LIBs) through bioleaching [78]. The process is based on
the interactions between microbes and the LIB particles, which lead to various biochemical
reactions that promote metal leaching. Sulfate-reducing bacteria (SRB) can reduce sulfate
to hydrogen sulfide (H,S), which then reacts with metal ions (e.g., Fe3*) to form soluble
metal sulfides, thereby enhancing metal dissolution. Iron-oxidizing bacteria, such as A.
ferrooxidans, can oxidize Fe?* to Fe3', a strong oxidant that accelerates metal leaching.
Fungi, like A. niger, produce complexolysis agents, such as citric, oxalic, and gluconic acids,
which form soluble complexes with metal ions and promote their leaching. Additionally,
microorganisms can produce organic ligands (e.g., siderophores) and inorganic ligands (e.g.,
ferricyanide ions) that form soluble metal-organic/inorganic complexes, further enhancing
metal leaching. The synergistic effect of these biochemical processes improves the ability
of microorganisms to leach metals from spent LIBs, making bioleaching an efficient and
eco-friendly metal recovery technique.
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Figure 5. Key biochemical mechanisms for the removal of metals from spent LIBs [78].

Various microorganisms have been employed in lithium bioleaching, demonstrating
their potential for lithium recovery from different materials. Table 1 summarizes the
representative species, leaching mechanisms, lithium extraction efficiencies, and applicable
materials for each type of microorganism.

Table 1. Microorganisms used in lithium bioleaching and their extraction efficiencies.

Microorganism  Representative . . Lithium Extraction Applicable
Type Species Leaching Mechanism Efficiency Materials Ref.
Acidithiobacillus Oxidation of sulfur and
ferrooxidans iron compounds Spent
Bacteria R g . .. Up to 100% lithium-ion  [79]
Acidithiobacillus ~ producing sulfuric acid .
. L batteries
thiooxidans and ferric iron
Penicillium Production of organic Spent
acids, particularly Up to 73.31% lithium-ion  [80]
chrysogenum Lo .
gluconic acid batteries
. Penicillium Productlon Qf organic 10.8 mg % d.ry We1ght Spodumene
Fungi - acids (gluconic and citric ~ (accumulated in biomass), ore
purpuros acids) 1.26 ppm (in leach liquor)
Production of organic 5.1 mg % dry weight Spodumene
Aspergillus niger  acids (gluconic and citric ~ (accumulated in biomass), P ore [81]
acids) 0.75 ppm (in leach liquor)
. 16.7 mg % dry weight
Yeast Rhodotorula rubra Prodzigoglof;jisular (accumulated in biomass), Spocl)liznene
POty 1.53 ppm (in leach liquor)
A. ferrooxidans . . Spent
and A. Synergistic effect of iron Up to 80% lithium-ion ~ [82]
o and sulfur oxidation .
thiooxidans batteries
Mixed cultures -
A. ferrooxidans Synergistic effect of
and R. rubra autotrophic bacteria and Not specified Lepidolite ~ [83]
(bacterial-yeast) heterotrophic yeast
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As shown in Table 1, bacteria, fungi, yeasts, and mixed cultures have been successfully
applied in lithium bioleaching. Acidithiobacillus species are the most commonly used
bacteria, capable of oxidizing sulfur and iron compounds to produce sulfuric acid and
ferric iron, which act as leaching agents. Fungal strains, such as Penicillium and Aspergillus
species, facilitate lithium leaching through the production of organic acids, particularly
gluconic and citric acids. The yeast Rhodotorula rubra has been found to produce capsular
exopolymers that aid in lithium leaching. Mixed cultures, combining the synergistic effects
of different microorganisms, have also been explored to enhance the leaching performance.
Bioleaching has been applied to both spent lithium-ion batteries and lithium-bearing ores,
with lithium extraction efficiencies ranging from 5.1 mg % dry weight to 100%, depending
on the microorganism and the material being leached.

After the leaching process, various separation and purification methods are employed
to selectively recover lithium from the leachate, which will be discussed in the follow-
ing section.

3.2. Separation and Purification Methods

Following the leaching process, various separation and purification techniques have
been developed and studied for selective lithium recovery, as illustrated in Figure 6 [16].
These methods can be broadly categorized into four main approaches: solvent extrac-
tion [84,85], ion exchange [86], membrane separation [87], and adsorption-based technolo-
gies [20].

Stripping

o
) o
solution Elution solution © |&,
o

Organic phase

Aqueous phase

Resin be °
Resinbed 4 (06 o

__A ° o

extraction phase separation stripping ) ) )
fon-exchange adsorption ion-exchange desorption

(b) (d)

Feed solution 5® % Elution solution
.9,:°.0 .9.:.0 “

Anode . o 0= - Cathode

) * -0
R ¢

Feed  lon-exchange Purified
solution  membrane  solution

Figure 6. Schemes of lithium-ion separation methods from coal ash fly leachate: (a) solvent extraction,
(b) electrodialysis with ion-exchange membrane, (c) ion-exchange with resin, and (d) ion-sieving.
Copyright of Ref. [16].

3.2.1. Solvent Extraction

Solvent extraction has demonstrated clear advantages in the selective separation of
metal ions from leachate solutions [88]. As shown in Figure 6a, the solvent extraction
process typically consists of three core units: extraction, phase separation, and stripping.
The selection of extractants is a decisive factor influencing separation efficiency.

Wesselborg et al. [89] successfully achieved the highly selective separation of lithium
from other metals (Co, Ni, Mn) in spent lithium-ion battery leachate using tributyl phos-
phate (TBP) as the extractant and FeCl; as a synergistic extractant. The introduction of
FeCl; significantly enhanced the efficiency and selectivity of lithium extraction by TBP.
This innovative synergistic extraction method not only expands the application scope of
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solvent extraction but also provides new insights for developing green and efficient battery
recycling processes.

3.2.2. Membrane Separation Technologies

Membrane separation technologies have gained extensive attention in the field of
lithium separation due to their high efficiency and energy-saving advantages [90-92].
Advances have been made in novel membrane modules and membrane-coupled processes
(Figure 6b).

Wagh et al. [87] developed a membrane solvent extraction (MSX) process by coupling
solvent extraction with membrane separation using Di(2-ethylhexyl)phosphate (D2EHPA)
as the carrier for the separation and purification of lithium from clay mineral leachate.
As illustrated in Figure 7, the MSX system consists of a hollow fiber membrane module
with D2EHPA impregnated in the pores of the hollow fibers. The process first involves the
adsorption of Li* from the leachate using Al(OH)3 to form a lithium aluminum double-
hydroxide sulfate (LDH sulfate) precipitate, which is then dissolved in dilute sulfuric acid
to prepare a lithium-containing feed solution. The feed solution is circulated through
the shell side of the hollow fiber module, while the stripping solution (2 mol/L HySOy4)
flows countercurrently through the lumen side. Under optimized conditions (pH = 3, 30%
D2EHPA /isopar as the organic phase in the membrane pores), the MSX process achieved
a lithium recovery of 92% with a purity of >94%. Compared with traditional extraction
processes, the MSX process offers advantages such as fast mass transfer rates and low
energy consumption, showing great potential for applications in lithium-ion batteries and
clean energy fields.

DEHPA in the pores
of hollow fiber

Feed:
LDH sulfate
dissolved in sulfuric
acid

Hollow fiber membrane wall

Strip:
aqueous
solution

Polypropylene hollow fibers

Figure 7. Schematic of the MSX system used to separate Li from Al in LDH sulfate [87].

3.2.3. Adsorption-Based Methods

Adsorption-based methods, including ion exchange, ion-sieving, and other adsorption
techniques, have shown promising prospects for lithium purification from various aqueous
resources. These methods rely on the selective interaction between lithium ions and the
adsorbent materials

(a) Ion Exchange

Ion exchange technology has shown promising prospects for lithium purification
from aqueous resources such as salt lake brines, seawater, and geothermal water [86]. As
illustrated in Figure 6c, the ion exchange process typically involves two steps: selective
adsorption and elution of lithium ions. Compared with traditional extraction methods, its
environmentally friendly nature and low cost have become increasingly prominent [93,94].
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Nishihama et al. [95] successfully recovered high-purity lithium carbonate (>99.9%
purity) from seawater using a two-stage ion exchange chromatography process with granu-
lar A-MnO; as the adsorbent. The first stage employed a fixed bed for lithium enrichment,
achieving a preliminary lithium concentration of 33%. The second stage involved the
removal of divalent metal ions using a strong acid cation exchange resin, followed by the
removal of Na*/K* using a 3-diketone/TOPO impregnated resin, and finally precipitating
high-purity LiCO3 using a saturated (NH4),COj solution. This innovative multi-stage ion
exchange process holds promise for widespread application in the high-value utilization of
lithium resources.

(b) Ion-sieving Technology

Ion-sieving technology is an emerging lithium separation method that has developed
in recent years [96-98]. Its principle is to achieve the selective separation of Li* using
materials with specific pore sizes or structures (Figure 6d). Significant progress has been
made in lithium manganese oxide (LMO)-based ion-sieving materials [98,99]. In particular,
the lithium-ion sieve material (H,MnyOy) derived from spinel-type LiMn,Oy after acid
treatment exhibits excellent adsorption selectivity for Li* in aqueous solutions, showing
good application prospects for extracting lithium from seawater and brines [100,101].

To enhance the separation efficiency, Luo et al. [102] developed a novel hybrid mem-
brane by incorporating a lithium-ion sieve, hydrogen manganese oxide (HMO), into anion-
exchange membranes (AEMs). The composite membrane, denoted as 20%HMO@m-PTP,
exhibited high Li* flux (0.48 mol/m?-h) and Li* /Mg?* selectivity (BLi*/Mg?* = 14.1). As
illustrated in Figure 8, the hybrid membrane achieves Li*/Mg?* separation through a
combination of anion-exchange-driven transport and the lithium-ion sieving effect of HMO.
Cations (Li* and Mg?*) are transported through the anion-exchange membrane driven by
the concentration gradient, while the HMO selectively allows Li* to pass through, resulting
in the efficient separation of Li* from Mg?*. This hybrid membrane system, driven by
anion-exchange and cation-concentration gradient, combined with the lithium-ion sieving
effect of HMO, provides new insights into the development of high-flux and high-selectivity
materials for lithium extraction.

Concentration
-Driven

Figure 8. Schematic illustration of the Li*/Mg?* separation mechanism in the anion-exchange- and
cation-concentration-driven hybrid membrane incorporating a lithium-ion sieve (HMO) [102].

Recent advances in metal-organic frameworks (MOFs) have further expanded the
possibilities of ion-sieving technology. For instance, researchers developed a novel light-
responsive lithium adsorbent by integrating polyspiropyran (PSP) with UiO-66 MOF
(Figure 9A). This design combines the size-sieving capability of MOFs with light-triggered
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regeneration functionality. The successful synthesis was confirmed by XRD patterns show-
ing a preserved crystal structure (Figure 9B) and FT-IR spectra indicating the incorporation
of PSP units (Figure 9C). The modification significantly altered the material’s surface prop-
erties, as evidenced by the reduced BET surface area from 1175.0 to 42.6 m? g~ ! (Figure 9D)
and the light-responsive surface wettability (Figure 9E).
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Figure 9. Sieving adsorption of lithium in PSP-UiO-66. (A) Schematic illustration of the mechanism of
selective lithium salt adsorption by PSP-UiO-66 in the dark and desorption under sunlight irradiation.
(B) XRD patterns of UiO-66 and PSP-UiO-66. The inset of B is the optical image of UiO-66 and
PSP-UiO-66. (C) FT-IR spectra of UiO-66 and PSP-UiO-66. (D) N, adsorption—desorption isotherms
of UiO-66 and PSP-UiO-66. (E) The cyclic water contact angles of PSP-UiO-66 measured under
dark, Vis, and UV light conditions. (F) Ion adsorption loading of UiO-66 and PSP-UiO-66 tested in
10,000 ppm LiCl and MgCl, solutions. The error bars indicate SD.

Most importantly, PSP-UiO-66 demonstrated exceptional selective adsorption perfor-
mance. In solutions containing 10,000 ppm of both LiCl and MgCl,, it achieved a LiCl
adsorption capacity of approximately 10 mmol g~! while showing minimal MgCl, up-
take (Figure 9F). This performance significantly surpasses previously reported values of
0.2-8.5 mmol g~ !. The material exhibited Li* /Mg?* selectivity ranging from 5.8 to 29 in
synthetic brines with varying Mg/Li ratios, while offering the additional advantage of
rapid sunlight-triggered regeneration within 6 min. These developments in ion-sieving
materials, combining precise pore size control with stimuli-responsive properties, represent
promising advances towards more efficient and sustainable lithium extraction processes.

These developments in ion-sieving materials, combining precise pore size control with
stimuli-responsive properties, represent promising advances towards more efficient and
sustainable lithium extraction processes.

(c) Electrostatic Adsorption
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Electrostatic adsorption occurs when lithium ions are attracted to the charged sur-face
of the adsorbent through coulombic interactions [103]. This process is particularly effective
for adsorbents with high surface charge density, such as layered double-hydroxides (LDHs)
and metal oxides [104].

Song et al. [105] investigated the use of Ca-alginate beads as a biosorbent for the re-
covery of Li(I), Sr(II), and La(Ill) ions from aqueous solutions. The adsorption process was
found to be primarily driven by electrostatic attraction between the negatively charged car-
boxyl groups (-COO-) on the alginate beads’ surface and the positively charged metal ions,
forming coordination bonds. The maximum adsorption capacity for Li(I) was 17.79 mg/g
under optimal conditions. The adsorption kinetics followed the pseudo-second-order
model, indicating chemisorption as the rate-limiting step, while the adsorption isotherms
fit the Langmuir model, suggesting monolayer adsorption. FTIR and XPS analyses con-
firmed the interaction between metal ions and carboxyl groups. The Ca-alginate beads also
demonstrated good regeneration performance, maintaining above 80% of the initial adsorp-
tion capacity after five adsorption-desorption cycles. This study highlights the potential of
using low-cost, environmentally friendly biosorbents for the electrostatic adsorption and
recovery of lithium ions from aqueous solutions.

(d) Ion Imprinting Technology

Ion imprinting technology is a powerful technique for creating highly selective adsor-
bents for lithium recovery. This approach involves the synthesis of polymeric materials
with specific recognition sites that are complementary in size, shape, and functionality to
the target lithium ions [106]. The synthesis process typically involves the polymerization
of functional monomers around a lithium ion template, followed by the removal of the
template to leave behind selective binding sites [107].

For example, Qi et al. [108] developed a lithium ion-imprinted polymer (Li-IIP) using
bulk polymerization for lithium extraction from salt lake brines (Figure 10). Using Li* as the
template ion and benzo-15-crown-5 as the selective ligand, they synthesized the polymer
with methacrylic acid as the functional monomer and ethylene glycol dimethacrylate
as the crosslinker. The prepared Li-IIP exhibited an impressive adsorption capacity of
30.53 mg-g~! at 300 mg-L~! Li* concentration and demonstrated good selectivity towards
Li* in the presence of competing ions (Na*, K*, Ca?*, and Mg?*). The material also showed
excellent reusability, maintaining 89.20% of its adsorption capacity after eight cycles.

Further advancing this field, Li et al. [109] developed an innovative method to address
the growing global demand for lithium resources and the need for sustainable, environ-
mentally friendly recycling processes. This study synthesized a novel electrode material
by combining ion imprinting technology with capacitive deionization, thoroughly charac-
terized using scanning electron microscopy and Fourier-transform infrared spectroscopy,
while density functional theory was employed to elucidate the adsorption mechanism and
water cluster formation. The material demonstrated an impressive performance with a
maximum adsorption capacity of 36.94 mg/g at 600 mg/L Li* concentration, exhibiting
excellent selectivity in complex solutions with separation factors of 2.07, 9.82, 1.80, and 8.45
for Na*, K*, Mg2+, and Al?+, respectively. The material maintained 91.81% of its initial Li*
adsorption capacity after five regeneration cycles, while electrochemical adsorption more
than doubled the Li* adsorption capacity compared to conventional physical adsorption,
attributed to the energy provided for deprotonation, which enabled the better exposure of
crown ether molecule cavities and the enrichment of active sites.

In summary, various innovative methods and materials have emerged in the field of
lithium separation and purification technologies in recent years, providing new avenues for
the efficient separation and purification of lithium from complex systems. Future research
should focus on the relationship between separation mechanisms, material structures, and
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properties, as well as process optimization, to develop green, efficient, and universally
applicable lithium separation and purification technologies. These advancements will help
address the bottleneck problem of the high-value utilization of lithium resources from
the source.

Leaching

Rebinding

Figure 10. Schematic diagram of Li-IIP preparation [108].

4. Challenges and Feasibility of Lithium Recovery from
Low-Grade Resources

The development of low-grade lithium resources presents a range of challenges that
must be addressed to ensure the feasibility and sustainability of lithium recovery. Table 2
summarizes the main technical, economic, and environmental challenges and opportunities
in low-grade lithium resource development. This section explores these aspects in detail,
focusing on the key considerations for achieving sustainable and economically viable
lithium recovery from low-grade sources.

Table 2. Challenges and opportunities in low-grade lithium resource development.

Aspect Challenges Opportunities

1. Low lithium concentrations (<100 mg/L) 1. Development of highly selective and efficient
2. Presence of impurities (e.g., high Mg/Li ratio) extraction techniques

Technical 3. Resource characteristic variations 2. Emerging direct lithium extraction (DLE)
4. Low efficiency of conventional extraction technologies, particularly electrochemically
methods mediated methods

1. Cost reduction through innovative

1. High-energy consumption and costs of te;chnoligleg (eig., lrln embrane-less
traditional methods electrochemical cells)

Economic 2. Pilot-scale trials demonstrating feasibility of

2. Scaling and operational costs

3. Market volatility and price fluctuations large-scale operations

3. Growing global demand for lithium driving
price increases
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Table 2. Cont.
Aspect Challenges Opportunities
1. Environmentally friendly alternatives (e.g.,
electrochemical de-intercalation of lithium)
2. Innovative technologies reducing water
. 1. Environmental impact of traditional extraction consumption and utilizing osmotic energy
Environmental . . : -
and methods (e.g., evaporation ponds) 3. Exploring green alternatives and energy-efficient
e 2. Water resource management in water-scarce regions  extraction methods
Sustainability 1 ) .
3. Social impact on local communities 4. Development of closed-loop recycling systems for

sustainable lithium production
5. Assessing and managing social impacts, ensuring
benefits for local communities

4.1. Technical Challenges

Low-grade lithium resources pose several technical challenges that must be overcome
to achieve efficient and cost-effective extraction. These challenges include low lithium con-
centrations, the presence of impurities, resource characteristic variations, and the efficiency
of extraction technologies.

4.1.1. Low Lithium Concentrations

Low lithium concentrations in low-grade resources present a significant technical
challenge. Studies indicate that lithium concentrations in low-grade brines are typically
below 100 mg/L, which substantially increases the complexity and cost of extraction
processes [31]. For instance, the lithium concentration in Dead Sea brine can be as low as
0.15 mmol, necessitating highly selective and efficient extraction techniques. These low
concentrations not only increase the volume of brine that needs to be processed but also
reduce the efficiency of conventional extraction methods [110-112].

4.1.2. Presence of Impurities

The presence of impurities is another major challenge in extracting lithium from low-
grade resources. Research shows that the lithium extraction efficiency in real brines is
significantly lower than in synthetic brines, at around 32% compared to 91% [113]. This
discrepancy is primarily attributed to the complex impurities present in real brines. For
example, the presence of magnesium ions is particularly problematic, with the Mg/Li molar
ratio in Dead Sea brine reaching as high as 3258:1 [114]. These impurities not only interfere
with the extraction process but can also lead to reduced product purity, necessitating
additional purification steps [115].

4.1.3. Resource Characteristic Variations

Low-grade lithium resources exhibit significant variations in their characteristics,
presenting unique challenges for extraction processes. For example, lithium concentrations
can vary widely, ranging from 0.1 to 400 mg/L in geothermal brines, 200 to 1400 mg/L in
continental brines, and about 0.17 ppm in seawater [116-118]. Additionally, the chemical
composition of these resources, particularly continental brines, can differ greatly, with
various types classified as carbonate, sodium sulfate, magnesium sulfate, or chloride
brines [119]. These diverse characteristics necessitate the development of flexible extraction
technologies that can adapt to specific resource properties while maintaining efficiency and
selectivity across different resource types [115].

4.1.4. Efficiency of Extraction Technologies

The lithium industry faces a critical challenge in resource extraction efficiency. Tra-
ditional evaporation methods are inefficient in lithium extraction, with losses of up to
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50% even in high-grade brines containing about 2000 ppm lithium [36,120]. Direct lithium
extraction (DLE) technology offers significant improvements, achieving over 90% lithium
recovery, reducing impurities by over 99%, and showing promise for meeting growing
lithium demand from various low-concentration sources like geothermal brines [21]. DLE
also aims to reduce the environmental impact compared to traditional methods. In par-
ticular, Stanford University’s redox-couple electrodialysis method, which uses an elec-
trochemical process to selectively extract lithium ions from brine, shows potential for
cutting costs by over 40% and reducing electricity consumption by over 90% compared
to conventional methods [121]. These innovative solutions are crucial for addressing the
technical challenges posed by low-grade lithium resources and ensuring a sustainable
lithium supply.

4.2. Economic Feasibility

In addition to the technical challenges, the economic feasibility of low-grade lithium
resource development must also be considered. This section examines the cost-effectiveness
of recovery technologies, scaling and operational costs, the impact of market volatility,
and the role of policy support and incentives in promoting the development of low-grade
lithium resources.

4.2.1. Cost-Effectiveness of Recovery Technologies

Assessing the cost efficiency of current recovery methods is crucial in determining
the economic viability of low-grade lithium resource development. Traditional hydromet-
allurgical methods, while mature, may face high energy consumption and cost issues
when dealing with low-grade resources [21,31]. In contrast, emerging electrochemical
extraction methods have the potential to reduce energy consumption and operational
costs [122]. For instance, a study developed a decoupled membraneless electrochemical
cell design that achieved up to 21.5% energy savings by effectively utilizing the osmotic
energy of brines [123]. Such innovations can significantly improve the economic feasibility
of low-grade resource development.

4.2.2. Scaling and Operational Costs

Scaling lithium recovery technologies from laboratory to industrial applications is a
significant challenge. Research indicates that multiple factors need to be considered in the
scaling process, including feedstock transportation, processing capacity, and infrastructure
requirements [124-126]. For example, a pilot-scale cell using electrodes with a surface
area of 33.75 m? successfully achieved an 84.0% lithium recovery rate from Dead Sea
brine [123]. Such scaling trials provide valuable data for assessing the feasibility of large-
scale operations while highlighting the importance of maintaining high efficiency while
controlling costs [127,128].

4.2.3. Market Volatility Impact

The volatility of lithium prices has a significant impact on the economic feasibility
of low-grade resource development. With the growing demand for electric vehicles and
renewable energy storage systems, global lithium demand is projected to reach 5.11 Mt
by 2050 [36]. This demand growth may drive price increases, making low-grade resource
development more attractive [129]. However, price instability also increases investment
risks, and developers need to consider long-term market trends and potential price fluctua-
tions [130,131].

The economic feasibility of low-grade lithium resource development depends on a
combination of factors, including the cost-effectiveness of recovery technologies, scaling
and operational costs, market volatility, and policy support [132,133]. By carefully consid-
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ering these factors and implementing appropriate strategies, the industry can ensure the
economic viability of low-grade resource development.

4.3. Environmental and Sustainability Concerns

While addressing technical and economic challenges is crucial, the environmental
and sustainability concerns surrounding low-grade lithium resource development cannot
be overlooked [31,134,135]. This section explores the environmental impact of recovery
processes, water resource management, sustainability considerations, and the social impact
of low-grade lithium resource development.

4.3.1. Environmental Impact of Recovery Processes

Assessing the environmental footprint of different recovery methods is key to en-
suring sustainable lithium production. Traditional lithium extraction methods, such as
evaporation pond technology, while cost-effective, can have significant impacts on local
ecosystems [136]. In contrast, emerging electrochemical extraction methods offer more
environmentally friendly alternatives. For example, the electrochemical de-intercalation
of lithium (EDM) is considered an environmentally friendly, highly selective, and cost-
effective technique [137,138]. This method can significantly reduce water consumption and
chemical use, thereby lowering the environmental impact [137].

4.3.2. Water Resource Management

Water resource management is a critical environmental challenge in low-grade lithium
resource development, especially in water-scarce regions. New extraction technologies are
exploring ways to reduce water consumption. For instance, the membraneless electrochem-
ical cell design not only extracts lithium from low-concentration brines but also utilizes
the osmotic energy of brines, achieving energy savings [123]. This innovative approach
not only improves extraction efficiency but also reduces the dependence on freshwater re-
sources, which is particularly significant for lithium resource development in water-scarce
areas [139].

4.3.3. Sustainability Considerations

Exploring green alternatives and energy-efficient extraction methods to minimize
environmental damage is a current research focus. The application of electro-driven
materials and processes in lithium recovery is becoming an important research direction,
as they offer the potential to reduce energy consumption and environmental impacts [140].
Additionally, the development of closed-loop recycling systems, particularly for lithium-ion
batteries and other lithium-containing e-waste, is becoming a key strategy for achieving
sustainable lithium production [141]. These methods can not only reduce dependence
on primary resources but also significantly lower the environmental burden of waste
management [142].

Addressing environmental and sustainability concerns is essential for the responsible
development of low-grade lithium resources. By implementing environmentally friendly
recovery processes, effective water resource management, sustainable practices, and consid-
ering the social impact, the industry can ensure that the development of low-grade lithium
resources aligns with the principles of sustainability [143].

In conclusion, the development of low-grade lithium resources presents a range of
challenges and opportunities. By addressing the technical challenges, ensuring economic
feasibility, and prioritizing environmental and sustainability concerns, the lithium industry
can unlock the potential of low-grade resources and meet the growing global demand for
lithium in a responsible and sustainable manner [144].
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While the challenges and limitations discussed in this section are significant, it is
important to note that ongoing research and development efforts are focused on addressing
these issues. Section 5 will explore promising solutions, future research directions, and
policy recommendations aimed at overcoming the technical, economic, and environmental
challenges associated with the development of low-grade lithium resources, such as ad-
vanced extraction and processing technologies (Section 5.1.1), sustainable practices and life
cycle assessment (Section 5.1.2), and supportive policy frameworks (Section 5.2).

5. Future Outlook and Recommendations

The development of low-grade lithium resources presents both challenges and oppor-
tunities for the lithium industry. To ensure a sustainable and secure supply of lithium in
the face of growing global demand, it is essential to invest in research and development,
establish supportive policy frameworks, and foster international cooperation. This section
explores the key areas for future research, policy recommendations, and market trends that
will shape the low-grade lithium resource industry in the coming years.

5.1. Research and Development Opportunities

Advancing extraction and processing technologies and integrating sustainability con-
siderations are crucial for unlocking the potential of low-grade lithium resources [22,145].
This subsection highlights the key areas for research and innovation in lithium extrac-
tion and processing, as well as the importance of collaborative efforts between academia
and industry.

5.1.1. Advancing Extraction and Processing Technologies

The future of low-grade lithium resource development relies heavily on the continu-
ous advancements in extraction and processing technologies. Key areas for research and
innovation include improving the selectivity and efficiency of lithium extraction from com-
plex brines and other low-grade sources [140], developing novel sorbents and membranes
capable of effectively separating lithium from other ions [146], particularly in the presence
of high magnesium concentrations [147], and exploring electrochemical methods for direct
lithium extraction (DLE) that offer higher efficiency and a lower environmental impact [36].
Additionally, investigating the potential of biotechnology in lithium extraction, such as the
use of lithium-accumulating microorganisms, could open up new avenues for sustainable
lithium recovery [78].

Collaborative efforts between academia and industry are crucial for translating labora-
tory successes into commercially viable processes. Joint research initiatives should focus
on scaling up promising technologies from the bench-scale to pilot plant operations [148],
conducting field trials in diverse geological settings to test the adaptability of new extrac-
tion methods [149], and developing modular and flexible extraction systems that can be
tailored to different low-grade lithium resources [150]. These collaborative endeavors will
accelerate the development and deployment of advanced extraction and processing tech-
nologies, enabling the economically viable and environmentally sustainable exploitation of
low-grade lithium resources [2].

5.1.2. Sustainable Practices and Life Cycle Assessment

Integrating sustainability considerations into the development of lithium extraction
and processing technologies is paramount. Research opportunities in this area include
conducting comprehensive life cycle assessments (LCAs) of various lithium extraction
and processing methods to identify environmental hotspots and improvement opportu-
nities [151], developing closed-loop systems that minimize waste and maximize resource
recovery, investigating energy-efficient processes and the integration of renewable energy
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sources in lithium extraction operations, and exploring water-conserving technologies,
particularly for operations in water-scarce regions [152].

To ensure that sustainability is at the forefront of technology development, it is es-
sential to assess the long-term environmental impacts of different extraction methods on
local ecosystems and communities [153]. Developing standardized sustainability metrics
for the lithium industry will enable meaningful comparisons between different production
methods and sites, driving continuous improvement and accountability [154]. By priori-
tizing sustainability from the outset, the lithium industry can minimize its environmental
footprint and contribute to the global transition towards a more sustainable future [155].

5.2. Policy Framework for Sustainable Development

Establishing a supportive policy framework is essential for promoting the sustainable
development of low-grade lithium resources. This subsection discusses the role of incentives,
regulations, and international cooperation in shaping the future of the lithium industry.

5.2.1. Incentives and Regulations

To support the sustainable development of low-grade lithium resources, policymakers
should implement incentives for research and development in efficient, environmentally
friendly extraction technologies. This can include tax incentives for companies investing in
sustainable lithium extraction technologies, grants, and subsidies for research institutions
and companies working on innovative extraction methods, and streamlined permitting
processes for projects that meet stringent environmental and social standards [156].

In parallel, developing regulatory frameworks that balance environmental protection
with the need for lithium resource development is crucial. These frameworks should
establish clear standards for sustainable lithium production, including water use, carbon
emissions, and social impact metrics [157]. Mandatory sustainability reporting for lithium
producers can increase transparency and drive continuous improvement [158]. By creat-
ing a policy environment that rewards sustainable practices and encourages responsible
lithium production, governments can play a vital role in shaping the future of the lithium
industry [159].

5.2.2. International Cooperation and Knowledge Sharing

The global nature of the lithium market and the shared challenges in low-grade
resource development necessitate strong international cooperation. Establishing inter-
national research consortia to tackle common technical challenges in low-grade lithium
extraction [149], creating platforms for knowledge sharing between established lithium-
producing regions and emerging players, and developing global best practices for sus-
tainable lithium production and resource management are essential steps in fostering
collaboration and accelerating progress [160].

To facilitate international cooperation, policymakers should work towards harmoniz-
ing standards and regulations to facilitate international trade and investment in the lithium
sector [161]. Initiatives such as international conferences and workshops focused on low-
grade lithium resource development, joint training programs to build capacity in emerging
lithium-producing countries, and collaborative projects between countries with different
types of low-grade lithium resources can further promote knowledge sharing and technical
exchange [162]. The development of open-access databases on lithium resources and ex-
traction technologies can also accelerate global research efforts and encourage collaboration
among stakeholders [163].
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5.3. Projected Industry Growth and Market Trends

Understanding the projected growth and market dynamics of the lithium industry
is crucial for stakeholders involved in low-grade lithium resource development. This
subsection examines the demand and production outlook for lithium and the key factors
influencing the market.

5.3.1. Demand and Production Outlook

The low-grade lithium recovery sector is expected to play an increasingly crucial role
in meeting the growing global demand for lithium. According to one source, the lithium
market is expected to grow from 184,000 TPA (tonnes per annum) of lithium carbonate
to 534,000 TPA by 2025 [164]. As conventional high-grade resources become strained, the
industry must shift its focus towards the development of low-grade lithium sources to
ensure a sustainable and reliable supply chain [36].

The geographical distribution of lithium production is also likely to shift as low-grade
resources become economically viable, with new players entering the market. Many coun-
tries are placing increasing emphasis on domestic lithium production to secure supply
chains, potentially driving investment in low-grade resource development [165]. These
trends highlight the importance of developing sustainable and efficient extraction technolo-
gies to unlock the potential of low-grade lithium resources worldwide [36,165].

5.3.2. Market Dynamics and Influencing Factors

The lithium market is subject to various dynamics and influencing factors that can
impact the development of low-grade resources. Fluctuations in lithium prices, driven
by changes in supply and demand, can significantly affect the economic viability of low-
grade resource projects [166]. Technological breakthroughs in extraction and processing
methods could suddenly make certain low-grade resources more attractive, reshaping the
competitive landscape [167].

Moreover, evolving battery technologies and their specific lithium requirements can
influence the demand for different types of lithium products, such as lithium hydroxide or
lithium carbonate [168]. As battery manufacturers seek to improve energy density, safety,
and longevity, their preferences for specific lithium compounds may change, affecting
the value and marketability of different low-grade lithium resources. Understanding and
anticipating these market dynamics will be crucial for stakeholders involved in low-grade
lithium resource development [169].

6. Conclusions

The sustainable development of low-grade lithium resources is crucial for meeting the
growing global demand for lithium, driven by the accelerating adoption of electric vehicles
and renewable energy storage systems. This review has highlighted the importance of
advancing extraction and processing technologies, integrating sustainability considerations,
and fostering collaborative research and development efforts to unlock the potential of
these resources.

The path forward requires a multi-faceted approach, involving technological inno-
vation, supportive policy frameworks, and international cooperation. Governments, in-
dustry, and academia must work together to develop and deploy advanced extraction and
processing methods that are both economically viable and environmentally sustainable.
Policymakers have a critical role to play in creating incentives for sustainable practices,
establishing regulatory frameworks that balance resource development with environmental
protection, and facilitating knowledge sharing and collaboration at the global level.
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As the world transitions towards a low-carbon future, the responsible development of
low-grade lithium resources will be essential for ensuring a secure and sustainable supply
of this critical metal. By prioritizing sustainability, investing in research and development,
and fostering a spirit of collaboration and knowledge sharing, the lithium industry can
contribute meaningfully to the global effort to build a more sustainable and resilient
energy system. The insights and recommendations provided in this review aim to guide
stakeholders in navigating the complexities of low-grade lithium resource development
and charting a course towards a more sustainable future.
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