
 
 

 

 
Sustainability 2026, 18, 7101 https://doi.org/10.3390/su18147101 

Review 

Zeolite-Based Adsorbents as Next-Generation Materials for 
Sustainable Lithium Recovery Technologies 
Md Razaul Karim and Hong Je Cho * 

School of Chemical Engineering, Oklahoma State University, Stillwater, OK 74078, USA;  
razaul.karim@okstate.edu 
* Correspondence: hongje.cho@okstate.edu 

Abstract 

The rapid growth of electric mobility, renewable-energy storage, and portable electronics 
has sharply increased global lithium demand. Conventional lithium extraction methods, 
including hard-rock mining and brine evaporation, are land-intensive, slow, water-con-
sumptive, and carbon-intensive. Adsorption has therefore received substantial attention 
for lithium recovery, due to its simple operation, cost-effectiveness, and facile scalability. 
In this regard, zeolite-based adsorbents have emerged as promising next-generation ma-
terials, mainly because of their crystalline frameworks, tunable pore architectures, ion-
exchange functionality, and exceptional thermal and chemical stability. Existing reviews 
on adsorption-based lithium recovery have predominantly focused on polymeric materi-
als, ion-exchange resins, and lithium-ion sieves (including lithium manganese oxide-
based, titanium-based, and aluminum hydroxide-based adsorbents). To fill this gap, we 
present a dedicated and comprehensive review of zeolite-based adsorbents for sustaina-
ble lithium recovery from non-conventional lithium resources such as brines, geothermal 
fluids, seawaters, and battery-recycling leachates. By systematically and rigorously ana-
lyzing existing studies on this topic, we identify five guiding design principles: (i) zeolite 
framework charge density, (ii) zeolite framework topology and pore architecture (iii) mor-
phology (size and shape), (iv) zeolite-based hybrid materials, and (v) operational design 
parameters (e.g., pH and temperature). Each design element is discussed in depth to clar-
ify how lithium adsorption capacity and selectivity, transport behavior, and adsorption 
mechanisms can be controlled across diverse feedstocks. We further discuss the ad-
vantages, limitations, and future research needs for zeolite-based lithium capture. To the 
best of our knowledge, this is the first review centered on zeolite-based materials for lith-
ium recovery. The knowledge and insights provided here aim to drive researchers into 
advancing zeolite-based adsorbents toward sustainable, next-generation lithium recovery 
technologies. 

Keywords: lithium recovery; adsorption; ion-exchange; adsorbent; zeolite; material  
design; sustainable process; non-conventional lithium resources 
 

1. Introduction 
The rapid growth of electric vehicles, portable electronics, and grid-scale energy stor-

age has sharply increased lithium (Li) demand. This surge stems from the exceptional 
physicochemical properties of Li, including its highly negative redox potential, low 
atomic weight, high specific heat capacity, and superior energy density relative to other 
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elements, making it the preferred charge carrier in modern electrochemical energy-stor-
age systems [1–5]. Today, Li is used predominantly in Li-ion batteries for electric vehicles 
and stationary energy storage (Figure 1). Global Li production has risen from ~3700 metric 
tons (MT) in 1970 to over 100,000 MT in 2021, reflecting its central role in the energy tran-
sition [6,7]. By 2030, Li demand is projected to exceed 2 million MT, with batteries account-
ing for nearly 95% of total consumption [6,7]. 

 

Figure 1. Global end uses of lithium in 2025, sourced from the United States Geological Survey 
(USGS) [6]. 

Conventional Li resources include continental brines, hard-rock ores, and Li-bearing 
clays (Figure 2) [8,9]. High-grade salar brines in Chile, Argentina and Bolivia are the larg-
est commercial source [10], while hard-rock ores such as spodumene-rich pegmatites in 
Australia, Canada, and China provide the second major pathway [10]. Clays such as hec-
torite and smectite in the United States and Mexico are also important Li resources [10]. 
Despite their maturity, these routes are constrained by high energy demand, complex pro-
cessing, high cost, and progressive resource depletion of high-quality reserves [4]. Non-
conventional Li resources are increasingly explored to expand supply and improve re-
source security. Low-quality continental brines differ from high-grade salars and are 
emerging alternative feedstocks [10,11]. Geothermal brines provide continuous fluid pro-
duction and co-generated renewable power, enabling integrated direct Li extraction [12]. 
Oilfield brines and produced waters offer vast but chemically complex resources with 
highly variable Li concentrations [9]. Seawater contains an enormous Li inventory, despite 
extremely low concentrations (~0.17 mg L−1) [3,13,14]. End-of-life Li-ion batteries also 
serve as important secondary resources with circular-economy strategies [15–17]. Alt-
hough these unconventional resources hold significant promise, Li recovery from them 
remains technologically immature and faces major challenges, underscoring the need for 
highly efficient, selective, and sustainable separation methods. 
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Figure 2. Lithium reserves by countries as a percentage of global reserves in 2025, sourced from the 
USGS [6]. 

To selectively separate Li from unconventional Li resources, several technologies 
have been developed, including precipitation, solvent extraction, membrane separation, 
electrochemical methods, and adsorption [4,7,11,12,14,15,18,19]. Precipitation is simple 
and industrially mature, but performs poorly in high magnesium-to-Li (Mg/Li) brines 
[19,20]. Solvent extraction offers high Li selectivity and relatively low energy demand, yet 
is hindered by interference from multivalent cations such as Ca2+ and Mg2+, organic con-
taminants, solvent cost and stability, and equipment corrosion issues [4,19]. Membrane 
separation can separate Li through charge and size exclusion, but faces fouling, selectiv-
ity–permeability trade-off, and limited capacity in complex waters [4,19]. Electrochemical 
methods provide strong selectivity in dilute, multicomponent brines. Nevertheless, these 
methods remain constrained by electrode degradation, side reactions, energy consump-
tion, and scale-up difficulties [4,19]. In contrast, adsorption-based separation has emerged 
as a leading strategy for Li recovery by providing (i) higher Li selectivity and recovery 
efficiency, (ii) cost-effectiveness, (iii) operational simplicity and scalability, and (iv) envi-
ronmental sustainability, enabled by low chemical requirements and minimal waste gen-
eration [2–4,7,11,12,15,18,19]. 

Adsorbents are of central importance in determining the performance of adsorption-
based Li recovery processes, spanning both organic and inorganic material platforms. 
These materials selectively capture Li+ from multicomponent aqueous solutions through 
ion-exchange, surface complexation, or structural intercalation [1,2,4,16]. Organic adsor-
bents such as ion-exchange resin and polymeric materials have been employed for Li re-
covery, but their applications are hindered by relatively low Li selectivity, susceptibility 
to fouling, and limited reusability and stability under highly saline conditions [1,2,4]. 
Meanwhile, inorganic types of adsorbents (often referred to as Li-ion sieves (LISs)) such 
as Li manganese oxide (LMO)-based, titanium (Ti)-based (LTO), and aluminum (Al)-
based adsorbents have been widely investigated in prior studies [1–3,19]. The Li recovery 
performance of these LIS adsorbents is summarized in Table 1. Among these, LMO-based 
adsorbents (e.g., λ-MnO2 and Li2Mn2O5) are the most extensively studied, owing to their 
high Li selectivity and well-defined spinel structures that preferentially intercalate Li+ over 
larger or multivalent cations. However, their performance deteriorates due to Mn disso-
lution-induced structural degradation under acidic conditions required for Li desorption 
[2–4]. LTO-based adsorbents such as Li2TiO3 and H2TiO3 offer high Li selectivity and su-
perior structural stability with negligible metal leaching. Nevertheless, their implementa-
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tion remains challenged by high synthesis costs, slow Li uptake rates, and lower Li ad-
sorption capacity relative to LMO-based adsorbents [2–4]. Aluminum (Al)-based hydrox-
ide adsorbents consisting of LiCl/Al(OH)3 or Li-Al layered double hydroxides (LiAl-LDHs) 
provide additional pathways for Li+ capture via surface complexation and tunable anion-
exchange sites. These materials deliver advantages such as simple synthesis, low-cost raw 
materials, and preparation under mild synthetic conditions. However, they generally ex-
hibit lower Li adsorption capacity and poorer Li selectivity than LTO- and LMO-based 
adsorbents. Although Al-based adsorbents are typically more stable than LMO-based ma-
terials, gradual performance decline could be an issue due to the partial loss of active sites 
and structural changes during repeated adsorption–desorption cycles [2–4,19]. 

Table 1. Lithium recovery performance of selected LIS-based adsorbents. 

Adsorbent Li Adsorption Conditions Types of Li Solution 
Li Uptake 
Capacity 
(mg g−1) 

Equilibrium 
Time  Ref. 

Li4Mn5O12 
10 mL of 70 mg L−1 Li+ solution; 0.1 g ad-

sorbent; 30 °C; pH of 10.1 
Brine that contains multiple cations 

(Mg/Li = 0.88) 
7.1  

(αLi/Mg = 599) 72 h [21] 

LiMn2O4 
10 mL of 70 mg L−1 Li+ solution; 0.1 g ad-

sorbent; 30 °C; pH of 10.1 
Brine that contains multiple cations 

(Mg/Li = 0.89) 
16.9  

(αLi/Mg = 1945) 114 h [22] 

Li1.6Mn1.6O4 
500 mL of 900 times concentrated sea-

water; 0.1 g adsorbent; 25 °C; pH of 10.1 
Seawater 10.1 48 h [23] 

LiNi0.5Mn1.5O4 
LiAl0.5Mn1.5O4 
LiTi0.5Mn1.5O4 

50 mL of 347 mg L−1 Li+ solution; 0.1 g ad-
sorbent; 25 °C; pH of 13 

Li+-containing solution 
10.7 
20.2 
9.4 

24 h [24] 

Granular 
Li4Mn5O12 

Qarhan salt lake brine (Li⁺ = 73 ppm); 
25 °C; pH of 8.5 

Salt lake brine 
(Mg/Li = 12.5) 

4.9 b 5.5 h [25] 

O3-eluted 
HMn2O4 

100 mL of LiOH solution with 100 ppm 
Li⁺; 0.1 g adsorbent; 25 °C; pH of 11.5 

Synthetic solution (Mg/Li = 0.030) 
33.2 

(αLi/Mg = 2367) 
24 h [26] 

Mn-Ti-LIS 
100 ppm LiCl solution; adsorbent-to-solu-

tion ratio of 500 mL g−1; 40 °C; pH of 12 
LiCl solution 32.3 10 h [27] 

Li2TiO3 
10 mL of 70 mg L−1 Li+ solution; 0.1 g ad-

sorbent; 60 °C; pH of 9.19 
Brine that contains multiple cations 

(Mg/Li = 1.43)  
25.6 

(αLi/Mg = 814) 
144 h [28] 

PVB Resin-
H2TiO3 

276.6 mg L−1 Li+ solution; 30 °C; pH of 8.68 
Salt lake brine 
(Mg/Li = 111.7) 

12.1 b 6 h [29] 

Li4Ti5O12 @Shell 
20 mL of 11.13 mg L−1 Li+ solution; 0.1 g 

adsorbent; 25 °C; pH of 13.10 
Brine that contains multiple cations 

(Mg/Li = 1.12) 
28.5 

(αLi/Mg = 4596) 
5 h [30] 

Li4Ti5O12 
50 mL of 120 mg L−1 Li+ solution; 0.1 g ad-

sorbent; 25 °C; pH of 9.17 
Li+ ion-containing solution 39.4 120 h [31] 

H2TiO3 
50 mL of 0.1 ppm LiCl solution; 0.1 g ad-

sorbent; 25 °C; pH of 13 
LiCl solution 

(Mg/Li = 111.7) 
55.1 

(αLi/Mg = 2713) 
24 h [32] 

H4Ti5O12 
100 mL of 150 ppm LiCl solution; 100 mg 

adsorbent; 20 °C; pH of 12 
Simulated brine 
(Mg/Li = 0.29) 

32.1 
(αLi/Mg = 23.4) 

8 h [33] 

Fe-doped H2TiO3 
50 mL of 168 mg L−1 Li+ solution; 0.1 g ad-

sorbent; 25 °C; pH 12 
LiCl solution 
(Mg/Li = 15.4) 

34.3  
(αLi/Mg = 224.9) 

14 h [34] 

LiAl-LDHs 
60 mL of 399 mg L−1 Li+ solution; 1 g ad-

sorbent; 30 °C 
Low-grade brine 
(Mg/Li = 301.6) 

7.3 
(αLi/Mg = 125.3) 

2 h [35] 

Magnetic LiAl-
LDHs 

40 mL of 397 mg L−1 Li+ solution; 1 g ad-
sorbent; 25 °C 

Low-grade brine (Mg/Li = 81.1) 
6.0 

(αLi/Mg = 259) 
4 h [36] 

Fe-doped LiAl-
LDHs 

800 mg L−1 Li+ solution; 50 °C Simulated brine (LiCl/NaCl) 11.3 1 h [37] 

LiZnAl-LDH 
20 g L−1 of adsorbents in brine solution; 

25 °C 
Salt lake brine a 13.4  

(αLi/Mg = 171) 
3 h [38] 

Li-Al-CO3 LDH 
800 ppm of Li⁺ solution; solid–liquid ratio 

of 1:40; 50 °C 
Simulated brine (LiCl/NaCl) 

(Mg/Li = 3.17) 
18 

(αLi/Mg = 118) 
3 h [39] 

PDMS@Li/ZnAl-
LDH 

2 L of 100 mg L−1 Li+ solution (2 L brine); 
70 °C; pH of 7 

Salt lake brine 
(Mg/Li = 0.51) 

9.4 
(αLi/Mg = 175) 

2 h [40] 



Sustainability 2026, 18, 7101 5 of 26 
 

https://doi.org/10.3390/su18147101 

a No information on Mg/Li molar ratio; b Li selectivity to Mg (αLi/Mg) was not provided. 

Zeolites are increasingly viewed as strong candidates for Li recovery because their 
crystalline, microporous frameworks offer highly tunable ion-exchange properties that 
can be engineered for Li⁺ selectivity [4,41,42]. Their well-defined pore structures, high sur-
face areas, and negatively charged aluminosilicate frameworks create ion-exchange sites 
that can accommodate Li⁺. Li recovery performance of zeolite-based materials is summa-
rized in Table 2. Compared with state-of-the-art LIS adsorbents such as LMO-, LTO- and 
Al-based materials (Table 1), zeolites generally exhibit lower Li adsorption capacities and 
selectivities mainly because their adsorption primarily relies on conventional cation-ex-
change mechanisms. Nevertheless, zeolites often show faster kinetics than LIS materials, 
owing to rapid ion-exchange behavior. In addition, zeolites possess exceptional thermal 
and chemical stability, which hold potential for operations in harsh environments such as 
geothermal fluids, oilfield brines, and seawaters where many adsorbents degrade [43–47]. 
From an economic perspective, zeolites are manufactured at substantially lower costs than 
their counterparts. Natural zeolites are abundant, inexpensive, and commercially availa-
ble, while synthetic zeolites are also produced on a large industrial scale because of their 
long-established applications in catalysis, separation, and ion-exchange [42,48–50]. These 
features strongly support zeolites’ potential for deployment in large-scale Li recovery sys-
tems. Although zeolites have been widely employed as highly reusable cation-exchangers 
in water treatment and separation processes [42,51], comprehensive evaluations of their 
long-term cycling stability and regeneration performance for Li recovery are still lacking. 
Overall, the unique combination of low cost, structural tunability, stability, and scalability 
positions zeolites as a promising platform for next-generation Li recovery technologies. 

Table 2. Lithium recovery performance of zeolite-based adsorbents. 

Adsorbent Li Adsorption Conditions Types of Li Solution 
Li Uptake 
Capacity 
(mg g−1) 

Equilibrium 
Time Ref. 

Clinoptilolite (natural) 10 mg L−1 Li+ solution; 25 °C; pH of 9 Geothermal water 0.45 0.5 h [43] 
Na-X 10 mg L−1 Li+ solution; 25 °C; pH of 9 Geothermal water 0.45 0.5 h [43] 

Clinoptilolite (natural) 
15 mL of 0–5205 mg L−1 Li+ solution; 2.5 

g adsorbent; 25 °C; pH of 6–8 
Brine that contains 

multiple cations 
3900 ppm Li+ recov-

ered 
- [52] 

SOD 
50 mL of 100 mg L−1 Li+ solution; 4 g/L 

adsorbent; 25 °C; pH of 6 
Low-quality brine 

(Mg/Li = 100) 
23.0 (18.7 for Mg/Li = 

100) b 4 h [53] 

13X (powder) 
100 mL of 500 mg L−1 Li+ solution; 1 g ad-

sorbent; 40 °C; pH of 9 

Synthetic solution and 
geothermal brine  

(Mg/Li = 2.34) 
20.3 b 1 min [44] 

13X (beads) 
100 mL of 300 mg/L L−1 Li+ solution; 1 g 

adsorbent; 60 °C; pH of 9 

Synthetic solution and 
geothermal brine 

(Mg/Li = 2.34) 
8.6 b 9 h [44] 

13X 
Simulated battery leachate containing 20 
mg L−1 Li⁺; 12 g L−1 adsorbent; 25 °C; pH 

of 6.5 
Spent battery leachates ~70% of Li+ recovered 60 min [54] 

13X 
Simulated battery leachate containing 20 
mg L−1 Li⁺; 5 g L−1 adsorbent; 25 °C; pH 

of 7–10 
Spent battery leachates ~30% of Li+ recovered 40 min [55] 

NaY 
Simulated battery leachate containing 20 
mg L−1 Li⁺; 5 g L−1 adsorbent; 25 °C; pH 

of 7–10 
Spent battery leachates ~30% of Li+ recovered 40 min [55] 

GIS 
50 mL of battery leachate containing 

Co2+, Ni2+, Mn2+ and Li+; 4 mg L−1 adsor-
bent; 0 °C 

Spent battery leachate >95% of Li+ recovered 2 h [56] 
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Hydroxycancrinite 
50 mL of 0.5 mol L−1 Li+ solution; 3 g ad-

sorbent; 100 °C 
Synthetic solution 

(LiCl) 

Li uptake correspond-
ing to 4.5 wt% of Li2O 

on zeolites 
24 h [57] 

5A (Na-form) 
100 mL of 10.0 mg L−1 Li+ solution; 1.0 g 

adsorbent; 40 °C 
Synthetic solution 

(LiCl) 
4.2 (at 40 °C) 
5.0 (at 50 °C) 

~24 h [58] 

5A (H-form) 
100 mL of 10.0 mg L−1 Li+ solution; 1.0 g 

adsorbent; 40 °C 
Synthetic solution 

(LiCl) 
2.1 ~24 h [58] 

13X (Na-form) 
100 mL of 10.0 mg L−1 Li+ solution; 1.0 g 

adsorbent; 40 °C 
Synthetic solution 

(LiCl) 
11.4 (at 40 °C) 
11.9 (at 50 °C) 

~24 h [58] 

13X (H-form) 
100 mL of 10.0 mg L−1 Li+ solution; 1.0 g 

adsorbent; 40 °C 
Synthetic solution 

(LiCl) 
7.7 ~24 h [58] 

NaA 
50 mL of battery leachate containing 

Co2+ and Li+; 20 g L−1 adsorbent; 90 °C; 
pH of 6 

Spent battery leachate 
>95% of Co2+ recov-
ered; no Li+ uptake 

30 min [59] 

NaA 
Simulated battery leachate containing 

0.1 mol L−1 Li⁺; 20–60 °C; pH of 2–7 
Spent battery leachates >95% of Li+ recovered 4 h [60] 

NaA 
Battery leachate containing Co2+, Ni2+, 
Mn2+ and Li+; 2–16 g L−1 adsorbent; 0–

60 °C 
Spent battery leachates >95% of Li+ recovered 10 h [61] 

Clinoptilolite–PAA 
composite 

10 mg L−1 Li+ solution; 25 °C; pH of 5 Geothermal water a Li+ uptake resulting in 
5 mg L−1 Li+ solution b 3 h [43] 

Zeolite–hydrogel com-
posite 

30 mL of 55 mg L−1 Li+ solution; 1 g of 
adsorbent; 25 °C; pH of 6.12 

Geothermal waters 
(Mg/Li = 0.015) 

0.09 b 24 h [46] 

Nanofiber containing 
zeolite carrier (PAN 

CE@SiO2/zeolite) 

50 mL of 100 mg L−1 Li+ solution; 25 mg 
adsorbent, 25 °C; pH of 6 

Salt lake brine 
(Mg/Li = 0.019) 

8.6 
(αLi/Mg = 8.9) 

2.5 h [47] 

LiAl-LDHs/ZSM-5 
Composite 

Zeolite-to-Li+ ratio of 2; 10 g L−1 of ad-
sorbent; 25 °C; pH of 7 

Salt lake brine 
(Mg/Li = 2.17) 

6.2 
(αLi/Mg = 188) 

4 h [45] 

a No information on Mg/Li molar ratio; b Li selectivity to Mg (αLi/Mg) was not provided. 

In this review, we present zeolites as a promising class of emerging adsorbents and 
systematically analyze recent progress in sustainable zeolite-based Li capture from non-
conventional Li resources. While existing reviews have largely surveyed adsorption-
based Li recovery, with an emphasis on LIS-based adsorbents (i.e., LMO, LTO, and Al-
based materials) [2–4,9,14,16,17,19], polymeric adsorbents [3,16,17,19], and their hybrid 
materials [3,16,17,19], a comprehensive review and perspective that centers explicitly on 
zeolite-based strategies remains scarce. To the best of our knowledge, this is the first re-
view article to provide a focused and comprehensive review of zeolite-based adsorbents 
for sustainable Li recovery. Our systematic and rigorous analysis of prior reports on this 
topic enables us to distill five guiding design principles that shape Li+ adsorption capacity 
and selectivity, transport behavior, and adsorption mechanisms: (i) framework charge 
density, (ii) framework topology and pore architecture, (iii) particle morphology (size and 
shape), (iv) zeolite-based hybrid materials, and (v) key operational design parameters, 
particularly temperature and solution pH. We also discuss current challenges and emerg-
ing opportunities, unlocking the full potential of zeolite-based systems in the future. 
Building on this foundation, this review aims to accelerate the development of advanced 
zeolite-based materials and adsorption processes, positioning them as durable, scalable, 
and sustainable platforms for next-generation Li recovery. 

2. Zeolite Adsorbents 
2.1. What Are Zeolites? 

Zeolites are crystalline, microporous aluminosilicates that are characterized by a pore 
architecture built by a three-dimensional (3D) network of linked TO4 tetrahedra (T = Si or 
Al) interconnected through O atoms. For a purely siliceous structure, the resulting struc-
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ture is silica (SiO2), with a complete charge balance with the structure. Nonetheless, when 
Al atoms are incorporated into the tetrahedrally coordinated silica framework, the 3+ 
charge of Al renders the zeolite framework negatively charged, due to charge difference 
between (AlO4)5- and (SiO4)4- tetrahedra (Figure 3a) [42,62]. This negative charge on the 
zeolite framework is balanced by introducing extra-framework cationic species inside the 
structures of the zeolite framework, keeping the overall framework neutral. These com-
pensating cations can be metal cations. Noticeably, each Si-O-Al unit introduces a single 
negative charge on the zeolite framework, which is typically balanced by one monovalent 
charge-compensating cation (e.g., Na⁺ or K⁺). A single divalent cation such as Ca2+ or Mg2+ 
can be incorporated into zeolite lattices when two Al atoms are positioned near one an-
other, and the framework presents two neighboring negative charges. 

 

Figure 3. Schematic illustration of (a) ion-exchange site in zeolites and (b) representative zeolite 
frameworks and their pore architectures. MR stands for membered-ring, while dashed lines and 
arrows indicate the representative pore structures and their pore diameters, respectively. 

A defining feature of zeolites is their framework-derived porosity, which has gar-
nered considerable scientific and industrial interest. The flexibility of the T-O-T (T = Si or 
Al) bond angles enables diverse spatial arrangements of the tetrahedral building units, 
giving rise to a wide variety of porous framework architectures. Zeolite pore structures 
are conventionally classified according to the size and geometry of their pore channel ap-
ertures, which are defined by the number of tetrahedral T atoms forming each ring (Figure 
3b). To date, more than 240 distinct zeolite framework types have been identified. Based 
on pore aperture size, zeolites are commonly categorized as small-pore (six-membered 
ring (6-MR) and 8-MR), medium-pore (10-MR), and large-pore (12-MR) frameworks (Ta-
ble 3) [63]. Examples of small-pore zeolites are SOD (with 6-MR and ~0.28 nm pore size) 
and LTA (with 8-MR and ~0.40 nm pore size), whereas medium-pore structures such as 
MFI exhibit channels with diameters of ~0.56 nm. Large-pore frameworks, including FAU, 
feature pore windows ranging from ~0.74 nm [62,63]. This pore size classification is fun-
damental because the effective pore diameter affecting adsorption behavior relies not only 
on crystallographic ring size but also on framework composition, temperature, and extra-
framework cations, all of which can alter accessible free volume and transport properties 
of adsorbates within the zeolite framework [64]. 
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Table 3. Structural properties of some zeolites. 

Name 
Framework 
Topology Pore Dimension Extra-Framework Cation 

Si/Al Ratio 
(SAR) 

SOD SOD 6-MR (0.28 nm × 0.28 nm) Na+ 1.0 
GIS GIS 8-MR (0.31 nm × 0.45 nm); 8-MR (0.26 nm × 0.49 nm) Na+ 1.0–1.5 

3A (KA) LTA 8-MR (~0.30 nm × ~0.30 nm) Na+, K+ 1.0 
4A (NaA) LTA 8-MR (~0.40 nm × ~0.40 nm) Na+ 1.0 
5A (CaA) LTA 8-MR (~0.50 nm × ~0.50 nm) Na+, Ca2+ 1.0 

ZSM-5 MFI 10-MR (0.53 nm × 0.56 nm) Na+, NH4+, H+ ≥12 
BEA BEA 12-MR (0.64 nm × 0.76 nm) Na+, NH4+, H+ ≥12 

13X (NaX) FAU 12-MR (0.74 nm × 0.74 nm); Supercage (~1.2 nm) Na+ 1.0–1.5 
NaY FAU 12-MR (0.74 nm × 0.74 nm); Supercage (~1.2 nm) Na+ >1.5 

2.2. Natural and Synthetic Zeolites 

Zeolites are generally classified as natural or synthetic zeolites, based on their origin. 
Both classes have been actively explored as adsorbents for Li recovery from a wide range 
of resource streams. Natural zeolites are formed from volcanic or sedimentary environ-
ments. Common natural zeolites include clinoptilolite, mordenite, chabazite, and anal-
cime, as listed in Table 4. They are abundant, inexpensive, and readily available, rendering 
them attractive for large-scale adsorption and ion-exchange applications [51,65,66]. How-
ever, natural zeolites often possess variations in composition, crystallinity, and pore struc-
ture depending on their geological origin [51,65,66]. On the other hand, synthetic zeolites 
are produced with high purity through controlled synthesis, allowing for precise tuning 
of pore size, Si/Al ratio (SAR), crystal morphology (size and shape), and extra-framework 
cation compositions for adsorption applications. 

Table 4. Structural properties of some natural zeolites [41,51,65]. 

Name 
Framework 
Topology Pore Dimension Extra-Framework Cations Si/Al Ratio (SAR) 

Analcime ANA 8-MR (0.16 nm × 0.42 nm) Na+ 2.0–3.0 
Chabazite CHA 8-MR (0.38 nm × 0.38 nm) Ca2+ 1.4–4.2 

Clinoptilolite HEU 10-MR (0.31 nm × 0.75 nm) 
8-MR (0.30 nm × 0.46 nm) 

Na+, K+ 2.9–5.0 

Erionite ERI 8-MR (0.36 nm × 0.51 nm) Na+, K+, Mg2+, Ca2+ 3.0–4.0 

Ferrierite FER 
10-MR (0.42 nm × 0.54 nm) 
8-MR (0.34 nm × 0.54 nm) Na+, Mg2+ 3.8–6.1 

Heulandite HEU 
10-MR (0.31 nm × 0.75 nm) 
8-MR (0.30 nm × 0.46 nm) Ca2+ 2.9–4.3 

Hydroxycancrinite CAN 6-MR (0.59 nm × 0.59 nm) Na+, K+, Ca2+ 1.0–1.2 
Laumontite LAU 10-MR (0.40 nm × 053 nm) Ca2+ 2.0–2.3 

Mordenite MOR 12-MR (0.65 nm × 0.70 nm) 
8-MR (0.26 nm × 0.57 nm) Na+ 4.2–5.8 

Phillipsite PHI 8-MR (0.38 nm × 0.38 nm) 
8-MR (0.30 nm × 0.43 nm) Na+, K+, Ca2+ 1.5–2.9 

The desired type and properties of zeolites are significantly dependent upon the 
choice of synthesis method (Figure 4) [62,64,67]. Zeolite synthesis is traditionally carried 
out by conventional hydrothermal crystallization [62]. In this route, a gel containing silica, 
alumina, water, and an alkali source is heated under pressure so that crystals form over 
time. Structure-directing agents (SDAs) are often added to guide the framework that de-
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velops. To date, hydrothermal synthesis remains the standard method for many common 
zeolites including SOD, CHA, LTA, MFI, BEA and FAU. But, conventional hydrothermal 
synthesis is slow and energy-intensive, and limited in structural and morphological con-
trol for certain types of zeolites [64,67]. Solvothermal synthesis follows synthetic princi-
ples similar to hydrothermal synthesis, but employs organic solvents instead of, or in com-
bination with, water. Solvothermal methods often provide improved control over crystal 
morphology (particle size and shape); however, they are generally more expensive due to 
solvent costs and recovery requirements [67]. Ionothermal synthesis represents another 
alternative approach, in which ionic liquids serve as reaction media and, in some cases, as 
SDAs for zeolite crystallization. This method enables the preparation of unique zeolite 
and zeolite-type structures that are challenging to synthesize through conventional routes. 
However, the high cost of ionic liquids and the difficulty of product purification are cur-
rently major hurdles for large-scale implementation [67]. 

 

Figure 4. Schematic of various synthesis pathways to produce zeolite materials. 

To reduce energy consumption and chemical usage, minimize waste generation, and 
improve sustainability, various alternative synthetic approaches have been developed, in-
cluding dry-gel conversion (DGC) and steam-assisted conversion (SAC) methods, micro-
wave-assisted crystallization, seed-assisted routes, and the use of sustainable raw materi-
als (Figure 4) [64,67–69]. For DGC or SAC methods, a solid precursor gel is exposed to 
water vapor or steam rather than being fully immersed in liquid. These vapor-phase 
routes often achieve high zeolite product yields and provide improved control over par-
ticle size. However, narrower optimization windows of synthesis, compared to a hydro-
thermal method, could be an issue associated with zeolite crystallization under vapor-
phase routes [69]. To accelerate zeolite crystallization, microwave-assisted hydrothermal 
synthesis applies microwave irradiation to heat precursor gels rapidly and uniformly. 
This enhances nucleation rates, shortens crystallization times from days to hours, and of-
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ten produces smaller, more uniform crystals with improved phase purity. Nevertheless, 
challenges associated with synthesis reactor design and scale-up have limited its wide-
spread industrial adoption [67]. Seed-assisted synthesis utilizes the addition of seed crys-
tals to reduce the induction period required for zeolite nucleation, in turn significantly 
reducing zeolite crystallization times. This seeding often improves zeolite phase selectiv-
ity and allows for synthesis with reduced amounts of SDAs or even under SDA-free con-
ditions. However, this synthetic strategy is generally limited to specific framework types 
and provides less flexibility in controlling zeolite structure [68]. The use of renewable and 
waste-derived raw materials has also become an important element of green and sustain-
able zeolite synthesis. Industrial by-products and agricultural wastes rich in silica and 
alumina, such as coal fly ash, rice husk ash, sugarcane bagasse ash, red mud, kaolin, and 
waste glass, can serve as effective alternative precursors. Converting these waste streams 
into zeolites simultaneously reduces landfill burdens, conserves natural mineral resources, 
and lowers production costs. However, challenges associated with feedstock heterogene-
ity, impurity management, and the control of zeolite framework composition and crystal-
linity remain to be addressed for sustainable zeolite synthesis [67,69]. 

3. Design Principles for Zeolite-Based Li Recovery 
A coherent design platform for zeolite-based Li recovery emerges from five mutually 

reinforcing principles that steer Li⁺ adsorption capacity, selectivity, transport behavior, 
and adsorption mechanisms: (i) framework charge density tuned by the Si/Al ratio (SAR), 
(ii) framework topology and pore architecture, (iii) particle morphology (size and shape), 
(iv) integration of zeolites with other materials to form zeolite-based composite or hybrid 
materials, and (v) key operational design parameters, particularly temperature and solu-
tion pH (Figure 5). Each of these principles is discussed below, in light of recent research 
(Table 2) aimed at advancing sustainable and efficient Li recovery. 

 

Figure 5. Schematic of the five guiding principles for rationally designing zeolite-based adsorbents 
as next-generation materials for sustainable lithium recovery technologies. 
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3.1. Framework Charge Density (Si/Al Ratio (SAR)) 

Framework charge density of zeolites (i.e., SAR) is a key determinant of Li+ uptake 
capacity and selectivity. When Al atoms are tetrahedrally coordinated into zeolite frame-
works, a net negative charge is balanced by typically exchangeable cations such as Na⁺, 
K⁺, NH4+, H+, Ca2+, or Mg2+ in their micropore channels (Figure 3a). 

The Li extraction mechanism of zeolites principally originates from the ion-exchange 
process where Li+ from aqueous solutions replaces these cations in zeolites [4,58]. Accord-
ing to Hoyer et al. [52], batch adsorption experiments were conducted across wide ranges 
of LiCl (0–750 mM) and NaCl (0.01–5 M) concentrations using natural zeolites that are 
mostly composed of 88–95% clinoptilolite. This study found that Li adsorption increased 
with increasing Li+ concentration and decreasing Na+ concentration, suggesting strong 
competition between Li⁺ and Na⁺ for exchange sites on zeolites. Maximum Li uptake of 
zeolites, which occurred at 750 mM LiCl and 0.01 M NaCl, was ~3900 ppm, revealing high 
Li removal efficiency from solution (up to ~65%). This study demonstrates that low-cost 
zeolite adsorbents can remove Li from saline environments; however, their inherently low 
Li⁺ selectivity becomes a major limitation when high concentrations of competing cations 
(e.g., Na⁺, K⁺, Mg2+, and Ca2+) are present, as is typical in natural brines. 

Framework charge density of zeolites is primarily determined by SAR [62,64]. Lower 
SAR values increase the negative charge of the aluminosilicate zeolite framework, thereby 
enhancing cation exchange capacity. For instance, Conte et al. investigated Li+ and Co2+ 
uptake for LIB leachate applications and employed two FAU zeolites, i.e., 13X and NaY 
with SARs of 1.3 and 2.5, respectively, and both zeolites have Na+ as extra-framework 
cations [54]. In Li uptake experiments in the presence of a single Li+ (with a concentration 
of 20 mg L−1), Li removal values of 78% and 60% were obtained on 13X and NaY, indicating 
that lower SAR increases Li capture capacity. Typically, a high negative framework charge 
density in low-silica zeolites (i.e., low SAR) generally promotes the preferential adsorp-
tion of divalent and trivalent cations over monovalent ions. Diez and colleagues demon-
strated this behavior, who assessed Li+ and Co2+ adsorption in mixed-ion solutions con-
taining Li+ (20 mg L−1) and Co2+ (40 mg L−1) [55]. Both 13X (FAU with SAR of 1.2) and NaY 
(FAU with SAR of 2.7) showed a strong preference for Co2+, adsorbing ~24.0 mg g−1 of Co2+, 

whereas Li+ ion uptake was limited to only ~0.30 mg g−1 on both zeolites. Likewise, the 
preferential adsorption of Co2+ over Li+ was also found on low-silica zeolites with SARs of 
1.0–2.9 and various frameworks, including LTA, FAU, LTF and EMT, in the separation of 
Co2+ and Li+ from spent LiCoO2 batteries [59]. While zeolites inherently prefer divalent 
cations over Li+, this selectivity can be leveraged to remove divalent cations, eventually 
leaving Li+-enriched solution in applications such as spent battery leachates. Importantly, 
zeolites can still achieve selective Li+ recovery from divalent cation-rich streams by engi-
neering framework topology and pore architecture, and operational parameters such as 
temperature, as elaborated in Sections 3.2 and 3.5. 

The type of extra-framework cation in zeolites has a substantial impact on Li uptake 
capacity. According to Navarrete-Casas et al., two synthetic zeolites of 5A (LTA with SAR 
of 1.0) and 13X possessing extra-framework cations of Na+ and H+ were chosen to study 
the ion-exchange of Li+ with Na+ and H+, respectively [58]. This study revealed that Li+ 
ion-exchange was reversible and occurred much more readily with Na+ than with H+. The 
replacement of Na+ by Li+ was more favorable both kinetically and thermodynamically, 
whereas ion-exchange of framework-associated H+ was less favorable due to stronger pro-
ton interactions with the zeolite lattice. As a result, Na-form zeolites of 5A and 13X exhib-
ited significantly greater Li uptake (4.2 mg g−1 and 11.4 mg g−1, respectively) than their 
corresponding H-form zeolites (2.2 mg g−1 and 7.7 mg g−1, respectively) in adsorption ex-
periments under identical conditions at 40 °C. Another example involves 13X in Li recov-
ery using synthetic and geothermal brine [44]. This work reported that ion-exchange of 
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Li+–Na+ is dominant at Li+ concentrations of less than ~100–200 mg L−1. However, ion-ex-
change of H+–Na+ occurred predominantly at Li+ concentrations greater than ~100–200 mg 
L−1, reducing Li adsorption capacity. A decrease in pH observed during Li adsorption by 
13X under these conditions suggested that protons were somehow involved in the ion-
exchange, and the authors proposed H+–Na+ ion-exchange at a higher Li+ concentration. 
Given the wide range of exchangeable cations that can be incorporated into zeolites, these 
examples illustrate that the nature of the extra-framework cation can act as a key factor 
governing Li⁺ adsorption performance. 

3.2. Framework Topology and Pore Architecture 

Framework topology and pore architecture are critical to zeolite-based Li recovery, 
as they govern how ion-exchange sites are arranged and accessed, how strongly steric 
exclusion occurs, and how easily Li+ ions move through the microporous network. These 
structural features ultimately determine Li+ capacity and selectivity against competing 
ions, while also defining kinetics and adsorption mechanism for Li+. 

 The choice of zeolite framework structures strongly dictates Li+ uptake capacity and 
mechanism. Specifically, zeolites 5A (LTA with SAR of 1.0; Na+ only as extra-framework 
cations prepared after ion-exchange between Na+–Ca2+) and 13X (FAU with SAR of 1.2) 
showed total cation-exchange capacities of 2.72 and 3.54 meq g−1, respectively, while Li 
capture values of 5.0 mg g−1 and 11. 9 mg g−1 were observed for 5A and 13X, respectively, 
under identical adsorption conditions [58]. This indicates that 13X has a greater Li+ ion-
exchange capacity than 5A, despite possessing a higher SAR. Equilibrium isotherm anal-
yses further revealed fundamentally different Li uptake mechanisms in the two zeolites. 
In zeolite 5A, only a single ion-exchange process was observed, with Li+ primarily occu-
pying anionic sites located on the external surface and within the accessible pore network. 
In contrast, zeolite 13X displayed two sequential exchange processes: an initial exchange 
at external sites followed by a second, more extensive exchange step in which Li+ ions 
penetrated the three-dimensionally interconnected FAU supercages (~1.2 nm) and occu-
pied internal framework sites. Consequently, the larger and more accessible pore system 
of the FAU framework enabled greater Li+ incorporation than the LTA framework. 

 Zeolite pore size is capable of precisely manipulating Li+ selectivity in brine solutions 
by constraining ion accessibility, dehydration requirements, and transport through the 
microporous framework. Wang et al. highlighted this principle by demonstrating that 
SOD zeolites achieve selective Li recovery from low-quality brines with low Li concentra-
tions (<100 mg L−1) and high Mg/Li ratios (>100) [53], which remains challenging for con-
ventional Li extraction technologies. The central premise of this work is that differences 
in ion-exchange kinetics between Li+ and Mg2+ could be used to achieve selective Li ad-
sorption. This concept was evaluated using three Na-form zeolites with SOD (6-MR; 0.28 
nm pore size), NaA (LTA; 8-MR; 0.41 nm pore size), and NaX (FAU; 12-MR; 0.74 nm pore 
size). As a result, small-pore SOD exhibited strong kinetic selectivity for Li+ over Mg2+, 
although zeolites typically favor adsorption of divalent cations such as Mg2+. This behav-
ior arises from the narrow pores of SOD, which significantly slow the transport and ion-
exchange of Mg2+ while allowing for faster Li+ uptake. Specifically, SOD zeolites attained 
a Li+ adsorption capacity of 2.7–3.7 mmol g−1 (=18.7–25.7 mg g−1) under high Mg/Li ratio 
conditions, demonstrating excellent performance for selective Li capture from brines. To 
explain the high Li+ selectivity of SOD, adsorption experiments combined with density 
functional theory (DFT) calculations were conducted, and the authors proposed three se-
quential steps governing ion-exchange processes: (i) dehydration of hydrated metal ions 
(i.e., Li+ or Mg2+), (ii) migration through zeolite pores, and (iii) exchange with Na+ located 
in the zeolite framework. Li+ consistently shows lower energy barriers than Mg2+ across 
the three steps (i.e., dehydration, migration, and ion-exchange), while the higher dehy-
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dration energy and slower mobility of Mg2+ within SOD cages suppress its uptake (Table 
5). Therefore, Li+/Mg2+ separation stems from kinetic control as the primary mechanism, 
rather than equilibrium thermodynamics. 

Table 5. Ionic radius, hydrated diameter, hydration free energy and hydrated ionic potential of 
metal cations [44,53,70,71]. 

Cation 
Ionic 

Radius 
(Å) 

Hydrated 
Diameter (Å) 

Hydration Free Energy a,c 
(kJ mol−1) 

Hydrated Ionic 
Potential b,c (e Å−1) 

Li⁺ 0.74 6.92–7.60 −515 0.294 
Na⁺ 1.14 5.99 −405 0.334 
K⁺ 1.52 5.51 −295 0.364 

Mg2+ 0.72 8.56 −1922 0.473 
Ca2+ 1.15 8.25 −1306 0.485 
Mn2+ 0.80 8.76 −1841 0.457 
Co2+ 0.75 8.60 −1995 0.470 
Sr2+ 1.328 8.24 −1443 0.485 
Ba2+ 1.498 8.08 −1305 0.495 

a Hydration free energy is defined as the Gibbs free energy change for transferring an ion from gas 
phase into aqueous solution. This thermodynamic quantity reflects both enthalpic contributions 
(ion–water interactions) and entropic contributions associated with water restructuring [72]. b Hy-
drated ionic potential represents the effective charge density of a hydrated ion in water, defined as 
the ionic charge divided by its hydrated radius. This parameter captures how strongly an ion attracts 
and organizes surrounding water molecules. Ions with higher hydrated ionic potential generate 
more strongly bound, highly ordered hydration shells, and therefore face greater dehydration en-
ergy barriers [73,74]. Conversely, ions with lower hydrated ionic potential interact more weakly 
with water, leading to looser hydration shells and easier dehydration [73,74]. c Hydration free en-
ergy and hydrated ionic potential are closely correlated because they both reflect the strength of 
ion–water interactions, but they represent distinct quantities. Hydrated ionic potential is a geomet-
ric–electrostatic descriptor, while hydration free energy is a thermodynamic quantity. In general, 
higher hydrated ionic potential corresponds to more negative (i.e., stronger) hydration free energy 
[71,75]. 

Small-pore zeolites, when paired with sustainable zeolite synthesis routes, offer a 
low-cost and scalable pathway for accomplishing high Li recovery from multicomponent 
brine solutions that contain Li+, Na+, K+, Ca2+ and Mg2+. Using various aluminosilicate 
wastes including feldspar, pyrophyllite, coal gangue and coal fly ash, Zhang et al. con-
verted them into small-pore zeolites, i.e., hydroxycancrinite (CAN framework; 6-MR) [57]. 
It is worth noting that the crystallographic channel diameter of hydroxycancrinite is about 
0.59 nm (Table 4), but the presence of OH- groups and extra-framework Na+ residing in-
side the channel can reduce the effective pore apertures to the ~0.28–0.30 nm range 
[76,77], which is the size actually experienced by diffusing ions. The resulting hy-
droxycancrinite zeolite revealed high crystallinity, uniform microporosity, and abundant 
exchangeable Na+ sites with SAR of 1.1–3.8, providing a structurally favorable environ-
ment for selective Li+ uptake. Consequently, this zeolite exhibited Li loadings of 4.5 wt% 
Li2O in mixed-cation solutions, and up to 9.4 wt% Li2O in pure LiCl solution. These Li 
contents surpass those of many typically found in many high-grade hard-rock Li ores 
(~1.5–4 wt% Li2O), creating a dual benefit of a remarkable Li immobilization capacity and 
waste utilization. 
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3.3. Particle Morphology (Size and Shape) 

Adsorbent particle morphology (size and shape) represents a key design considera-
tion for developing effective highly Li-selective adsorbents, as it governs the efficiency of 
ion transport and site accessibility. When particles are small, the intracrystalline diffusion 
path is short, allowing Li+ ions to reach adsorption active sites rapidly. Larger particles, in 
contrast, impose long diffusion pathways that slow Li+ transport and reduce the fraction 
of sites that can participate in adsorption within practical contact times. This relationship 
was clearly illuminated by Reich et al. [44], who evaluated zeolite 13X in powder and bead 
forms for Li recovery from geothermal brine. As a result, increasing zeolite grain size from 
powder to beads led to a 58% reduction in Li+ adsorption capacity, i.e., lowering capacity 
from 20.3 mg g−1 to 8.6 mg g−1. Similar results were also obtained for Li recovery from 
simulated battery leachates using 13X in powder and pellet forms [54]. Powdered 13X 
exhibited significantly faster Li+ uptake kinetics and a higher adsorption capacity than its 
pelletized counterpart. These differences were attributable to the shorter diffusion path-
ways and greater accessibility of ion-exchange sites in the powder form. 

Zeolite particle shape could modulate Li adsorption performance by determining the 
external surface area and the accessibility of ion-exchange sites, although this aspect has 
received limited attention in the literature. Morphologies such as plate-like, needle-like, 
or nanosheet structures would expose more surface Na+ sites and minimize the need for 
slow intracrystalline diffusion [78–80], enhancing Li+ uptake kinetics. On the contrary, ag-
gregated morphologies sequester ion-exchange sites within the crystal interior, leading to 
slower and diffusion-limited adsorption [78–80]. 

These shape- and size-dependent characteristics are also similarly linked to adsor-
bent regeneration efficiency because regeneration involves the reverse ion-exchange pro-
cess. The same structural features that enhance Li+ uptake, namely, smaller crystal size 
and more open particle shape, are likewise expected to accelerate Li+ release during re-
generation by minimizing diffusion limitations and improving regenerant accessibility to 
ion-exchange sites [81]. This trend has already been reported in other metal ion-exchange 
applications in water treatment [48,82,83]. However, the specific influences of particle 
morphology (size and shape) on regeneration as well as Li+ desorption kinetics remain 
largely vague, underscoring the need for targeted studies to unravel these effects. 

3.4. Integration with Other Materials (Zeolite-Based Composite) 

Integrating zeolites with other materials can be an effective approach for recovering 
Li+ from various Li resources including geothermal water, brine, and salt lakes. Wisniew-
ska et al. reported that natural and synthetic zeolites, combined with poly(acrylic acid) 
(PAA) polymers, resulted in enhanced Li selectivity from geothermal water in Poland [43]. 
The key idea is that PAA within zeolite–PAA hybrid adsorbents created a more favorable 
interface for capturing Li+ through polymer–Li metal complexation, in addition to Li up-
take via ion-exchange processes within the zeolite framework. It turned out that Li extrac-
tion is strongly dependent on the order of addition of PAA and Li+, where the way of 
adding the polymer layer controls the accessibility of exchange sites and diffusion path-
ways. When PAA is allowed to adsorb or Li+ is pre-equilibrated before the second com-
ponent is added, the resulting interfacial structure favors more efficient Li uptake by con-
trolling both thermodynamic affinity and transport for Li in zeolite-based systems. Cli-
noptilolite–PAA composite provided the highest Li recovery from geothermal water, 
achieving approximately 50% Li removal from an initial concentration of about 10 mg L−1. 

Zeolite–hydrogel composite was investigated for the simultaneous extraction of Li 
and arsenic (As) from geothermal waters [46]. The composite was prepared by combining 
natural clinoptilolite zeolites with sodium alginate and chitosan, two biopolymer-based 
hydrogel materials. The rationale behind the composite design was to integrate the ion-
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exchange capability of clinoptilolite with the adsorption properties and high-water affin-
ity of alginate and chitosan hydrogels. The results showed that the composite performed 
poorly for direct Li extraction from untreated geothermal brine: it removed only ~5.5% of 
Li (with Li uptake of ~0.09 mg g−1). In contrast, the composite demonstrated promising As 
removal performance, reducing As concentrations by approximately 52%. The authors 
concluded that the composite’s strong affinity for As but weak uptake of Li is attributable 
to the preferential binding of As to the carboxylic and amine groups in chitosan and algi-
nate, whereas these groups do not effectively coordinate Li+. Additionally, high silica con-
centrations in geothermal water can foul zeolite surfaces and block micropores, thereby 
reducing Li+ selectivity. To overcome low Li+ selectivity barriers in complex geothermal 
brine, the authors suggested that future improvements include surface modification, pre-
treatment of geothermal brine, incorporation of Li-selective functional groups, or modifi-
cation of clinoptilolite zeolite. 

Unlike zeolite-based Li recovery systems that rely on ion-exchange sites within zeo-
lite pores, zeolites have also been used primarily as carriers or supporting materials that 
have no ion-exchange sites. Ding and coworkers illustrate this concept with salt lakes by 
anchoring crown ether (CE) ligands within nanofiber-containing zeolites, enabling CEs to 
provide Li+-selective binding functionality, while preserving the vacancies of epoxy 
groups in CE essential for Li+ coordination [47]. Spectroscopic and computational analyses 
(e.g., Fourier transform infrared (FT-IR) spectroscopy, scanning electron microscopy 
(SEM), X-ray photoelectron spectroscopy (XPS), and density functional theory (DFT)) in-
dicate that Li+ undergoes dsp3 hybridization, facilitating electron donation from CE-func-
tionalized sites to coordinate with Li+ and form stable complexes. The material exhibited 
rapid adsorption kinetics, reaching equilibrium within 2.5 h and conforming to a pseudo-
second-order kinetic model. Adsorption behavior of the adsorbent followed the Langmuir 
isotherm, consistent with monolayer adsorption, with a maximum capacity of 8.6 mg g−1. 
Overall, this work presents a promising strategy for designing selective and structurally 
tunable adsorbents for Li capture from complex brines. 

Recently, composite Li adsorbents created by growing LiAl-LDH on a ZSM-5 zeolite 
support have been reported, producing a hierarchical structure designed to improve Li+ 
selectivity, permeability, and structural stability in salt lake brines with a high Mg/Li ratio 
(i.e., 7.6) and Li+ concentration of 388 mg L−1 [45]. The main takeaway is that the roles of 
ZSM-5 are providing (i) structural support to prevent collapse and aggregation of LiAl-
LDH, (ii) enhanced diffusion of Li+ to activate adsorption sites via hierarchical structures, 
and (iii) increased surface area to provide uniform LDH dispersion. In this work, ZSM-5 
zeolites with MFI topology and SAR of 40 were prepared by a seed-assisted synthesis 
using siliceous MFI zeolites. Since the high SAR (i.e., 40) of ZSM-5 was used, its contribu-
tion to Li+ capture was anticipated to be minimal. This composite achieved a Li adsorption 
capacity of ~6.2 mg g−1 for actual salt lake brine from Tibet. Kinetic analysis showed that 
adsorption followed the pseudo-second-order model, indicating that chemisorption is the 
dominant adsorption mechanism. More importantly, this adsorbent exhibited a Li+/Mg2+ 
separation factor (αLi/Mg) of 188.1, demonstrating strong Li selectivity. The material also 
maintained good recyclability during five repeated cycles of Li adsorption–desorption, 
amplifying its potential for practical Li extraction applications. 

3.5. Operational Design Parameters 

Operational parameters including temperature and solution pH have deep impacts 
on the efficiency of zeolite-based Li recovery by tuning both thermodynamics and mass-
transfer kinetics. These design parameters define an optimal operational window, in 
which zeolite charge density, pore accessibility and Li+ transport are simultaneously max-
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imized to accomplish high capacity and selectivity of Li recovery. Further details on these 
effects are provided below. 

3.5.1. Temperature Effect 

Temperature markedly affects zeolite-driven Li adsorption through both thermody-
namic and kinetic factors. In order for hydrated Li+ ions to enter zeolite channels and reach 
ion-exchange sites, the hydrated Li+ ions have to partially shed their hydration shell (with 
a diameter of ~0.69–0.76 nm) as they pass through size-restrictive pores for complete ion-
exchange with resident cations (Table 5). In this respect, raising temperature generally 
weakens hydration, thereby promoting dehydration of the hydration shell, and also ena-
bles faster diffusion of ions, facilitating ion-exchange with extra-framework cations (e.g., 
Na+, K+, or Ca2+) located in zeolite pores via favorable interactions between Li+ and zeolites. 
Consistent with this temperature effect, Navarrete-Casas et al. also reported that elevating 
solution temperature from 10 °C to 50 °C resulted in higher Li+ adsorption capacities for 
both 5A and 13X zeolites [58]. 

The magnitude and direction of temperature effect on Li+ adsorption typically de-
pend on the zeolite framework, exchangeable cation, zeolite dosage, and solution compo-
sition. Wang et al. evaluated NaA zeolite’s ability to capture metal ions in the mixture of 
Co2+ and Li+ (20 mmol L−1 each) for Li recovery from spent LiCoO2 batteries [59]. The au-
thors showed that the removal rate of Co2+ using NaA increased continuously from 59.1% 
to 96.9% and 99.0% by increasing solution temperature from 0 °C to 60 °C and 90 °C. In 
contrast, Li+ removal rate by NaA reached 5% at 90 °C, while at temperatures of ≤ 60 °C 
the removal rate remained zero. These findings allowed the authors to accomplish selec-
tive separation of Li+ and Co2+ from the spent batteries by keeping the adsorption at a 
solution temperature of 60 °C. This suggests that although higher temperatures improve 
NaA’s uptake capacity for both metal ions, the temperature-induced gains in ion-ex-
change overwhelmingly favor Co2+, whose divalent charge and reduced hydration con-
straints enable rapid uptake of Co2+ over Li+. 

Moreover, it was reported that a temperature-regulated approach was effective in 
separating multiple metal ions from waste LiNi0.5Co0.2Mn0.3O2 batteries using NaA zeolites 
[61]. The authors showed that both solution temperature and zeolite dosage strongly in-
fluenced selective metal uptake, with NaA zeolites exhibiting an ion-exchange preference 
of Mn2+ > Co2+ > Ni2+ > Li+. By sequentially adding NaA in the leachates, Mn2+ was removed 
first at 20 °C, followed by Co2+ at 20 °C, and then Ni2+ at 60 °C. Recovery selectivities 
reached ~93% for Mn, 94% for Co, and 99% for Ni, while more than 95% of Li remained in 
solution, leading to substantial Li enrichment for effective Li separation from battery 
leachates. 

Recently, manipulating ion-exchange temperature enabled priority extraction of Li+ 
and sequential recovery of divalent metals from retired LiNixCoyMn1-x-yO2 batteries using 
GIS zeolites (8-MR; pore dimensions of 0.31 nm × 0.45 nm and 0.26 nm × 0.49 nm) (Table 
3) [56]. This strategy reverses the typical ion-exchange preference of zeolites, in which 
divalent metals preferentially outcompete Li+. Small-pore GIS zeolites showed 95% recov-
ery of Li+ at 0 °C, followed by 94% of Mn2+ at 40 °C and 97% of Co2+ at 60 °C, while 90% of 
Ni2+ remained in solution. The exceptional Li+ selectivity is attributable to its 2.5-fold faster 
diffusion rate with respect to Mn2+, Co2+, and Ni2+, as evidenced by ion-exchange kinetics 
and molecular dynamics simulations. This work also evaluated the recyclability of GIS 
zeolites over five Li+ adsorption–desorption cycles (Table 6) [56]. The authors investigated 
the effect of Na+ concentration on Li+ desorption efficiency by varying Na+ concentrations 
from 0.1 mol L−1 to 2.5 mol L−1 at 60 °C. Complete Li+ desorption was achieved at Na+ con-
centrations of ≥ 0.5 mol L−1, corresponding to 100% ion-exchange between Li+ and Na+. 
Before and after five cycles conducted at 0 °C, Li+ adsorption capacity of GIS zeolites re-
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mained essentially unchanged, indicating excellent recyclability and ion-selective perfor-
mance suitable for industrial applications. 

Temperature-driven regeneration has also been demonstrated for zeolite-based com-
posites, for instance, LiAl-LDH/ZSM-5 adsorbents in salt lake brine as reported by Fang 
and coworkers (Table 6) [45]. In this work, adsorption was conducted at 25 °C in salt lake 
water, whereas desorption at 60 °C using deionized water as optimal conditions was per-
formed; however, the authors did not detail how optimal desorption conditions were de-
termined. Over the five cyclic studies, Li+ uptake decreased slightly, retaining 91.9% of its 
initial adsorption capacity (i.e., from 6.42 mg g−1 to 5.90 mg g−1). The 8.1% loss was at-
tributed to partial degradation of LiAl-LDH active sites during repeated cyclic operation, 
suggesting the need to enhance long-term structural stability. 

Table 6. Summary of Li recovery performance of zeolite-based materials with a focus on reusability. 

Adsorbent Li Adsorption Conditions 
Li Desorption Con-

ditions 

Li Uptake Capacity 
after Cyclic Tests 

(mg g−1) 
Ref. 

GIS 
50 mL of battery leachate containing 
Co2+, Ni2+, Mn2+ and Li+; 4 mg L−1 ad-

sorbent; 0 °C 

Na+ concentrations 
of ≥0.5 mol L−1 at 

60 °C 

>95% of Li+ recovered (initial); 
Same performance after 5 cycles [56] 

LiAl-LDHs/ZSM-5 
composite 

Zeolite-to-Li+ ratio of 2; 10 g L−1 of 
adsorbent; 25 °C; pH of 7 

Deionized water at 
60 °C 

6.42 (initial); 5.90 after 5 cycles [45] 

13X (powder) 
100 mL of 500 mg L−1 Li+ solution; 1 

g adsorbent; 40 °C; pH of 9 

1 M NaCl or 1 M 
CH3COONa solu-

tion 

Desorption efficiencies of 94–
100%; no reusability study [44] 

Nanofiber containing 
zeolite carrier (PAN 

CE@SiO2/zeolite) 

50 mL of 100 mg L−1 Li+ solution; 25 
mg adsorbent, 25 °C; pH of 6 0.5 M HCl 8.6 (initial); 7.8 after 5 cycles [47] 

3.5.2. pH Effect 

Solution pH strongly influences zeolite-driven Li recovery because it directly modu-
lates ion-exchange environment, ion diffusion, and competition between metal cations. 
For zeolite-based Li recovery systems, each zeolite is characterized by point of zero charge 
(PZC), which helps describe surface charge behaviors of zeolites at a given solution pH 
[84]. PZC defines the pH at which the surface carries zero net charge, making the transi-
tion between positively and negatively charged surface states. For instance, PZC values 
of clinoptilolite and NaX were determined to be 9.2 and 10.2 [43], respectively, while NaA 
had that of 4.2 [60]. 

When solution pH is below the PZC of zeolites (typically at low-pH conditions), sur-
face hydroxyl groups of (Si-OH and Al-OH) of zeolites become protonated and H+ com-
petes with Li+ for negatively charged framework sites, decreasing the number of available 
exchange sites for Li and resulting in reduced Li uptake capacity. This effect is especially 
pronounced for low-SAR zeolites that possess high-cation exchange capacities for Li re-
covery [44,60]. However, a strongly acidic (e.g., pH < 2) environment causes dealumina-
tion of zeolites, losing ion-exchangeable sites for Li recovery [44,85]. 

At solution pH above the PZC of zeolites (typically at high-pH conditions), deproto-
nation increases negative charge density on the zeolite surface, thereby enhancing the 
electrostatic attraction of Li+ ions, facilitating their diffusion toward and into zeolite pores, 
and boosting Li+ adsorption on exchange sites within zeolites [43,52,84,86]. However, 
highly basic solutions (e.g., pH > 12) generate framework instability issues, i.e., desilica-
tion through hydrolysis of Si-O-Si bonds of the zeolite framework [85,87], as revealed by 
prior reports on Li recovery from geothermal brine using zeolite 13X [44,46]. 
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Solution pH also regulates Li recovery by modulating competitive ion behavior. Alt-
hough Li+ retains a strongly bound hydration shell across a wide pH range, competing 
multivalent ions (e.g., Mg2+ and Ca2+) undergo pH-dependent hydrolysis and partial de-
hydration behavior. Under neutral to mildly alkaline conditions (i.e., pH 8–10), Mg2+ and 
Ca2+ ions begin forming hydrolyzed species or surface complexes [88], reducing their ef-
fective mobility and thereby making Li⁺ exchange kinetically more favored, as evidenced 
by Wang et al. using SOD zeolites in the selective Li+ extraction from low-quality brines 
[53]. 

Solution pH, when paired with suitable desorption agents, can significantly influence 
Li+ release from Li-saturated zeolites. Zeolite 13X after Li+ uptake was employed to assess 
the desorption behavior using NaCl, CH3COONa, HCl, and CH3COOH, enabling Li+ re-
moval through ion-exchange between Li+ and Na+, and between Li+ and H+ (Table 6) [44]. 
Acidic solutions (i.e., either 0.1–1 M HCl or 0.1–1 M CH3COOH) achieved 100% desorp-
tion, but caused detectable leaching of Al atoms from zeolites, raising concerns about 
framework stability. In contrast, either 1 M NaCl or 1 M CH3COONa solution revealed 
high desorption efficiencies (94–100%), while maintaining structural stability. Although 
reusability was not evaluated in this work, the results clearly highlight the critical role of 
pH and regenerant selection in designing long-term zeolite durability for Li+ adsorption–
desorption. By contrast, acidic conditions with 0.5 M HCl were employed for regenerating 
nanofiber-containing zeolites with CE ligands for Li recovery from salt lake brines (Table 
6) [47]. The hybrid adsorbent exhibited a Li uptake capacity of 7.8 mg g−1 after five adsorp-
tion–desorption cycles, compared to an initial capacity of 8.6 mg g−1 at optimal pH 6 con-
ditions. The underlying cause of this performance decline was not discussed, the identity 
of the zeolite supports was not specified, and adsorbent stability was not evaluated. Nev-
ertheless, the high degree of capacity retention shows promising reusability for Li extrac-
tion from salt lake brine. 

4. Limitations and Opportunities for Future Research 
Despite notable progress in the development of zeolite-based adsorbents for recov-

ering Li from sustainable resources, several key limitations persist. These challenges sim-
ultaneously define promising directions for future investigation and technology develop-
ment (Figure 6), as detailed below. 

 

Figure 6. Future research directions focused on advancing and optimizing the design of zeolite-
based adsorption processes for sustainable lithium recovery. 

Zeolite framework topology and charge density are key players of Li adsorption ca-
pacity and selectivity, and its transport behavior. Yet, despite the existence of more than 
240 distinct zeolite frameworks and the tunability of SAR and extra-framework cations 
[89], their impacts on Li recovery performance remain largely underexplored. Natural ze-
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olites offer advantages of low cost and widespread availability [66], but their inherent 
heterogeneity (including variations in SAR, extra-framework cation composition, and 
framework topology, and the presence of impurity minerals) can substantially influence 
Li+ adsorption performance. However, these effects remain poorly understood, and need 
to be elucidated to enable the effective use of natural zeolites in future Li recovery appli-
cations. For synthetic zeolites, zeolite framework topology and charge density can be ra-
tionally designed using synthetic approaches outlined in Section 2.2 (Figure 4). This stra-
tegic optimization of these structural and compositional variables would drastically im-
prove Li+ ion-exchange performance of zeolites. To advance this effort, integrating ma-
chine learning-driven screening with high-fidelity simulations [90,91] and experimental 
validation represents a promising route for rapidly identifying zeolite structures with fa-
vorable charge environments for Li extraction. 

Diffusion limitations and slow kinetics should be addressed. Zeolite frameworks 
with micropore channels (<2 nm) can restrict ion transport and prolong equilibrium times. 
Diffusion limitations become particularly significant in larger zeolite crystals and 
pelletized adsorbents, where Li+ ions must travel longer distances to access exchange sites. 
Future efforts can be directed toward exploring nano-sized zeolites, hierarchical zeolites 
with dual micro- and meso-pores (>2 nm), or zeolites with open architecture (e.g., zeolite 
nanosheets or layered zeolites) via controlled zeolite synthesis (Figure 4) to improve mass 
transport [69,78,79,87,92], while maintaining ion-exchange capability. In parallel, it is 
noteworthy that in real-world Li recovery systems, the use of finely divided particles com-
plicates solid–liquid separation in batch processes, and fixed beds packed with very small 
particles suffer from excessive flow resistance, pressure-drop penalties, and diminished 
mechanical stability during continuous operation. Therefore, designing zeolite particle 
morphology (size and shape) should strike a balance between rapid ion transport and the 
practical requirements of system operation. 

Designing zeolite-based hybrid materials could create synergistic effects for Li recov-
ery beyond what zeolites can achieve alone. By integrating zeolites with complementary 
components such as metal oxides (including existing LIS materials), carbons, or polymer 
networks, hybrid adsorbents can simultaneously improve adsorption affinity, mass-trans-
fer kinetics, mechanical robustness, and regeneration efficiency. Although these ad-
vantages have been demonstrated in the previous section, the design space for zeolite-
based hybrid architecture is still in its infancy. This research gap offers a promising ave-
nue for future research aimed at engineering interfacial interactions, composite architec-
ture, and multi-scale porosity to maximize Li+ selectivity, capacity, and cycling stability. 

 Zeolites are generally considered regenerable materials, according to extensive prior 
studies on zeolites in ion-exchange, catalysis and separation applications [64,67]. How-
ever, only a limited number of reports are available for Li adsorption–desorption perfor-
mance over extended cycles. This scarcity of long-term cycling data highlights important 
research opportunities. Future research studies should focus on long-term cyclic testing 
(including standardized testing protocols), evaluation of structural stability, and identifi-
cation of optimal Li+ desorption conditions through operational parameters such as tem-
perature, solution pH, and desorption agents (e.g., NaCl, and Na2SO4). It is also crucial to 
rigorously investigate extra-framework cation redistribution, framework degradation 
(e.g., leaching), fouling, or loss of active ion-exchange sites during repeated regeneration, 
particularly when processing real complex brines that contain organic matter, silica, and 
suspended solids. For such challenging feed streams, appropriate pretreatment steps can 
be integrated upstream of zeolite-based Li recovery to remove foulants and impurities. In 
this respect, techno-economic analysis (TEA) provides valuable insight into how regener-
ation, pretreatment, and long-term stability can be engineered to become economically 
viable at scale [93,94]. Moreover, lifecycle analysis (LCA) identifies where environmental 
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burdens occur (e.g., waste generation during adsorbent regeneration, pretreatment steps 
that minimize waste, and process configurations with the lowest environmental footprint), 
and how to effectively minimize these impacts [93,94]. Thus, developing cost-effective and 
environmentally benign regeneration strategies will be pivotal for translating zeolite-
based Li recovery into practical industrial deployment. 

Different Li sources pose distinct challenges for zeolite adsorbents to overcome. Spe-
cifically, salt lake brines contain high Li concentrations (200–7000 mg L−1), but some of 
them are characterized by high Mg/Li molar ratios of > 200, making Li separation highly 
challenging [11,38,40,45]. Geothermal brines have moderate Li concentrations (10–300 mg 
L−1) with elevated temperatures that enhance kinetics but introduce scaling from Ca2+ or 
Si species and volatile contaminants [12,20]. Oil- and gas-produced waters with low Li 
content (1–100 mg L−1) present the most demanding conditions, owing to ultra-high salin-
ity, hydrocarbon fouling, heavy metals, suspended solids, and variable compositions 
across reservoirs requiring site-specific pretreatment [95,96]. Battery leachates differ sub-
stantially from natural or geothermal brines, containing high concentrations of transition 
metals (Co2+, Ni2+, and Mn2+), Al3+, Fe3+, and residual organics that compete with Li+ for 
ion-exchange sites and may block zeolite pores [16,17]. Therefore, zeolite-based adsor-
bents should be engineered to withstand complex Li-bearing water matrices, reject multi-
ple competing cations to achieve high Li selectivity over competing cations, and maintain 
pore accessibility in the presence of organic and inorganic foulants. 

A significant gap persists between laboratory-scale batch adsorption studies and the 
process designs required for the large-scale implementation of zeolite-based Li recovery. 
Continuous-flow adsorption processes are generally preferred at large-scale operation in 
industry. Although zeolite-based adsorption in flow configurations has been widely stud-
ied, continuous-flow studies for zeolite-based Li recovery have not yet been reported, and 
thus the corresponding performance effects and scale-up challenges remain unresolved. 
This limited attention devoted to continuous-flow operation creates new opportunities to 
address critical scale-up challenges, including zeolite adsorbent shaping, pressure drop, 
mass transfer limitations, column design, regeneration strategies, and integration with ex-
isting Li recovery infrastructure and technologies (e.g., solvent extraction or membrane-
based recovery). Beyond engineering considerations, successful large-scale implementa-
tion will ultimately depend on demonstrating both economic viability and environmental 
sustainability. Therefore, future research should incorporate comprehensive TEA and 
LCA to evaluate capital and operating costs, zeolite-based adsorbent lifetime and regen-
eration, chemical and energy consumption, waste generation, greenhouse gas emissions, 
and resource efficiency. Such system-level assessments will be essential for identifying 
economically competitive and environmentally sustainable process configurations, 
thereby accelerating the commercial deployment of zeolite-based Li recovery technologies. 

5. Conclusions 
With global Li demand rising exponentially, the development of Li recovery technol-

ogies capable of accessing non-conventional resources, including salt lakes, geothermal 
brines, seawater, spent battery leachates, and industrially produced water, has become 
increasingly urgent. Zeolite-based adsorption offers strong potential for these applica-
tions, owing to the exceptional thermal and chemical stability of zeolites, and their well-
defined porous architectures, tunable framework charge density and particle morphology, 
compared with other LIS adsorbents. In this review, we aim to provide the first focused 
and comprehensive review of zeolite-based adsorbents for sustainable Li recovery, which 
is intended to catalyze future developments among researchers in academic and indus-
trial research communities. We systematically analyze the progress of zeolite-based Li re-
covery from sustainable, non-traditional sources, and delineate the five guiding design 
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principles that govern Li uptake performance of zeolites: (i) framework charge density, (ii) 
framework topology and pore architecture, (iii) particle morphology, (iv) integration of 
zeolites with other materials, and (v) key operational design parameters, e.g., temperature 
and solution pH. These design principles provide a comprehensive platform for under-
standing the relationships between zeolite structure and properties, adsorption mecha-
nisms, and Li recovery performance, ultimately delivering key guidance for the rational 
design of next-generation zeolite adsorbents. Although notable progress has been made, 
zeolite-based Li capture is still in early development, and multiple scientific and engineer-
ing challenges must be overcome. Specifically, over the next 3–5 years, research should 
focus on several key research priorities. First, highly Li-selective zeolites should be devel-
oped by precisely tuning framework composition, pore architecture, extra-framework cat-
ions, and surface chemistry to enhance Li adsorption capacity and Li/Mg selectivity across 
diverse, non-conventional Li-containing resources. Second, systematic investigations of 
long-term adsorption–desorption cycling, regeneration strategies, framework stability, 
and fouling mechanisms are needed to ensure operational durability and minimize lifecy-
cle costs. Lastly, adsorption performance should be validated using real brines under con-
tinuous-flow operation to establish process reliability under industrially relevant condi-
tions. In this context, TEA and LCA will be essential for evaluating adsorbent manufac-
turing cost, energy consumption, chemical usage, environmental footprint, and overall 
process scalability. Consequently, continued interdisciplinary research integrating zeolite 
chemistry, adsorption science and engineering, process design, and sustainability assess-
ment will enable zeolite-based technologies to mature into scalable, resilient, economi-
cally viable, and sustainable solutions for next-generation Li recovery. 
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