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Abstract

With the rapid expansion of the global lithium-battery industry, efficient and sustainable
lithium recovery from low-grade lithium resources, such as lithium precipitation mother
liquor characterized by a high sodium-to-lithium ratio, has become a critical research
challenge. Among the emerging technologies, the adsorption method, recognized for its
operational simplicity, high selectivity, and process flexibility, has garnered significant
attention. This review systematically summarizes recent advancements in two primary
categories of adsorbents for selective lithium recovery: organic adsorbents (crown ether-
based materials) and inorganic adsorbents (aluminum-based layered double hydroxides
(LiAl-LDHs), titanium-based ion sieves (HyTiO3, H4Ti5O12), and manganese-based ion
sieves (HMn,Oy, Hy.4Mn1.404, HiMns50Oy,). For each class, the synthesis methods, ad-
sorption mechanisms, performance (capacity, selectivity, kinetics, and cycling stability),
and key influencing factors are thoroughly discussed and compared. Titanium-based
sieves demonstrate high capacity and stability, manganese-based materials show excellent
kinetics, aluminum-based adsorbents offer industrial scalability, and crown ether-based
materials exhibit superior ion size selectivity. The review also identifies limitations, such as
the slow kinetics of H,TiO3, manganese dissolution in manganese-based ion sieves, and
the cost of functionalized organics. Finally, future research directions are proposed, focus-
ing on enhancing adsorption kinetics and stability via material design (e.g., morphology
control, doping, hybridization), developing scalable and cost-effective synthesis routes,
and exploring the integration of adsorption with other separation technologies to create
efficient hybrid processes for the sustainable exploitation of low-grade lithium.

Keywords: low-quality; lithium recovery; adsorption materials; organic and inorganic;
manganese-based ion sieves; titanium-based ion sieves

1. Introduction

Energy is one of the key influencing factors for national development and human
lifestyles. Driven by population growth and technological advancements, global energy
demand has increased sharply. The drawbacks of traditional non-renewable energy sources
have become more evident. Green energy is more in line with the contemporary era’s
development [1,2]. Energy storage systems for renewable sources such as wind power,
hydropower, and solar energy, as well as electric vehicles, all require the participation
of lithium-ion batteries, which has also increased the demand for lithium resources [3,4].
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Lithium resources are mainly stored in lithium-bearing ores and salt-lake brines. As a
major consumer of lithium resources, China has long relied on imports to meet its domestic
lithium demand [5,6]. Reducing the reliance on imported lithium resources can play a
positive role in promoting the construction of new energy and achieving the nation’s
“carbon neutrality” goals.

Secondary lithium-bearing resources, such as lithium-containing mother liquor pro-
duced during lithium extraction and refining processes [7], seawater [8], geothermal water,
and oilfield brine as a byproduct of oil and gas extraction [9,10], typically contain mea-
surable amounts of lithium. However, the lithium concentration is generally low, along
with a high content of impurity ions, such as sodium. Table 1 summarizes the lithium
contents in typical low-grade lithium resources, including lithium-containing mother liquor,
geothermal water, and others. The efficient and sustainable utilization of such low-grade
lithium resources has become a research focus and a technical challenge. Conventional
methods often adopt evaporation and crystallization, which remove most of the water to
concentrate Li* before precipitation [11]. A key drawback of these traditional approaches
is the generation of secondary lithium-containing wastewater during the reprecipitation
step, primarily due to the solubility limit of Li;CO3s. Moreover, the final product may
carry impurities, leading to reduced lithium recovery efficiency and deteriorated product
quality. Additionally, traditional lithium extraction technologies are time-consuming and
not considered viable for long-term application [12,13].

Table 1. The lithium content in typical low-grade lithium resources.

Lithium-Containing Resources Lit (gL-1)  Na*(gL-1) Mg?> (gL-1)  Ref.
Lithium-containing mother liquor 1.42 55.62 / [7]
Seawater 0.178 10.8 1.29 [8]
Salton Sea Geothermal 0.09-0.44 / / [9]
Eagle Ford Qilfield Brine source 0.0725 51.55 [9]

In recent years, methods for enhancing lithium recovery and product quality have
emerged, mainly including adsorption, solvent extraction, and nanofiltration membrane
separation [10,14-20]. Over the past two decades, the number of publications on lithium
extraction from various salt-lake brines has increased significantly. Since 2020, lithium
recovery from low-grade solutions such as lithium-containing mother liquor has attracted
growing attention. The adsorption method has become a research hotspot due to its advan-
tages of simple operation, wide applicability, and high selectivity [21,22]. The adsorption
method relies on the selection or design of adsorbent materials with Li*-recognition capa-
bility, which realize selective separation and recovery of lithium ions via specific physical
or chemical interactions [23]. Adsorbent materials constitute the core of the adsorption
process. Ideally, an adsorbent should exhibit high selectivity, stability, and sufficient ad-
sorption capacity [24-26]. These properties enables the material to capture as much Li* as
possible per unit mass, ensuring selective separation of Li* from complex, high-salinity
solutions while maintaining excellent structural and mechanical stability during repeated
adsorption-desorption cycles.

Unlike previous general reviews focusing on salt-lakes resources, the present review
specifically addresses low-grade lithium resources with ultra-high Na/Li ratios, particularly
lithium precipitation mother liquor. This review discusses the adsorption mechanisms,
applicability, advantages, and limitations of organic and inorganic adsorbent materials,
filling the gap in the systematic analysis of such low-grade lithium-bearing solution systems
in the existing literature. Finally, based on the current research status, future development
directions for the treatment of low-grade lithium-containing solutions are prospected, and
potential optimization strategies are proposed. This work proposes future development
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trends emphasizing hybrid processes integrating adsorption with other separation units,
offering a practical industrial roadmap.

2. Adsorption Method

Adsorption represents a highly selective, operationally simple, good reusability, widely
applicable, and process-flexible low-cost technology for the selective separation of target
metals from aqueous solutions [27-30]. At present, commonly used adsorption materials
including organic and inorganic adsorption materials [31]. Organic adsorbents are mainly
represented by crown ethers, porphyrin-based organic polymers, and cation exchange
resins [32,33]. Inorganic adsorbents mainly include aluminum-based adsorbents, lithium
ion filters, and carbon-based materials [24,34,35]. This paper reviews relevant studies on
different adsorbents, compares the preparation methods, separation effects, and separation
mechanisms of these adsorbents and analyzes their respective applicability, so as to pro-
vide a theoretical basis for the recovery and recycling of lithium resources in low-grade
lithium solutions.

2.1. Organic Adsorption Materials

The selectivity of ether-based adsorbents toward specific ions primarily depends on
the matching between their cavity size and the target ions radius [36]. The oxygen atoms
within ether groups donate lone-pair electrons, enabling stable coordination with metal
ions. When the diameter of the target ion is close to the cavity size of the crown ether,
the ion can readily enter the cavity and become bind (Figure 1). Research indicates that
12- to 14-membered crown ethers exhibit a stronger affinity for Li* [37,38]. For instance,
the cavity diameter of crown ethers (e.g., 12-crown-4, 14-crown-4) or their derivatives
generally ranges from 0.122 to 0.153 nm, while the diameter of lithium ions (Li*) is ap-
proximately 0.136 nm. This close dimensional match allows Li* to effectively embed into
the cavity and form strong electrostatic interactions with the oxygen atoms of the ether
groups, thereby achieving selective capture. In contrast, ions such as Na* (0.205 nm), K*
(0.275 nm), and Cs* (0.341 nm) have diameters significantly larger than the cavity size of
such crown ethers, making it difficult for them to form stable coordination structures [36].
In practical extraction processes, the crown ether (in the organic phase) complexes with Li*
at the aqueous-organic interface to form a cationic complex. Simultaneously, hydrophobic
anions acts as counter-anions and associate with this complex, forming an electrically
neutral, hydrophobic ion pair. This final step enables the efficient and selective transfer
of lithium from the aqueous phase into the organic phase, for separation and enrichment.
Torrejos et al. [39] synthesized a series of dihydroxy crown ethers via the intermolecular
cyclization of diepoxides and dihydroxybenzenes and applied them for lithium separation.
The results demonstrated that these crown ethers exhibit high selectivity for lithium due
to their ideal cavity size matching with Li*, with the lithium—sodium separation coeffi-
cient reaching up to 2514. However, liquid-liquid extraction has a drawback: harmful
solvents are prone to leakage [40]. To avoid this issue, crown ether organic adsorbents
are typically immobilized on inorganic supports and polymers [41,42]. These support
materials should feature advantages such as high mechanical strength, excellent stability,
and ease of functional modification. Xu et al. [43] adopted hierarchically porous silica
(HPS) prepared by a dual-template method as a carrier, and prepared an adsorbent via
chemical grafting. This material features a rod-like nanostructure and a bimodal mesopore
distribution. The adsorption behavior for Li* conforms to the Langmuir isotherm and
pseudo-second-order kinetics model, achieving a maximum adsorption efficiency of 94.34%.
After five adsorption—desorption cycles, it retains 90.7% of its initial adsorption capacity.
Nisola et al. [40] realized in situ growth of Fe3O4 nanoclusters on the surface of graphene
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oxide (GO), followed by grafting ethynylbenzene linkings to fabricate composite adsorbent.
Among these, the 12CE4@Fe304-rGO composite exhibits extremely high selectivity for
Li*, with selectivity coefficients () for Na*, K, Mg2+, and Ca?* ranging between 367
and 14,513. The crown ether utilization rate approaches 100%, with a loading capacity
of 1.03 mmol-g~!, and it possesses good water dispersibility, magnetic recoverability, and
cycling stability.

Apart from the cavity-size effects, the type and quantity of substituents on the ring of
the chelating atoms in the crown ether also have certain exert considerable influences on
lithium extraction [44-49]. Wu et al. [33] synthesized a high-molecular-weight composite
2H12C4-D113 bearing crown ether moieties at a resin-to-p-toluene sulfonic acid mass ratio
of 1:0.5 and a temperature of 110 °C, and applied it to extract lithium ions (Li*) from the low-
grade lithium-bearing solution obtained from the desiliconization liquor of coal-based solid
waste. The solution was characterized by a high Na* /Li* ratio, with Li* and Na* concentra-
tions of 0.27 g-L ! and 101 g-L~, respectively. The results demonstrated that 2H12C4-D113
exhibited remarkable Li* selectivity and adsorption capacity in both neutral and alkaline en-
vironments. Specifically, the Li* adsorption capacity of 2H12C4-D113 reached 10.12 mg-g !
under neutral conditions, which was 4.05 times higher than that of the non-functionalized
material. Furthermore, the adsorption capacity was further enhanced to 21.38 mg-g~! in
the alkaline system. Yang et al. [50] grafted diamino-dibenzo-14-crown-4 ether (DAB) onto
14-crown-4 polyimide (14C4PI) via a nucleophilic substitution reaction, and fabricated a
nanofiber membrane using a electrospinning technology. Through the optimization of
the DAB addition amount and reaction time, the crown ether loading capacity increased
from 1.38 mmol-g~! to 2.27 mmol-g !, with a grafting efficiency of 83.4%. The equilibrium
adsorption capacity for Li* improved from 40.17 mg-g~! to 60.71 mg-g~!. The adsorption
process follows pseudo-second-order kinetics and the Langmuir model. The separation
factors for Li* relative to Nat, K*, Mg2+, and Ca?* are 69.24, 79.4, 37.46, and 67.53, respec-
tively [50]. Torrejos [36] reported that the crown ether with carboxyl side arms significantly
enhanced the lithium adsorption capacity under pH > 7 conditions. The adsorption process
conformed to the Langmuir model, and in competitive adsorption, it revealed a selectivity
sequence of Li* > Na* > Mg?" > Ca?" > K* ~ Sr?*. Huang et al. [51] integrated surface
ion-imprinting with magnetic separation technology to fabricate a magnetic crown ether-
imprinted polymer. Leveraging the specific recognition of Li* by hydroxyl-modified crown
ether, the separation selectivity coefficients for Li* /Na*, Li* /K*, and Li*/ Mg2+ are 7.74,
2.75, and 2.98, respectively. Furthermore, its magnetic properties enable rapid separation
under an external magnetic field, eliminating the need for traditional centrifugation and
filtration steps and significantly improving operational efficiency. Zhu et al. [52] found that
a novel crown ether-based polyimide membrane material was synthesized via the polycon-
densation of di(aminobenzo)-14-crown-4 with 4,4’-(hexafluoroisopropylidene)diphthalic
anhydride. The adsorption of Li* onto this membrane conforms to pseudo-second-order
kinetics and the Langmuir model. The separation factors for Na*, K*, Mg?*, and Ca?*
are 45.6, 48.3, 23.5, and 41.2, respectively. Density-functional-theory calculations agree
well with experimental results, and the material exhibits good stability. Its performance
advantages are attributed to the synergistic sieve-chelating effect of the crown ether and
its porous structure. Although most experimental results indicate that crown ether-based
organic adsorbents exhibit excellent adsorption performance and selectivity (Table 2), their
current industrialization level remains relatively low. This is primarily due to the complex
synthesis process and high cost, coupled with the fact that the lithium ion complexation
capability of the monomers is influenced by multiple factors. Reducing their manufacturing
costs would significantly enhance their competitiveness for market-oriented applications.
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Table 2. Performance of crown ether ligand composite adsorption materials.
. i* Concentration Adsorption Selectivity

Crown Ether Ligands (mg-L-1) pH Capacity (mg-g-1) o(Li/Na) Ref
2-hydroxymethyl-12-crown-4 200 13 58.71 124 [33]
2-methylol-12-crown-4 17,920 5 1.85 25.46 [43]
14-crown-4 polyimide 400 7 60.71 69.24 [50]
Dibenzo-14-crown-4 18.82 6 0.28 7.74 [51]
dibenzo-14-crown-4 400 7 34.05 45.6 [52]
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Figure 1. Selective lithium separation enabled by cavity size matching in host—guest chemistry
(adapted from [53-55]).

2.2. Aluminum-Based Adsorbents

Aluminum-based adsorbents are developed from aluminum salt adsorbents. The basic
framework of these adsorbents is mainly composed of aluminum hydroxide. It is currently
the only type of adsorbent material that has been put into industrial application. The most
widely adopted form is lithium aluminum layered double hydroxide adsorbent, which is
formed by the orderly assembly of positively charged layers and interlayer anions into
stacks [56]. Their structural foundation is analogous to typical layered hydroxides, such
as gibbsite (AI(OH)3), consisting of alternating stacks of metal hydroxide main layers and
anion interlayers, forming an extended two-dimensional framework. In this structure, the
partial isomorphous substitution of divalent cations by trivalent aluminum ions results
in positively charged host layers. Charge balance is maintained by anions (e.g., C17)
residing in the interlayer region. Metal cations are located at the centers of edge-sharing
[MOg] octahedral units, which are interconnected via hydroxyl groups at shared vertices,
constituting continuous two-dimensional sheets. The interlayer domain contains water
molecules partially bound through hydrogen bonding. Li/Al-LDHs are stabilized overall
by a combination of interlayer electrostatic interactions, hydrogen bonds, and van der
Waals forces (Figure 2). Their chemical composition can be represented by the general
formula [Lin Al,(OH)6]Clm-nH,O, where m ranges from 0 to 1 [56-59].
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The adsorption and desorption processes of lithium by the aluminum-based adsorbent
can be described by the following reaction Equation (1).

xLiCl 4 (1 — x)LiCl - mAl(OH); + (n + 1)H,0 = LiCl - mAl(OH), - nH,O + H,O (1)

The adsorption of Li* on Li/ Al-LDHs follows the pseudo-second-order kinetic model,
suggesting that the rate-determining step is chemisorption—specifically, ion exchange
between interlayer species and Li*—rather than a process governed solely by external film
diffusion or bulk Li* concentration. Further analysis of the mass transfer mechanism of
zinc-doped Li/ Al-LDHs using the Weber-Morris intraparticle diffusion model revealed
that the adsorption process comprises three consecutive stages:

(1) External liquid-film diffusion stage—lithium ions diffuse from the bulk solution
across the liquid-film boundary layer to the surface of the adsorbent particles;

(2) Intraparticle diffusion via mesopores—Iithium ions migrate along the internal
mesoporous channels of the material toward the active sites;

(3) Lattice consolidation stage—lithium ions are ultimately embedded into the octahe-
dral vacancies within the crystal structure, finalizing the chemisorption immobilization.

After lithium ions traverse the diffusion barriers formed by membranes and pores, the
adsorption process commences. Assisted by the combined effects of van der Waals forces
and electrostatic attraction, lithium ions become anchored to the active sites of the material,
forming a uniform monomolecular adsorption layer of hydrated lithium ions. This process
triggers a microscopic reaction mechanism comprising three steps:

(1) Dissociation of the Hydration Shell: The hexagonal cavities formed by adjacent
Al(OH)3 units contain triangular oxygen windows with specific dimensions (O-O distances
of 2.75-3.45 A), which selectively recognize lithium ions. Although these pore sizes are
larger than the effective diameter of hydrated lithium ions (approximately 1.36 A), they are
smaller than the ionic diameter of fully desolvated lithium ions. This size mismatch forces
lithium ions to undergo desolvation, shedding their hydration shell.

(2) Lattice Penetration and Local Structural Reconstruction: In the initial stage, elec-
trostatic repulsion and steric hindrance from interlayer -OH groups impede further entry
of lithium ions. As lithium ions approach the oxygen windows, mutual repulsion be-
tween protons induces localized displacement of -OH groups, creating transient diffusion
channels that allow lithium ions to pass through.

(3) Octahedral Site Occupation and Structural Relaxation: Lithium ions that success-
fully traverse the triangular windows embed into the Al-Og octahedral vacancies. This
prompts surrounding —OH groups to rotate and adjust their positions, alleviating electro-
static repulsion between protons and lithium ions and achieving structural stabilization.

During this process, the migrating lithium ions undergo an exchange reaction with
hydrogen ions in the crystal lattice. This exchange not only disrupts the original charge
balance of the host material and weakens the interlayer hydrogen bonding but also fur-
ther induces the intercalation of anions to restore electroneutrality in the system, thereby
facilitating the entry of more lithium ions into octahedral coordination sites. When the
concentration of lithium ions in the system decreases, the desorption process occurs in
reverse: lithium ions are released from the layered framework and diffuse into the solution
phase. Simultaneously, anions and water molecules undergo coordinated migration to
maintain charge conservation throughout the system. Thus, throughout the dynamic cycle
of adsorption and desorption, anions consistently play a critical role in modulating and
stabilizing the charge state.
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Figure 2. Adsorption mechanism of lithium—-aluminum layered double hydroxide (Li/Al-LDH)
(adapted from [60-62]).

The preparation methods of aluminum-based adsorbents mainly include the immer-
sion method, precipitation method, and mechanical activation method. Luo et al. [63] syn-
thesized an aluminum-based adsorbent via a hydrothermal method using Al(SO4)3-18H,0O
and urea as raw materials. They hydrothermally obtained a porous powder precursor com-
posed of NH4Al3(504)2(OH)s and y-AlOOH, followed by lithiation with a LiOH aqueous
solution to yield a mixed porous powder of Li-Al-LDHs containing NH;Al3(SO4)2(OH)g
and Lip Al4(OH)12504-xHO. The powder was further processed into granular form using
sodium alginate. The resulting adsorbent exhibited a maximum lithium adsorption capac-
ity of 9.66 mg-g~!, along with good recyclability, demonstrating potential for industrial-
scale application. Zhang et al. [64] prepared a Li-Al-OH layered double hydroxide via a
mechano-hydrothermal route. The process involved dry ball-milling of AI(OH)3 for 1 h,
followed by hydrothermal lithiation with a LiOH-H,O solution, yielding a highly crys-
talline and well-dispersed Li-Al-OH layered double hydroxide. This synthesis method is
simple, feasible, and environmentally friendly with low energy consumption. Qin et al. [65]
prepared magnetic aluminum-based adsorbents (MLDHSs) by coprecipitation for the sepa-
ration of lithium ions from aqueous solutions, which achieved a lithium ion adsorption
capacity of 8.22 mg-g~! under static adsorption conditions. This material demonstrated
good selectivity in multi-ion coexistence solutions, with its adsorption behavior conforming
to the pseudo-second-order kinetic model and the Langmuir isotherm adsorption model.
Thermodynamic analysis indicated that the adsorption process is spontaneous and en-
dothermic. Zhang et al. [66] developed a lithium—-aluminum layered double hydroxide
material with a regular two-dimensional hexagonal layered structure through a simple
coprecipitation method, achieving an adsorption capacity of 7.27 mg-g~! at room tempera-
ture. The material’s selectivity order for different ions is Li* > Na* > K* > Ca?* > Mg?*,
and it maintained stable adsorption performance after 12 adsorption-desorption cycles. Wu
et al. [67] developed an aluminum-based lithium adsorbent that exhibited an adsorption
capacity of 7.44 mg-g~! under conditions of 30 °C and a lithium concentration of 500 mg /L.
After seven cycles, the capacity retention rate reached 96.18%. The ion selectivity order of
this material is Li* > Mg?* > Na* > K* > Ca?*, demonstrating excellent cycling stability.
Most of the studies mentioned above have demonstrated that aluminum-based adsorbents
exhibit excellent stability and cycling performance (Table 3). However, compared with other
adsorbents, such as titanium-based ion sieves, manganese-based ion sieves, and crown

https:/ /doi.org/10.3390 / met16080902


https://doi.org/10.3390/met16080902

Metals 2026, 16, 902

8 of 18

ether-based organic adsorbents, their relatively low adsorption capacity and selectivity
remain the main factors limiting their large-scale industrial application.

Table 3. Adsorption performance of aluminum-based composite adsorption materials.

Adsorbent Li* Concentration (mg-L-1) pH  Adsorption Capacity (mg-g—1) Selectivity o(Li/Na) Ref.
MLDHs 412 9 8.22 23.52 [65]
Li/Al-LDHs 399 8 7.27 21.79 [66]
Al/Li-LDHs 500 7 9.12 154.47 [67]
Fe-Li/Al-LDHs 549 10 9.46 / [68]
LDHs 400 7.5 10.4 236.7 [69]
Li-Al-CO3; LDH 400.2 14 14.68 972.11 [70]

2.3. Ion Sieve Adsorbents

Ion sieve adsorbents exhibit effective ion recognition and size-sieving capabilities for
extracting specific metal ions. This mechanism enables ion sieves to selectively extract
lithium over other alkaline earth metals [71]. Lithium ion sieves comprise a series of
adsorbents with distinctive chemical structures, allowing for the insertion of target ions
into inorganic compounds. Precursors of lithium ion sieves are synthesized via methods
such as hydrothermal treatment or high-temperature solid-state reactions. Subsequently,
the target ions are eluted from the precursors using eluents. After delithiation, the resulting
compounds maintain well-defined vacancy structures without structural collapse. These
vacancy-containing compounds demonstrate reliable sieving and memory effects towards
the reintroduced target Li*, permitting only Li* to occupy the vacancies, thereby enabling
the selective adsorption of Li* from multi-ion coexistence systems [25,71,72]. Lithium ion
sieves are generally categorized into two main types: lithium titanium oxides and lithium
manganese oxides [73-75].

2.3.1. Titanium-Based Ion Sieves

Titanium-based ion sieves (TIS) have emerged as a highly promising class of adsor-
bents for selective lithium recovery, primarily due to their robust Ti-O bonds, exceptional
2 structural stability, remarkable 5 acid resistance, and outstanding lithium adsorption
performance (Table 4). The parent lithium titanate (LTO) structures are predominantly
categorized into two crystalline architectures: layered Li; TiO3 and spinel-type LigTi5O15.

The chemical formula of layered LTO can be expressed as Li[Lij /3Tiz/3]O;. Its crystal
structure consists of alternating layers of lithium and lithium-—titanium (LiTi,) layers, with
the lithium layers accounting for 75% of the total lithium atoms. Oxygen atoms adopt in a
cubic close-packed arrangement, while the metal atoms occupy the octahedral interstitial
sites [73] (Figure 3). The adsorption mechanism of HTO, derived from LTO via acid
treatment, primarily relies on an ion exchange process, rooted in the structural memory
effect of the ion sieve (Figure 3). Upon elution with acid, vacancies matching the size of
lithium ions are left behind. These vacancies preferentially re-occupy Li* from aqueous
solutions, while the spatial effect of these vacancies excludes other ions with different radii
(such as magnesium, calcium, sodium, and others), thereby achieving selective adsorption
of lithium ions. The material can be regenerated through proton exchange. However, it
is critical to note that effective ion exchange mainly occurs in the lithium layers, as the
activity of Li* in these layers is lower than that of Li* in the (LiTi,) layers. In the protonated
product H[H; /3Ti,/3]O,, the H* in the (HTiy) layers cannot exchange with Li*, as shown
in Equation (2). Consequently, although HTO demonstrates high selectivity, its practical
adsorption capacity invariably is always lower than its theoretical value.

xLiCl 4 (1 — x)LiCl - mAl(OH); + (n + 1)H,0 = LiCl - mAl(OH); - nH,O + H,O  (2)
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Chitrakar et al. [72] demonstrated that at pH = 6.5, the Li* adsorption capacity reached
32.6 mg-g~ !, with separation coefficients between Li* and other competing ions all exceed-
ing 100, confirming the high ion selectivity of H,TiO3. Nevertheless, the high structural
stability of HyTiO3 leads to relatively sluggish adsorption kinetics, typically requiring up
to one day to reach adsorption equilibrium. Additionally, the layered Li,TiO3 crystal struc-
ture is prone to rearrangement, which reduces its adsorption capacity. To overcome these
bottlenecks, recent research has emphasized the synthesis of high-quality LTO precursors
and morphology optimization [76-81]. Gu et al. [82] developed an innovative approach
utilizing C;H3LiO,-2H,0 as a lithium source Li;COj3 to synthesize LTO materials. The
resulting adsorbent followed Langmuir and pseudo-second-order models, exhibiting an
exceptional Li* /Na* separation factor («x = 3414.69). Subsequent studies by Li et al. [83],
systematic investigation of different TiO, precursor phases (amorphous, anatase, rutile)
revealed their significant impact on H,TiO3 adsorption properties. Contact angle mea-
surements established a clear correlation between material hydrophilicity and adsorption
performance. Among three HTO variants, anatase-derived HTO-400 exhibited superior
lithium adsorption due to optimal hydrophilicity, achieving 34.2 mg/g equilibrium capacity
within 24 h with Li* /Na* separation factor « = 19.96. Zhang et al. [79] used LiOH-H,O
and TiO, precursors, and Li;TiO3 was synthesized and converted to H,TiO3 adsorbent.
Crystal-phase effects on Li* extraction and adsorption performance were thoroughly ex-
amined. The results demonstrated that the anatase structure significantly enhanced both
Li* extraction (98.69% maximum) and adsorption capacity (39.2 mg-g~! maximum) com-
pared to rutile. Solution parameters including pH, solid/liquid ratio, temperature, and
concentration profoundly influenced adsorption characteristics [84]. Optimized conditions
effectively mitigated H* accumulation limitations. The process adhered to Langmuir and
pseudo-second-order models, with thermodynamic parameters confirming feasibility, spon-
taneity, and endothermic nature. H,TiO3 exhibited remarkable stability and recyclability,
achieving record capacity (94.5 mg-g~1) with Li* /Na* separation factor o = 705.3.

In addition to layered structures, spinel titanium oxides derived from spinel-type
LigTi5O1, precursors constitute a class of titanium-based ion sieves that exhibit substantial
lithium adsorption capacity and favorable cycling stability [85-93]. Moazeni et al. [85]
synthesized spinel Li4TisO1, with a nanotubular structure, featuring diameters of 50-70 nm
and lengths of 1-2 um, via a two-step low-temperature hydrothermal reaction. The as-
prepared material exhibited a lithium adsorption capacity of 39.43 mg-g~! in a lithium-
containing solution with an initial Li* concentration of 120 mg-L’l. H,4Ti5O1, nanofiber
lithium ion sieves, demonstrating excellent Li* adsorption performance and high selectivity,
were synthesized by Wei et al. [86] via a combined electrospinning and calcination method.
The obtained adsorbent achieved a notable lithium adsorption capacity of 59.1 mg-g~!,
closely approaching its theoretical value of 63.77 mg-g~!. Despite the structural stability,
strong Ti-O bonds, and superior acid resistance of LisTi5O17, the presence of rutile TiO, and
Li, TiO3 phases, which commonly occur during synthesis [87], significantly compromises its
structural integrity and adsorption capacity. A comparative study of H4TisO, adsorbents
(HTO-OS and HTO-NS) revealed HTO-NS superiority with 35.5 mg-g~! capacity and
<2 h equilibrium time, attributed to distinct dehydration processes and exposed facets.
Mechanism analysis identified hydrated Li* dehydration followed by ion exchange as the
primary adsorption pathway [94].

To further enhance performance, several advanced strategies have been explored.
Fe-Zr co-doping modulated LIS surface properties and internal structure. Successful incor-
poration increased 8a site Li-O bond length and O?~ content. HTFZO-II exhibited enhanced
capacity (28.72 mg-g~1), stability (0.12% Ti** dissolution), and faster equilibrium (4 h) with
Li*/Na* separation factor o = 132.27 [95]. DFT calculations confirmed reduced dehydra-
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tion energy barriers, facilitating ion exchange. Dual-surfactant (CTAB/F127) templating
produced superhydrophilic HyTisO1p (HTO-IV) with ultrathin nanosheet-assembled mi-
crospheres [96]. The material demonstrated exceptional hydrophilicity and hierarchical
mesoporous structure, achieving >85% Li* removal within 30 min, 57.90 mg-g~! theoretical

capacity, and 97% retention after five cycles with Li* /Na* separation factor o« = 121.01.
Hydroxyethyl cellulose (HEC)-based porous foam (HTO-HEC) utilized -OH group hy-
drogen bonding to accelerate dehydration kinetics, reducing equilibrium time from 5 h
to 1 h [97]. Optimal HTO-HEC-60 achieved 27.9 mg-g~! capacity with Li*/Na* sepa-
ration factor a = 80.86, maintaining 97.8% capacity after eight cycles with only 0.06% Ti

dissolution. Facet-dependent adsorption studies compared flower-shaped (176.23 m?-g~1)
and octahedral (83.02 m?- g_l) LigTisO1p. Despite lower surface area, octahedral H4Ti5O15
(111) showed superior capacity (33.56 mg-g~1), selectivity (« = 120.10), and cyclic sta-
bility (88.9% retention) compared to HyTisO1, (110) (26.85 mg/g, 76.3% retention), at-
tributed to specific facet characteristics including confined pore channels and favorable

migration pathways [98].

Despite the unparalleled acid resistance and structural robustness exhibited by

titanium-based ion sieves—key advantages over their manganese-based counterparts—their

widespread industrial application remains constrained by the inherent trade-off between

selectivity and kinetics. Furthermore, synthesis routes that rely on harsh acids and the high

cost of titanium precursors pose significant economic barriers. Future research should not

only continue to explore atomic-level doping and facet engineering to lower dehydration
energy barriers but should also prioritize continuous fixed-bed column tests using real
complex brines. Moreover, coupling TIS with membrane technologies or developing binder-
free electrode-type adsorbents holds promise for paving the way toward next-generation,
energy-efficient lithium recovery systems.
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Figure 3. HTO crystal structure and lithium adsorption mechanism of HTO (adapted from [88,89]).

Table 4. Adsorption performance of titanium-based ion sieve adsorption materials.

Adsorbent Li* Concentration (mg-L~1) pH Adsorption Capacity (mg-g—1)  Selectivity o(Li/Na) Ref.
HTO-H,Ti; O3 2000 - 39.2 - [79]
HTO-H,TiyO3 7000 11.02 94.45 705.3 [80]
HTO-H,Ti, O3 669 10 40.16 3414.69 [82]
HTO-H,Tiy O3 200 12 34.2 19.96 [83]
HTO-H,Tiy O3 1950 13 34.27 350.99 [84]
HTO-H,Ti, O3 347 - 39.8 29.46 [90]
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Table 4. Cont.

Adsorbent Li* Concentration (mg-L—1) pH Adsorption Capacity (mg-g—1)  Selectivity a(Li/Na) Ref.
HTO-H,Ti,0; 2000 12 27.8 37.5 [91]
HTO-H,TiyO5 1950 10.1 16.68 3.44 [92]
HTO-H,Ti,O; 82.9 12 32.8 27.11 [93]
HTO-H,Ti5O, 166.6 14 28.89 - [94]
HTO-H,Ti5O1, 34705 12 15.62 132.27 [95]
HTO-H,TisO1p 150 12 30.10 121.01 [96]
HTO-H,Ti50, 100 12 30.9 80.86 [97]
HTO-H,Ti5O1, 166.6 13 29.85 120.10 [98]

2.3.2. Manganese-Based Ion Sieve

Manganese-based ion sieves (lithium manganese oxides, LMOs) are recognized as one
of the most promising adsorbent materials for lithium extraction from salt lake brines, ow-
ing to their high theoretical adsorption capacity, excellent selectivity, and low raw material
cost. Depending on the Li/Mn ratio and differences in crystal structure, LMOs can be cate-
gorized into three types: LiMnyOy, Lij.33Mnj.6704 (ie., LisMns0s5), and Lij.¢Mn;.404 (i-e.,
LipMn,Os), with theoretical maximum adsorption capacities of 39.9 mg-g~!,59.5 mg-g~!,
and 72.8 mg-g !, respectively [99-105]. In recent years, extensive research has been con-
ducted on morphology control, doping modifications, and adsorption mechanisms of
manganese-based ion sieves, leading to a series of significant advances (Table 5).

In terms of basic material development, studies have demonstrated that porous
HMn,O4 material exhibits excellent adsorption kinetics, with a saturated lithium adsorp-
tion capacity of 30.83 mg-g~! [106]. After ten consecutive adsorption-desorption cycles,
the material could still maintain 91.85% of its initial adsorption capacity, indicating good
structural stability and cycling regeneration performance [106]. Similarly, a lithium-rich ion
sieve (M-LMO-t) synthesized via a microwave-assisted hydrothermal method achieved a
lithium adsorption capacity of 38.4 mg-g~! in an alkaline lithium chloride solution (initial
concentration 350 mg-L~1, pH = 12), which surpassed the performance of the H-LMO ma-
terial prepared by the conventional hydrothermal method [99]. Regarding crystal structure
and synthesis strategies, Zhang et al. [107] reported a simple method for synthesizing a
hexagonal spinel-structured LiMn,O4 (LMO) precursor under mild conditions, and the
material was suitable for rapid lithium adsorption—desorption processes. Experimental
data show that its acid-modified product (HMO) achieved a lithium adsorption capacity of
24.7 mg- g_l, along with a high lithium/sodium selectivity coefficient of 36.7.

To address the intrinsic drawbacks of manganese dissolution and cycling degradation
in manganese-based materials, elemental doping and surface modification have become re-
search hotspots. The partition coefficient (Kd) for lithium was significantly higher than that
for sodium, demonstrating its excellent ion selectivity. A spinel-type Hj.Mn;j.4O4 ion sieve
was successfully prepared by Sun et al. [108], with a focus on the regulatory effects of redox
precipitation and solid-state reaction on its structure and ion exchange performance. The
results indicated that this ion sieve possesses significant selective adsorption capability for
lithium from the Qaidam Salt Lake brine (adsorption capacity of 3.88 mmol-g 1), providing
an important reference for extracting lithium from low-grade salt lake resources. Investiga-
tion into the adsorption isotherms, kinetics, and thermodynamics of a surface-fluorinated
manganese-based ion sieve adsorption material (F-LMO) revealed that its adsorption be-
havior conforms to the Langmuir isotherm model and the pseudo-second-order kinetic
model [109]. This confirms that the adsorption reaction is a spontaneous chemical ad-
sorption process with uniform adsorption sites. After five adsorption—desorption cycles,
F-LMO exhibited a higher adsorption capacity (26.74 mg-g~!, capacity retention rate of
91.29%) and a lower manganese dissolution loss rate (1.58%) compared to the pristine LMO.
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Wang et al. [110] used LiOH and MnCOj as raw materials, and a lanthanum (La)-doped
Hj.«Mn.404 lithium ion sieve (denoted as La-HMO) was prepared. Its adsorption behavior
followed the pseudo-second-order kinetic model and the Langmuir isotherm adsorption
model. In lithium extraction experiments, La-HMO demonstrated high adsorption capac-
ity and excellent selectivity. After five cycles of use, its adsorption capacity remained at
33.10 mg/g, superior to the 26.80 mg-g~! of the undoped HMO. A spinel-type HyMns0;, ion
sieve was prepared by Zhang et al. [111], using a combined method of hydrothermal synthesis
and low-temperature solid-state reaction. Experimental results showed that its equilibrium
lithium adsorption capacity was significantly enhanced, reaching 6.62 mmol-g~!. Even when
the initial lithium concentration was as low as 5.0 mmol-L~!, the adsorption capacity could
still be maintained at approximately 5 mmol-g~!.

Luo et al. [112] prepared a manganese-based lithium ion sieve (HsMns50Os;), indicat-
ing that its adsorption of Li* is a spontaneous endothermic process conforming to the
Langmuir isotherm model and the pseudo-second-order kinetic model. The apparent
activation energy for adsorption was 13.52 kJ-mol~!, confirming a chemical adsorption
mechanism. Furthermore, this ion sieve exhibited significant selectivity for Li*. After five
adsorption—desorption cycles, the adsorption capacity was maintained at 25.46 mg-g~!
(82.98% of the initial value), while the manganese dissolution loss rate decreased from
5.49% to 2.77%. A LisMnsO1, precursor with a nanotubular morphology was prepared
via a hydrothermal solid-state reaction method, followed by acid washing to obtain
H4Mn501; [113]. Adsorption experiments demonstrated a maximum Li* adsorption ca-
pacity as high as 37.0 mg-g~!, and the adsorption process fitted the Langmuir model.
Coexisting cation experiments further confirmed that Na*, K*, Ca?*, and Mg?* had min-
imal influence on lithium recovery. Based on the analysis of isothermal adsorption and
kinetic characteristics (such as L-type isotherm, pseudo-second-order kinetics model),
the adsorption mechanism of H4Mn5sOj; for lithium can be attributed to the electrostatic
interaction and ion exchange between Li* and H*.

Manganese-based ion sieves exhibit outstanding adsorption capacity and selectivity
(Figure 4). Particularly through nanostructure construction (e.g., nanotubes, porous architec-
tures) and heteroatom doping (e.g., La, F), significant breakthroughs have been achieved in
enhancing kinetics, suppressing manganese dissolution, and improving adaptability to low-
concentration lithium solutions. However, structural collapse and manganese leaching during
long-term cycling remain the core bottlenecks hindering large-scale industrial applications.
Future research should further focus on core-shell structure design, the development of novel
green eluents, and the validation of continuous fixed-bed adsorption—-desorption processes
using real complex salt lake brines, thereby facilitating the transition of manganese-based ion
sieves from laboratory research to industrial implementation.
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Figure 4. Adsorption mechanism of Mn-based ion sieve (adapted from [114]).
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Table 5. Adsorption performance of Mn-based ion sieve adsorption materials.

Adsorbent Li* Concentration (mg-L—1) pH Adsorption Capacity (mg-g—1)  Selectivity a(Li/Na) Ref.
HMn, 04 201 12 38.4 938.4 [99]
H; ¢Mn; 404 100 12 33.10 21.65 [110]
H;Mns04, 1000 125 31.48 12.22 [112]
H;MnsOy, 185.8 12 37.0 - [113]

3. Conclusions

This review has comprehensively examined the state-of-the-art adsorption technolo-
gies for recovering lithium from challenging low-grade resources, particularly high-Na/Li-
ratio brines like lithium precipitation mother liquor. A comparative analysis reveals that
each class of adsorbent possesses distinct advantages and limitations, governed by its
unique separation mechanism.

Organic adsorbents, particularly crown ether-based materials, achieve exceptional
Li* /Na* selectivity (o up to thousands) via precise cavity size matching, but their practical
application is often constrained by synthesis cost, solvent use, and the need for robust
support materials.

Inorganic adsorbents present a more diverse and scalable portfolio. Aluminum-
based LDHs benefit from established synthesis methods and good stability, though their
adsorption capacity is generally modest. Titanium-based ion sieves (e.g., HyTiO3, HyTisO12)
stand out for their high theoretical capacity, remarkable acid stability, and excellent cycling
performance; however, slow adsorption kinetics remains a key challenge. Manganese-based
ion sieves (e.g., HMnyO4, HiMn5O1,) often exhibit superior ion exchange technique and
high capacity, but their commercial viability is hampered by manganese dissolution during
cycling, which compromises structural integrity and causes secondary pollution.

The path forward for the industrial implementation of adsorption-based lithium
recovery lies in targeted material and process engineering. Future research should priori-
tize the following: (1) Performance Enhancement: Designing adsorbents with optimized
morphology (e.g., nanosheets, nanotubes), controlled particle size, tailored porosity, and
doped/co-doped structures to simultaneously improve capacity, selectivity, and kinet-
ics while inhibiting ion dissolution. (2) Process Scalability and Economics: Developing
cost-effective, environmentally benign synthesis routes and efficient regeneration proto-
cols to reduce operational costs. (3) System Integration: Exploring hybrid processes that
intelligently combine adsorption with other unit operations (e.g., membrane filtration,
precipitation) to overcome the limitations of any single technology, thereby improving
overall recovery efficiency, product purity, and process sustainability. Addressing these
challenges will be crucial for securing a stable and sustainable lithium supply chain to
support the global clean energy transition.
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