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Summary: Demand to lithium rising swiftly as increasing due to its rapidly increasing dosages diverse 

applications such as rechargeable batteries, light aircraft alloys, and nuclear fusion. Lithium demand 

is expected to triple by 2025 driven by battery applications, specifically electric vehicles. To ensure 

the growing consumption of lithium, it is necessary to increase the production of lithium from different 

resources. Natural lithium resources mainly associate within granite pegmatite type deposit 

(spodumene and petalite ores), salt lake brines, seawater, and geothermal water. Among them, the 

reserves of lithium resources in salt lake brine, seawater, and geothermal water are in 70–80% of the 

total, which are excellent raw materials for lithium extraction. Compared to the minerals, the extraction 

of lithium from water resources is promising because this aqueous lithium recovery is more abundant, 

more environmentally friendly, and cost-effective. There are many ways to recover lithium from water 

resources. Among existing methods, the adsorption method is more promising on the way of 

manufacture. Therefore, the important progress on ion-exchange adsorption methods for lithium 

recovery from water resources searched ways, were summarized in detail, and the new trends in the 

future were also carried out.  
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Introduction 
 

Lithium and its compounds are widely used 

in manufactured glass, batteries, ceramics, greases, 

refrigerants, chemical reagents, and other industries 

[1-4]. The lithium source in the earth’s crust is very 

limited [2]. That is why the development of an 

effective method for extracting lithium from salt lakes, 

seawater, and geothermal waters is of great 

importance and interest. The reserve of lithium in the 

world is about 14 million tons (Mt) [4], from them 

70%–80% is conserved in salt lake brine, geothermal 
water, and seawater. In recent years, more and more 

researches turn their attention to the seawater 

containing about 2600 billion tons of lithium, which is 

about 15,000 times the amount of land [1, 5-8]. 

 

Lithium is being the 25th more abundant 

element on the Earth [9]. Lithium is found in more 

than 150 minerals, in clays, in many continental 

brines, geothermal waters, and in seawater. The 

concentration of lithium in seawater is very low, 

averaging 0.17 ppm [10, 11]. Around the world 

concentrations of lithium in geothermal waters 
varying from 1 to 100 ppm [12, 13]. Although lithium 

deposits in all of the above forms are widespread 

throughout the world, very few are large and/or 

concentrated enough for potential exploitation. 

Several high-grade lithium minerals and brines are the 

only ongoing commercial lithium recovery operations 

[6, 10, 12]. 

Considerably accordingly to the source, 

lithium resources and reserves different, we can see 

that lithium resources in brine are much larger than 

those in hard rock [8, 12, 13, 14]. Estimated minimum 

and maximum resources for hard rock lithium at 12.8 

Mt and 30.7 Mt respectively; while brine deposits 

were reported as 21.3 Mt and 65.3 Mt, respectively for 

minimum and maximum estimates [10]. 

 

The coming years expecting increased 
demand for lithium since different types of lithium 

batteries are the most promising candidates to power 

electric or hybrid vehicles [15, 16]. These batteries 

include both existing technologies, such as lithium-

ion, as well as emerging battery technologies such as 

lithium-air or lithium-sulfur [17]. 

 

In the next 5 years, the demand for lithium is 

forecast to increase by ~60% from 102,000 t to 

162,000 t of lithium carbonate equivalent, batteries 

application taking a large percentage (40,000 t) of this 

growth [18, 19]. The current resource of lithium in 
continental/salar brines is approximately 52.3 million 

tons of lithium equivalents, mostly in Chile, 

Argentina, and Bolivia, of which 23.2 million tons is 

recoverable [20]. On the other side, lithium from 

mineral resources is 8.8 million tons, where large 

deposits are located in the USA, Russia, and China. 
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Lithium reserves and recoverable resources were 

estimated as 29.79 Mt of Li [21]. 

 

Currently, lithium is relatively inexpensive 

(about 15,000US$ for a ton of battery-grade Li2CO3), 
but its price increases with demand [22]. Lithium 

prices since 2016 have increased around 300% in 

China with contract prices for existing producers 

rising to over US$ 16,000/t. 

 

In connection with the depletion of lithium 

ores, recent studies have highlighted the need to 

extract lithium from brine, geothermal water, and 

seawater. Lithium production from water resources 

has now become more important due to its extensive 

availability, ease of the process, and cost-effectiveness 

compared to its production from other resources [2]. 
 

 

Various methods for lithium recovery from 

brines, seawater and geothermal water have been 

reported [22]: including precipitation, solvent 

extraction, selective membrane separation, liquid-

liquid extraction, ion exchange adsorption, 

electrodialysis and so on [23-29]. Among these 

strategies, the most attention was drawn to the 

methods of ion-exchange adsorption based on lithium-

ion sieves due to their high selectivity for lithium-ion 
and good recycling properties [30-32]. In terms of cost 

and efficiency, ion exchange adsorption is an 

important method for extracting lithium ions from 

solutions [33]. 

 

Various Li adsorbent materials, including 

clay minerals, metal oxides, zirconium phosphate, and 

silicotitanates are all previously reported for lithium 

removal. The researchers were mainly focused on 

aluminum salt adsorbents [34-35], titanium lithium-

ion sieves [36-40] and manganese lithium-ion sieves 

[41-50]. 
 

 

However, quantitative correlations for 

competing for ion extractions, which are crucial in 

industrial design, have not been reported. 

 

This review focuses on the extraction of 

lithium from brine, bittern, sea, and geothermal waters 

by ion-exchange adsorption to extract lithium from 

water resources, making it possible to compare 

different sorbents that are different. Also, scientists 
around the world have a goal to find a way to extract 

lithium from water resources, which is highly 

selective, economical, environmentally friendly, easy 

to process, and time-saving. 

 

Resources of Lithium 

 

The average lithium content in the earth’s 

crust is estimated at 0.007% [51]. Lithium is not found 

freely in nature but is found in combination with small 
amounts in almost all igneous rocks and the waters of 

many mineral springs, in seawater, and the ocean [51, 

52]. Lithium is produced from a variety of natural 

sources, for example, minerals such as spodumene, 

clays such as hectorite, salt lakes, underground brine 

reservoirs, etc. Lithium is a minor component of 

igneous rocks, primarily granite. Of the approximately 

20 minerals known to contain lithium, only four, i.e., 

Lepidolite (KLi1.5Al1.5[Si3O10][E,O]2), Spodumene 

(LiO2·Al2O3·4SiO2), Petalite (LiO2·Al2O3·8SiO2), and 

Amblygonite (LiAl[PO4][OH,F]) are known to occur 

in quantities sufficient for commercial interests, as 
well as industrial significance [51-55]. Mineral 

spodumene (LiAlSi2O6) is the most important 

industrial ore mineral of lithium [56-58]. Other 

minerals are lepidolite, amblygonite, and zinnwaldite 

and eucryptite. Zinnwaldite-an impure form of 

lepidolite with higher contents of FeO (up to 11.5% Fe 

as FeO) and MnO (3,2%) [59]. Pegmatites contain 

recoverable amounts of lithium, tin, tantalum, 

niobium, beryllium, and other elements. The 

theoretical lithium content of these minerals ranges 

from 3% to 5.53%, but most deposits have about 0.5-
2% Li and pegmatite-containing ores, which are often 

exploited in <1% Li [60]. Spodumene is the main 

lithium mineral mined. 

 

Mainly lithium is extracted from brine, or 

seawater has a high concentration of lithium 

carbonate. The brine found in the earth’s crust is called 

continental brine/subsurface brines are the main 

source of lithium production (lithium carbonate). 

Lithium is found in significant amounts in geothermal 

waters as well as in petroleum brines. These sources 

are seawater and brine considered to be less expensive 
than the extraction from rocks such as lepidolite, 

spodumene, amblygonite, and tenorite lithium-

containing minerals. 

 

Seawater contains about 0.1-0.2 mg/L Li 

[61]. The total amount of lithium metal in seawater 

(worldwide) is estimated at ~230 Gt [3]. Sources of 

brine include lithium found in salt deposits of the 

lakes, salars, oil fields brine, and geothermal brines. 

Oil-field brines are underground brine tanks, which 

are located with oil. Geothermal brines are 
underground brines, heated by natural means, for 

example, in the California Salton Sea. Lithium 

containing brines make up 66% of the world’s lithium 

resources, pegmatites-26%, sedimentary rocks-8% 

[12, 62]. 
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Brines and high-grade lithium ores are 

current sources for all commercial lithium production. 

The distribution of lithium has spread over various 

resources. Continental brine is the largest resource 

(59%) for lithium deposits, and then hard rock shows 
25%. Almost 70% of the world’s lithium deposits are 

concentrated in the ABC region of South America 

(Argentina, Bolivia, and Chile), the largest known 

lithium deposits [2, 63]. Australia and Chile are the 

leading producers and exporters of lithium ore 

materials. China and Chile have significant resources 

of lithium ore. Canada, Congo (Kinshasa), Russia, and 

Serbia have lithium resources of about 1 million tons 

each, and the same reserve for Brazil is a total of 

180,000 tons [64].  

 

Table-1 provides detailed information on the 
geographical availability of different lithium resources 

compared to lithium and their location.  

 

The concentration of lithium in the salars of 

Chile, Argentina, and Bolivia are in the range of 0.04–

0.16%. According to [20] lithium resource is estimated 

at 64 Mt. Chile has the world’s largest brine resource 

(7.5 Mt, 1500–2700 mg/L Li) containing lithium, 

followed by Bolivia (resource: 9.0 Mt with 532 mg/L 

Li) and Argentina (resource: 2.6 Mt, 400-700 mg/L 

Li), and these three countries account for almost 80% 
of the world’s brine reserves [3, 63, 72]. 

 

Production of lithium rocks has begun with 

lithium minerals (1899) in the United States [73]. 

Since the first production of lithium from brines at 

Searles Lake, the USA in 1936, brines have been used 

mainly in South America and China. The largest 

lithium producer in the world is Chile, where lithium 

is extracted from salt brine in Atacama Salt Flat. 

Lithium is also produced from brines in salt lakes in 

Tibet and Qinghai in China and Nevada in the United 

States. Several new facilities (by 2013) are at different 

stages of exploration/exploitation of the brine source: 

one in China, six in Argentina, three in Chile, and one 
in Bolivia [74]. 

 

Currently, 8% of lithium is obtained from salt 

lake brines and the sea by sedimentation. A significant 

number of lithium compounds and ore concentrates 

are also produced in Australia, Zimbabwe, Canada, 

Portugal, and Russia. Australia currently produces 

lithium concentrate from spodumene in mines in Mt 

Catlin, Western Australia. At 160,000 t/year, 

concentrate produced in Western Australia is 

processed to 16,000 t/year of lithium carbonate in its 

Chinese plant. Lithium carbonate is mainly produced 
from ores and brines, and production rates are often 

expressed in the equivalent of lithium carbonate. 

 

Lithium Extraction from Brines/Seawater/Bittern 

 

To meet the growing demand for lithium, 

increasing attention is being paid to brines and 

bitterness. Table-2 prepare a summary of works 

recently carried out for the extraction of lithium from 

seawater/brine/bitterns. The process of production of 

brine lithium is 30-50% cheaper than that of mined 
ores [75]. As mentioned earlier, lithium carbonate is 

obtained from brines by evaporative concentration and 

refining. First, the brine is concentrated by solar 

evaporation during the year in a pond for the 

crystallization of sodium, potassium, and magnesium 

chlorides. In the refining process, calcium carbonate is 

fried and then added to the LiCl solution to remove 

Mg(OH)2. 

 

 

Table-1: World lithium resources and their lithium contents. 
Resources Li content % (w/w) Location of the largest amount References 

Pegmatites    

Spodumene 1.9–3.3 Australia [65] 

Lepidolite 1.53–3.6 Zimbabwe [66] 

Zabuyelite 17–18.75 China  

Petalite 1.6–2.1 Zimbabwe  

Amblygonite 3.5–4.2% Canada, Brazil, Surinam  

Eucryptite 2.34 Zimbabwe  

Sedimentary rocks    

Smectite (hectorite) 0.27–0.7 Hector, California. and Nevada, US [67] 

Lacustrine evaporites 1.8% lithium oxide Jadar Valley, Serbia  

Brine    

Continental <2700 mg/L (with K, B) Chile [68] 

 ~532 mg/L Bolivia [69] 

Geothermal <400 mg/L (with Mn and Zn) United States [70] 

Oil field <700 mg/L (with Br) United States [71] 

Sea water 0.18 mg/L Chile, Argentina, China and Tibet  

Secondary resource    

Spent LIBs 2–7% – [45] 
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Table-2: Lithium extraction from seawater, brines, and bitterns by adsorption process. 
Source/Raw 

material 

Adsorbent used Conditions Adsorption/Remarks Product Ref. 

Seawater H1.6Mn1.6O4 Adsorbent: 200 mg, sea water: 50 

L, 4 weeks; desorption by 0.5 M 

HCl, 1 day 

Max. uptake: 40 mg Li/g adsorbent – [44] 

Seawater (Li 

0.17 mg/L) 

Spinel type Mn-oxide 30 °C, 15 days <90% Li, Li uptake: 10.6 mg/g 

adsorbent 

LiCl [77] 

Seawater (Li 

0.15 mg/L) 

λ-MnO2 (granulated) 150 days Recovery-264 g LiCl in 791 g dried 

precipitated salt (816 m3 seawater) 

LiCl [78] 

Artificial 

seawater  

(Li 0.2 mg/L, 

8.01 pH) 

Ion-sieve type Mn-oxide 

spinels: HMg0.5Mn1.5O4(I) 

HZn0.5Mn1.5O4 (II) 

Adsorption at 0.4 M HCl, 5 days Adsorption: 88% Li by adsorbent I 

and 89% Li by adsorbent II.  

Equil. sorption: 30.3 mg/g (I) and 

33.1 mg/g (II). 

LiCl [79] 

Seawater (1 

mmol/L Li) 

HMn2O4 60 °C, 24 h Loading capacity: 1.53 mmol/g 

sorbent 

Li salt [71] 

Brine (Salars 

de Uyuni, 

Bolivia) 

LimMgxMnIIIyMnIV2O4 

(0 < x < 0.5) 

24 h, pH 6.5 Adsorption capacity: 23-25 mg/g 

adsorbent 

Li2CO3 [80] 

Seawater (Li 

0.192 mg/L) 

Surface deposition on 

corrosion product of Al 

30 °C, 10 days 34% Li – [66] 

Salt lake 

bitterns 

Hydrated alumina: 

LiOH = 2 M ratio 

pH 5.8 Adsorption: 0.6-0.9 mg/g sorbent – [81] 

Egyptian 

bitterns 

(19.5, 5.5, 8.8 

mg/L) 

Al(OH)3 30 °C, pH 9 Adsorption capacity: 123 mg/g 

adsorbent 

LiAlO2 [82] 

Brine (Salar de 

Hombre 

Muerto, 

Argentina) 

Hydrated alumina LiCl solution-1% Li (20 times 

conc.) by solar evaporation. 

Adsorbed Li eluted by acid and 

precipitated by sodium carbonate 

Li2CO3 [74] 

 

The main approaches to the extraction of 

mineral products (K, Mg, Na, Ca, Li) from seawater 

include flotation (using anionic collectors), sorption, 

ion exchange, solvent extraction, etc. as described 

[76]. The existing evaporation process for lithium 

recovery from brine lakes takes a long time and suffers 

from low recovery efficiency. Besides, a huge burden 

is placed on the environment due to waste generation 

and significant water consumption. 
 

More promising is condition shows the 

adsorption method to recover lithium from water 

resources, which can avoid evaporation and 

crystallization processes.   
 

Adsorption process 
 

Different types of adsorbents have been used 

to selectively extract lithium from seawater and brines. 
In the adsorption method, some inorganic ion 

exchangers, such as spinel-type manganese oxide, 

demonstrate extremely high selectivity to lithium from 

seawater [77, 78, 83-86]. Such materials have high 

adsorption capacity in alkaline medium (seawater pH 

~8) for Li+ in the presence of alkali and alkaline earth 

metal ions. For example, [83] reported separation of 

Li+ from a large amount of Na+ by spinel-type λ-

MnO2, resulting in Li+ concentrating 400 times, 

leaving most of the Na+ in seawater. Lithium 

extraction/separation from brines and such resources 
are summarized in Table-2. 

 

Manganese oxide (H1.6Mn1.6O4), derived 

from the precursor Li1.6Mn1.6O4 by hydrothermal and 

reflux methods showed the maximum absorption of 40 

mg Li/g of adsorbent from seawater, the highest 

among inorganic adsorbents [45]. It was found that the 

very small size (nano-size range) of the synthesized 

manganese oxide is responsible for its high adsorption 

capacity concerning lithium compared to other 

adsorbents. Adsorption of lithium from seawater by 

spinel-type λ-MnO2 resulted in the formation of low 

purity Li+ ions (~33%) contaminated with Na+ [78]. 

Nano-manganese oxide (Li1.33Mn1.67O4) through the 

gel process [79]. After acidification, ion-sieve 

adsorbent containing magnesium was obtained which 
selectively adsorbed lithium (~30.3 mg/g adsorbent) 

from seawater. When using a polymer membrane tank 

containing an inorganic ion exchange adsorbent with 

zinc, lithium extraction from seawater was very 

effective and kinetically confirmed the adsorption of 

33.1 mg Li/g of the sorbent [87]. This inorganic ion 

exchange adsorbent had excellent lithium adsorption 

of 89% of 400 mg Li per day; desorption efficiency 

was 92.88% when immersed in 4 liters of 0.5 M HCl 

solution per day. Chitrakar et al. (2013) also observed 

very rapid adsorption equilibrium (within 24 h) for the 
efficient extraction of lithium from salt brine using 

Mg-doped manganese oxide (Table-2) [80]. 
 

Wajima et al. (2012) obtained HMn2O4 by 

elution of spinel-type lithium di-manganese tetraoxide 

(LiMn2O4) and investigated the kinetics of lithium 

adsorption [71]. The intermediate, LiMn2O4, has also 

been synthesized by acid treatment from LiOH·H2O 

and Mn3O4. By using both products, lithium recovery 

from seawater reached ~100% at 60 °C. 
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Aluminum foil immersed in seawater forms a 

corrosion product on its surface that selectively 

extracts lithium from seawater at an optimal 

temperature of ~ 30 °C [66]. Aluminum salt adsorbent 

using Al(OH)3 and LiOH at pH 5.8 and molar ratio 2, 
and investigated the extraction of lithium from salt 

Lake bitterness by this adsorbent obtained by Dong et 

al. (2007). The sorbent showed high adsorption and 

absorption of 0.6-0.9 mg Li/g, rather than other alkali 

metals. The use of hydrated alumina for lithium 

adsorption has also been reported from Egyptian 

bitterns [82] and Salar brines of Argentina [74]. 

 

The Institute of Oceanic Energy at Saga 

University has launched the world’s first but small 

laboratory aimed at the practical production of lithium 

from seawater and has managed to produce about 30 g 
of lithium chloride from 140,000 liters of seawater in 

one month. In early 2010, POSCO and the Korean 

Institute of Geology and mineral resources, Korea 

have joined forces to build a pilot plant for commercial 

production of lithium carbonate from seawater based 

on the adsorption process, the outcome of which is 

currently uncertain. 

 

Recovery of lithium from brine by ion-exchange 

 

Brine is one of the important potential 
recourse for lithium recovery. From an economic and 

scientific point of view, the following points are 

important for considering the extraction of lithium 

from brine: (i) the presence of pond soil and the 

suitability of the area for solar evaporation, (ii) the 

concentration of lithium in brine, (iii) the ratio of 

alkaline and alkali metals to lithium, and (iv) the 

complexity of phase chemistry [88]. 
 

By using specially prepared resin/aluminates 

composite/inorganic ion exchanger, lithium can be 

recovered efficiently from the brine. The release of 

pure LiCl from brines containing a higher content of 

CaCl2 and MgCl2 was reported in the process of 

carboxylation and ion exchange [89]. Three different 

ion exchange resins (MC50 resin, (Chemie AG 

Bitterfeld-Wolfen), TP207 resin (Bayer AG), Y80-N 

Chemie AG (Chemie AG Bitterfeld-Wolfen)) for 

lithium extraction from synthetic brine were studied. 

The study showed that the purification of LiCl 

solutions with Y 80 resin at room temperature and TP 

207 resin at 50 °C is possible [89]. Synthesis of 
H2TiO3 ion exchanger and extraction of lithium from 

the brine of natural gas wells were reported [90]. 

H2TiO3 ion exchangers from TiO2 and Li2CO3 or TiO2 

and LiOH were synthesized, followed by calcination 

at 400-800 °C. As a result of the H2TiO3 ion 

exchanger, the high selectivity of Li+ with the 

exchange capacity of Li+ was 25.34 mg/g in mixtures 

of alkali metal and alkaline earth metal. The H2TiO3 

ion exchanger showed 97% of the exchange rate and 

98% of the Li+ elution from brine (local natural gas 

well) [90]. It was reported the salvation of the lithium 

from the brine of the Salt lake using the same ion 
exchanger H2TiO3. It is reported adsorption of lithium 

ions by the ion exchanger H2TiO3 to follow the model 

of Langmuir with the capacity of exchange for Li+ 

25.34-32.6 mg/g at pH 6.5 from the brine. The brine 

pH was controlled by NaHCO3 [91]. 
 

Recovery of Lithium from Seawater by Ion Exchange 

and Sorption 
 

The ocean is considered to be the most 

important and promising resource of lithium for the 

near future to meet the demand of the world 

community for lithium [54]. It is reported that the total 

volume of lithium reserves in the oceans is 

approximately 2.6 × 1011 tons [92]. Lithium is 

extracted from hydro-mineral sources on a semi-
industrial and industrial scale in the United States of 

America from salt lakes [93-95], in Japan from 

thermal waters [96, 97], in Israel from the Dead Sea 

[54, 98]. The extraction of lithium metal from the 

hydro-mineral source (geothermal and brine) has also 

been studied in Russia, Bulgaria, Germany, Korea 

[98]. Usually, lithium is extracted from seawater by 

ion exchange and sorption. 
 

The extraction of lithium from brine and 

synthetic brine by ion exchange and sorption processes 

is considered in Table-3. 

 

Table-3: Recovery of lithium from seawater by ion-exchange and adsorption processes. 
Process  Reagents Mechanism Reference 

Ion-exchanger Titanium(IV) antimonate cation exchanger (TiSbA) Ion-exchange [100] 

Ion-exchanger 

Adsorption 

H2TiO3 ion exchanger 

λ-MnO2 adsorbent 

Ion-exchange 

Sorption 

[90] 

[65] 

Adsorption Al(OH)3 layer Sorption [66] 

Adsorption (HMnO) ion-sieve (microporous) Sorption [101] 

Adsorption k-MnO2 Sorption [67] 

Adsorption MnO2 Sorption [68] 

Adsorption HMnO Sorption [69] 

Adsorption Nanostructure MnO2 ion-sieve Sorption [70] 

Adsorption MnO2 adsorbent Sorption [71] 

Adsorption H1.6Mn1.6O4 Sorption [45] 
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Although various mega-industries are 

interested in extracting lithium from seawater in the 

present decade, the extraction of lithium from 

seawater has become increasingly attractive to 

researchers over several years through ion exchange 
and sorption. Several alternative methods of lithium 

extraction from seawater using ion-exchange after 

solar evaporation and fractional crystallization of 

NaCl, CaSO4, KCl are also proposed. According to 

this method, organic and inorganic sorbents are similar 

to compounds used to extract lithium. Reports 

explaining this method are discussed below. Lithium 

selective aluminum-containing resin obtained by 

treating a microporous anion exchanger of type 

Dowex-1 with a saturated solution of AlCl3, ammonia 

and, finally, a solution of lithium halide before heating 

to produce a composite LiX·2Al(OH)3 
microcrystalline resin matrix are examples of such 

products that have been patented in the United States 

of America [54, 95, 102]. Sorbents based on tin, 

antimony, dioxides based on titanium and zirconium 

[103], mixed oxides of titanium, and iron, titanium and 

chromium, arsenate of titanium and magnesium and 

thorium with high selectivity for lithium extraction 

were synthesized [54]. In a wide range of lithium-

selective ion exchange materials, only cation exchange 

based on manganese oxides shows effective results for 

the extraction of lithium from seawater. Obtained from 
Russia manganese oxides and mixed oxides of 

manganese and aluminum, known as ISM-1 and 

ISMA-1, respectively, are used for lithium recovery 

[54, 104]. The H2TiO3 ion exchanger resulted in high 

selectivity for Li+ in mixtures of alkali metal and alkali 

metal ions. The exchange capacity for Li+ was 25-34 

mg/g. 

 

It has been reported that synthetic inorganic 

ion exchange materials of titanium (IV) antimonate 

cationite exchanger (TiSbA) have high selectivity to 

lithium cations. It can be successfully applied to the 
recovery of lithium cations from hydrothermal water 

as well as seawater. The influence of K+, Mg2+, and 

Ca2+ cations on the adsorption of lithium cations on 

TiSbA by charge method was also investigated. They 

observed that lithium adsorption decreased 

significantly with increasing concentrations of K+, 

Mg2+, and Ca2+ cations [100]. 

 

Although the rate of lithium adsorption was 

relatively slow (one day was required to achieve 

equilibrium at room temperature), the capacity of Li+ 
could reach 32.6 mg/g-1 (4.7 mmol g-1) at pH 6.5, 

which is the highest value among the lithium 

adsorbents studied to date in acidic solution. Also, 

H2TiO3 can effectively adsorb lithium ions from brine 

containing competitive cations such as Na+, K+, Mg2+, 

and Ca2+. This is because exchange sites are so narrow 

that Na+ (0.102 nm), K+ (0.138 nm) and Ca2+ (0.100 

nm), which have ionic radii larger than Li+ (0.074 nm), 

cannot enter these sites [105]. 

 
Selective extraction of lithium from seawater 

using two successive ion exchange processes has been 

recorded [65]. Mainly lithium has been concentrated 

from seawater using activities bench-scale 

chromatography with an adsorbent of the k-MnO2 

(granule), which has an efficiency of 33% for recovery 

of lithium. Lithium purification from the concentrated 

liquor of the reference plant was then carried out by a 

combination of ion-exchange using a resin and a resin 

impregnated with a solvent. The purification process 

consists of the removal of bivalent metal ions by 

strong cation exchange resin followed by the removal 
of Na+ and K+ by a resin impregnated with b-

diketone/TOPO; and finally, the reduction of Li+ in the 

form of Li2CO3 precipitation using a saturated solution 

of (NH4)2-CO3. The yield was 56% and the purity was 

99.9% [65]. A new method of extracting lithium from 

seawater is also supported by Takeuchi [66]. This 

method is based on the high selectivity of the Al(OH)3 

layer for the lithium-ion at an effective temperature of 

50 °C and nearly 70% reduction achieved in batch 

conditions. The selectivity coefficient Li+, K+, Ca2+ 

and Mg+ is 990, 90, 45 and 11, respectively [66]. 
Lithium recovery from seawater by 

sorption/desorption is a fairly common process 

reported by several authors, which is discussed below 

[106]. Typically, the sorbate based on the manganese 

oxide is used for the sorption/desorption of extracting 

lithium from seawater. Sorbet based on hydrated c-

oxides of manganese and mixed manganese and 

magnesium oxide was developed by Japanese 

scientists [67, 101]. Lithium extraction from seawater 

by ion-sieve (microporous) manganese oxide ion-

sieve (HMnO) was investigated. Maximum (7.8 mg/g) 

absorption of lithium HMnO from seawater was 
achieved [101]. To improve the kinetic properties of 

manganese oxide sorbents, the Japanese researcher 

developed a composite material by including k-MnO2, 

fine powder with a spinel structure in polyvinyl 

chloride [107]. The sorbents ISM and ISM-1 

synthesized in Russia are also composite material 

obtained using polymer binder [54]. Lithium recovery 

from seawater using manganese oxide ion exchange 

adsorbent has also been reported in Korea. They are 

specially trained in the method were prepared by ion-

exchange high-performance adsorbent for recovering 
lithium dissolved in seawater. By solid-state reaction, 

Li2CO3 and MgCO3 synthesized adsorbate ion-

exchange type of high performance. After the 

treatment of seawater with an adsorbate, an ion sieve 

is formed, which is restored by acid treatment. The Li-
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ion sieve was obtained by 3 cycles of 0.5 M HCl 

treatment cycles with stringing of 24 H/Cycle, which 

exhibits 25.7 mg/L of lithium absorption from 

artificial seawater [99]. Lithium extraction from 

seawater by manganese oxide ion-sieve has been 
reported. The most promising process of industrial 

application was considered to be the extraction of 

lithium from seawater by adsorption using manganese 

oxide ion sieves [68]. The sorption properties of 

lithium HMnO in seawater and wastewater were 

studied and it was shown that HMnO can be 

effectively used to extract lithium from seawater with 

good selectivity [69]. Lithium recovery from lake 

Urmia has been reported using MnO2 ion-sieve 

(nanostructure), where more than 90% of lithium 

recovery can be achieved [70]. Adsorption behavior of 

lithium from seawater using manganese oxide 
adsorbent was studied [71]. Higher kinetics of 

adsorption of lithium cations in seawater was observed 

using a pseudo-second-order kinetic model [71]. 

Lithium extraction from seawater using manganese 

oxide adsorbent synthesized from the precursor 

Li1.6Mn1.6O4 was investigated. Manganese oxide 

LiMnO2 adsorbent is synthesized from H1.6Mn1.6O4 at 

400°C by hydrothermal and reflux method. 

H1.6Mn1.6O4 was synthesized from precursor 

Li1.6Mn1.6O4. The adsorbent can absorb lithium up to 

40 mg/g from seawater, which has been quite an 
effective adsorbent [45]. 

 

In other words, the extraction of lithium from 

seawater in large-scale production using adsorption 

methods is the ultimate goal. Thus, scientists around 

the world are faced with the task of synthesis of stable 

and sorption-intensive sorbent and its use in the 

extraction of lithium from seawaters. 

 

Conclusions 

 

Lithium is one of the rarest metal with various 
applications and the demand for lithium will increase 

with the ever-increasing use of electric and electronic 

devices and hybrid electric vehicles. 

 

Therefore, the search for ways to obtain 

lithium from water sources suitable for the production 

of lithium compounds is a serious and very important 

problem. 

 

Various methods have been given in the 

literature for lithium recovery from brines, seawater, 
and geothermal water: including precipitation, solvent 

extraction, selective membrane separation, liquid-

liquid extraction, ion exchange adsorption, 

electrodialysis and so on. 

 

The recovery of lithium by the absorption 

method shows promising results for future production. 

In the adsorption method, evaporation and 

crystallization processes can be avoided. That is why 

it is necessary to develop and recommend a technically 
and economically feasible, environmentally friendly, 

and sustainable process. 

 

Scientists and manufacturers are faced with 

the task to solve several problems: the ion sieve has a 

relatively low ion exchange capacity and weak 

stability; lithium absorption reaches from 16 to 26-28 

mg/g, the theoretical adsorption capacity is 54 mg/g; 

dissolution of sorbents. Weight loss was observed in 

almost all compositions; low stability during 

recycling; the appearance of secondary waste in the 

regeneration of acids; the process takes a long time. 
 

To solve this problem, scientists of the world 

have carried out many scientific works to improve the 

stability of sorbents, increase the absorption capacity, 

selectivity, acceleration of sorption time, for this 

purpose, many methods were used, including organic 

chemicals, synergies, binders, various composites. But 

none of them makes it possible to industrialize the 

method of lithium adsorption. That is why it is still a 

challenge to find ways to improve the method of 

adsorption of lithium. Lithium adsorption extraction 
can be an alternative option to meet future demand, 

energy sustainability, environment, and circular 

economy. 

 

Acknowledgements  

 

The authors gratefully acknowledge partial 

financial supports from the National Natural Science 

Foundation of China (U1607123 and 21773170), the 

Key Projects of Natural Science Foundation of Tianjin 

(18JCZDJC10040), the Major Special Projects of 

Tibet Autonomous Region (XZ201801-GB-01) and 
the Yangtze Scholars and Innovative Research Team 

of the Chinese University (IRT_17R81). 

 

References 

 

1. G.C. Guo, D. Wang, X.L. Wei, Q. Zhang, H. Liu, 

W.M. Lau, L.M. Liu, First-principles study of 

phosphorene and grapheme heterostructure as 

anode materials for rechargeable Li batteries, J. 

Phys. Chem. Lett., 6, 5002 (2015). 

2. B. Swain, Recovery and recycling of lithium: a 
review, [J], Separat. Purificat. Tech., 172, 388 

(2017). 

3. Pratima Meshram, Pandey B.D., Abhilash, 

Perspective of availability and sustainable 

recycling prospects of metals in rechargeable 



Murodjon Samadiy and Tianlong Deng       J.Chem.Soc.Pak., Vol. 43, No. 04, 2021  413 

batteries – A resource overview, Resources 

Policy, 60, 9 (2019). 

4. S.J.S.M. Kimball, U.S. Geological Survey, 

Mineral Commodity Summaries, U.S. Geological 

Survey, Reston, Virginia, January (2016). 
5. Zhi-Yong Ji, Feng-Juan Yang, Ying-Ying Zhao, 

Jie Liu, Ni Wang, Jun-Sheng Yuan, Preparation of 

titanium-base lithium ionic sieve with sodium 

persulfate as eluent and its performance, 

Chemical Engineering Journal, 328, 768 (2017). 

6. T. Dursun, C. Soutis, Recent developments in 

advanced aircraft aluminium alloys, Mater. Des., 

56, 862 (2014). 

7. L. Wang, C.G. Meng, M. Han, W. Ma, Lithium 

uptake in fixed-pH solution by ion sieves, J. 

Colloid Interface Sci., 325, 31 (2008). 

8. U.S. Geological Survey, Mineral commodity 
summaries. 

https://minerals.usgs.gov/minerals/pubs/commod

ity/lithium/mcs-2018-lithi.pdf, Accessed date: 16 

May 2018 (January) (2018). 

9. S.R. Taylor, S.M. McLennan, The Continental 

Crust: Its Composition and Evolution. Blackwell 

Scientific Pub., Palo Alto, CA, United States, 

(1985). 

10. H. Vikström, S. Davidsson, M. Höök, Lithium 

availability and future production outlooks. Appl. 

Energy, 110, 252 (2013). 
11. L. Talens Peiró, G. Villalba Méndez, R.U. Ayres, 

Lithium: sources, production, uses, and recovery 

outlook, JOM 65 (8), 986 (2013). 

12. S.E. Kesler, P.W. Gruber, P.A. Medina, G.A. 

Keoleian, M.P. Everson, T.J. Wallington, Global 

lithium resources: relative importance of 

pegmatite, brine and other deposits, Ore Geol. 

Rev. 48, 55 (2012). 

13. I. Kunasz, Lithium resources, In: J.E. Kogel, et al. 

(Eds.), Industrial Minerals and Rocks - 

Commodities, Markets, and Uses, 7th edition 

Society for Mining, Metallurgy, and Exploration 
(SME), (2006). 

14. L. Munk, S. Hynek, D.C. Bradley, D. Boutt, K.A. 

Labay, H. Jochens, Lithium Brines: A Global 

Perspective, (Chapter 14), (2016). 

15. A. Opitz, P. Badami, L. Shen, K. Vignarooban, 

A.M. Kannan, Can Li-Ion batteries be the panacea 

for automotive applications? Renew, Sust. Energ. 

Rev., 68, 685–692 (2017). 

16. R.K.  Evans, Lithium’s future supply, demand, 

North. Miner., 96 (35), 11 (2010). 

17. M. Winter, R.J. Brodd, What are batteries, fuel 
cells, and super capacitors?, Chem. Rev., 104, 

4245  (2004).  

18. P.G. Bruce, S.A. Freunberger, L.J. Hardwick, 

J.M. Tarascon, Li-O2 and Li-S batteries with high 

energy storage, Nat. Mater., 11, 19 (2012). 

19. R. Van Noorden, The rechargeable revolution: a 

better battery, Nature, 507, 26 (2014). 

20. A. Yaksic, J.E. Tilton, Using the cumulative 

availability curve to assess the threat of mineral 

depletion: the case of lithium, Resour. Policy 34, 
185 (2009). 

21. J.K. Evans, An abundance of lithium, Accessed 

on 27 November 2011. 

http://www.worldlithium.com/An_Abundance_o

f_Lithium_1_files/An_Abundance 

_of_Lithium.pdf;http://www.worldlithium.com/

AN_ABUNDANCE_OF_LITHIUM_-

_Part_2.html (2008). 

22. Q.P. Luo, P.C. Guo, C.Z. Li, L. Chen, 

Distribution of lithium resources and research 

status on lithium extraction technology, 

Hydrometallurgy of China, 31, 67 (2012).  
23. C. Grosjean, P. H. Miranda, M. Perrin, & P. 

Poggi, Assessment of world lithium resources and 

consequences of their geographic distribution on 

the expected development of the electric vehicle 

industry, Renewable & Sustainable Energy 

Reviews, 16 (3), 1735 (2012).  

24. H.A. Hamzaoui, B. Jamoussi, & A. M’Nif, 

Lithium recovery from highly con-centrated 

solutions: Response surface methodology (RSM) 

process parameters optimization, 

Hydrometallurgy, 90, 1, 1 (2008). 
25. Q. Liu, & Ai H.-M,  Sodium benzoate as a green, 

efficient, and recyclable catalyst for knoevenagel 

condensation, Synthetic Communications, 43 

(51), 3004 (2012). 

26. Q. Liu, H. Ai & Z. Li, Potassium sorbate as an 

efficient and green catalyst for Knoevenagel 

condensation, Ultrasonics Sonochemistry, 18 (2), 

477 (2011). 

27. X.-Y. Nie, S.-Y. Sun, X. Song, & J.-G. Yu, 

Further investigation into lithium recovery from 

salt lake brines with different feed characteristics 

by electrodialysis, Journal of Membrane Science, 
530, 185 (2017). 

28. X.-Y. Nie, S.-Y. Sun, Z. Sun, X. Song & J.-G. Yu, 

Ion-fractionation of lithium ions from magnesium 

ions by electrodialysis using monovalent selective 

ion-exchange membranes, Desalination, 403, 128 

(2017). 

29. A. Stamp, D. J. Lang & P. A. Wäger, 

Environmental impacts of a transition toward e-

mobility: The present and future role of lithium 

carbonate production, Journal of Cleaner 

Production, 23 (1), 104 (2012). 
30. Z.-Y. Ji, F.-J. Yang, Y.-Y. Zhao, J. Liu, N.Wang 

& J.-S. Yuan, Preparation of titanium-base 

lithium ionic sieve with sodium persulfate as 

eluent and its performance, Chem. Eng. J., 328, 

768 (2017).  



Murodjon Samadiy and Tianlong Deng       J.Chem.Soc.Pak., Vol. 43, No. 04, 2021  414 

31. L. Tian, W. Ma & M. Han, Adsorption behavior 

of Li+ onto nano-lithium ion sieve from hybrid 

magnesium/lithium manganese oxide, Chem. 

Eng. J., 156, 134 (2010). 

32. G. Zhu, P. Wang, P. Qi & C. Gao, Adsorption and 
desorption properties of Li+ on PVC-H1.6Mn1.6O4 

lithium ion-sieve membrane, Chem. Eng. J., 235, 

340 (2014).  

33. R. Chitrakar, Y. Makita, K. Ooi, & A. Sonoda, 

Synthesis of iron-doped manganese oxides with 

an ion-sieve property: Lithium adsorption from 

Bolivian brine, Industrial & Engineering 

Chemistry Research, 53, 3682 (2014c).  

34. A.D. Rjabtsev, N.P. Kotsupalo, L.N. Kishkan, 

Method of Producing Lithium Hydroxide from 

Brines and Plant for Method Embodiment, 

(2003). 
35. W.C. Bauman, J.L. Burba, Recovery of Lithium 

Values from Brines, (2013). 

36. M. Moazeni, H. Hajipour, M. Askari, M. Nusheh, 

Hydrothermal synthesis and characterization of 

titanium dioxide nanotubes as novel lithium 

adsorbents, Mater. Ater. Res. Bull., 61, 70 (2015). 

37. X.C. Shi, Z.B. Zhang, D.F. Zhou, L.F. Zhang, 

B.Z. Chen, L.L. Yu, Synthesis of Li+ adsorbent 

(H2TiO3) and its adsorption properties, T. 

Nonferr. Metal. Soc., 23, 253 (2013). 

38. D.H. Tang, D.L. Zhou, J.B. Zhou, P. Zhang, L.Y. 
Zhang, Y. Xia, Preparation of H2TiO3-lithium 

adsorbent using low-grade titanium slag, 

Hydrometallurgy, 157, 90 (2015). 

39. L.Y. Zhang, D.L. Zhou, Q.Q. Yao, J.B. Zhou, 

Preparation of H2TiO3-lithium adsorbent by the 

sol-gel process and its adsorption performance, 

Appl. Surf. Sci., 368, 82 (2016). 

40. S.L. Wang, W.W. Li, P. Cui, H.L. Zhang, H.Y. 

Wang, S.L. Zheng, Y. Zhang, Hydrothermal 

synthesis of lithium-enriched β-Li2TiO3 with an 

ion-sieve application: excellent lithium 

adsorption, RSC Adv. 6, 102608 (2016). 
41. J.C. Hunter, Preparation of a new crystal form of 

manganese dioxide: λ-MnO2, J. Solid State 

Chem., 39, 142 (1981). 

42. J.L. Xiao, S.Y. Sun, J. Wang, P. Li, J.G. Yu, 

Synthesis and adsorption properties of 

Li1.6Mn1.6O4 spinel, Ind. Eng. Chem. Res., 52, 

11967 (2013).  

43. X.J. Yang, H. Kanoh, W.P. Tang, K. Ooi, 

Synthesis of Li1.33Mn1.67O4 spinels with different 

morphologies and their ion adsorptivities after 

delithiation, J. Mater. Chem., 10, 1903 (2000). 
44. R. Chitrakar, H. Kanoh, Y. Miyai, K. Ooi, A new 

type of manganese oxide (MnO2·0.5H2O) derived 

from Li1.6Mn1.6O4 and its lithium ion-sieve 

properties, Chem. Mater., 12, 3151 (2000).  

45. R. Chitrakar, H. Kanoh, Y. Miyai, K. Ooi, 

Recovery of lithium from seawater using 

manganese oxide adsorbent (H1.6Mn1.6O4) derived 

from Li1.6Mn1.6O4, Ind. Eng. Chem. Res., 40, 2054 

(2001). 
46. X.C. Shi, D.F. Zhou, Z.B. Zhang, L.L. Yu, H. Xu, 

B.Z. Chen, X.Y.  Yang, Synthesis and properties 

of Li1.6Mn1.6O4 and its adsorption application, 

Hydrometallurgy, 110, 99 (2011).  

47. Q.H. Zhang, S.P. Li, S.Y. Sun, X.S. Yin, J.G. Yu, 

Lithium selective adsorption on 1-D MnO2 

nanostructure ion-sieve, Adv. Powder Technol., 

20, 432 (2009). 

48. Z.Y. Zhou, W. Qin, W.Y. Fei, Extraction 

equilibria of lithium with tributyl phosphate in 

three diluentsm J. Chem. Eng. Data, 56, 3518 

(2011a). 
49. Z.Y. Zhou, W. Qin, Y. Liu, W.Y. Fei, Extraction 

equilibria of lithium with tributyl phosphate in 

kerosene and FeCl3, J. Chem. Eng. Data, 57, 82 

(2011b.). 

50. Z.Y. Zhou, W. Qin, S.K. Liang, Y.Z. Tan, W.Y. 

Fei, Recovery of lithium using tributyl phosphate 

in methyl isobutyl ketone and FeCl3, Ind. Eng. 

Chem. Res., 51, 12926 (2012). 

51. P. Mahi, A.A.J. Smeets, D.J. Fray, J.A. Charles, 

Lithium–metal of the future, JOM, 38, 20 (1986). 

52. D. Sadoway, Toward new technologies for the 
production of lithium, JOM, 50, 24 (1998).  

53. H.O. Bohner, A. Metallurgical Society of, C. 

Light Metals, Light metals, in: Proceedings of the 

Technical Sessions Sponsored by the TMS Light 

Metals Committee at the 114th Annual Meeting, 

New York, NY, February 24–28, 1985, 

Metallurgical Society of AIME, Warrendale, PA, 

(1985).  

54. J.A. Marinsky, Y. Marcus, Ion Exchange and 

Solvent Extraction: A Series of Advances, Taylor 

& Francis (1995). 

55. J.E. Ferrell, Lithium. Mineral Facts and Problems. 
U.S. Dept. of the Interior, Bureau of Mines, 

Washington, D.C., pp. 461 (1985).  

56. J.E. Kogel, M. Society for Mining, Exploration, 

Industrial Minerals & Rocks: Commodities, 

Markets, and Uses, Society for Mining, 

Metallurgy, and Exploration, (2006).  

57. US Geological Survey Professional Paper, U.S. 

Government Printing Office (1961) 

58. H.D. Miser, R.E. Stevens, Taeniolite from 

Magnet Cove, Arkansas, Am. Mineral, 23, 104 

(1938).  
59. E.I. Paukov, Y.A. Kovalevskaya, I.A. Kiseleva, 

T.N. Shuriga, A low-temperature heat capacity 

study of natural lithium micas – heat capacity of 

zinnwaldite, J. Therm. Anal. Calorim., 99, 709 

(2010). 



Murodjon Samadiy and Tianlong Deng       J.Chem.Soc.Pak., Vol. 43, No. 04, 2021  415 

60. S.H. Mohr, G.M. Mudd, D. Giurco, Lithium 

resources and production: a critical global 

assessment. Report Prepared for CSIRO Minerals 

Down Under Flagship. Department of Civil 

Engineering, Monash University Institute for 
Sustainable Futures, University of Technology, 

Sydney, Australia, (2010). 

61. R.O. Bach, J.R. Wasson, Lithium and lithium 

compounds, 3rd edition Ch. in Kirk-Othmer: 

Encyclopedia of Chemical Technology, vol. 14. 

Wiley, pp. 448 (1981).  

62. P.M.P. Gruber, Global Lithium Availability 

Thesis–Master in Science University of 

Michigan, USA, (2010).  

63. Pratima Meshram, B.D. Pandey, T.R. Mankhand, 

Extraction of lithium from primary and secondary 

sources by pre-treatment, leaching and separation: 
A comprehensive review, Hydrometallurgy, 150, 

192 (2014). 

64. B.W. Jaskula, U.S. Geological Survey, in: Sally 

Jewell, S.M. Kimball (Eds.), Mineral Commodity 

Summaries, (2015).  

65. S. Nishihama, K. Onishi, K. Yoshizuka, Selective 

recovery process of lithium from seawater using 

integrated ion exchange methods, Solvent Extr. 

Ion Exch., 29, 421 (2011).  

66. T. Takeuchi, Extraction of lithium from sea water 

with metallic aluminum, J. Nucl. Sci. Technol., 
17, 922 (1980).  

67. Y. Miyai, K. Ooi, S. Katoh, Recovery of lithium 

from seawater using a new type of ion-sieve 

adsorbent based on MgMn2O4, Sep. Sci. Technol, 

23, 179 (1988). 

68. L. Liu, H. Zhang, Y. Zhang, D. Cao, X. Zhao, 

Lithium extraction from seawater by manganese 

oxide ion sieve MnO2×0.5H2O, Colloids Surf. A: 

Physicochem, Eng. Aspects, 468, 280 (2015). 

69. H. Park, N. Singhal, E.H. Jho, Lithium sorption 

properties of HMnO in seawater and wastewater, 

Water Res., 87, 320 (2015). 
70. S. Zandevakili, M. Ranjbar, M. Ehteshamzadeh, 

Recovery of lithium from Urmia Lake by a 

nanostructure MnO2 ion sieve, Hydrometallurgy, 

149, 148 (2014).  

71. T. Wajima, K. Munakata, T. Uda, Adsorption 

behavior of lithium from seawater using 

manganese oxide adsorbent, Plasma Fus. Res., 7, 

2405021 (2012). 

72. S.H. Mohr, G.M. Mudd, D. Giurco, Lithium 

resources and production: critical assessment and 

global projections, Minerals, 2, 65 (2012). 
73. D.E. Garrett, Handbook of Lithium and Natural 

Calcium Chloride: Their Deposits, Processing, 

Uses and Properties, 1st ed. Elsevier, Amsterdam, 

The Netherlands 0-12-276152-9 (2004)  

74. G.M. Clarke, Lithium-ion batteries: raw material 

considerations, Am. Inst. Chem. Eng., 44 (2013).  

75. Y. Abe, Rare metal series – current status of 

lithium resources, JOGMEC Mineral Resources 

Report, (2010). 
76. Y. Koyanaka, Y. Yasuda, Concentration of 

lithium in seawater by ion exchange resin, Suiyo 

Kaishi, 18, 523 (1977). 

77. A. Umeno, Y. Miyai, N. Takagi, R. Chitrakar, K. 

Sakane, K. Ooi, Preparation and adsorptive 

properties of membrane-type adsorbents for 

lithium recovery from seawater, Ind. Eng. Chem. 

Res., 41 (17), 4281 (2002).  

78. K. Yoshizuka, A. Kitajou, M. Holba, Selective 

recovery of lithium from seawater using a novel 

MnO2 type adsorbent III–benchmark evaluation, 

Ars Separatoria Acta, 4, 78 (2006). 
79. K.S. Chung, J.C. Lee, E.J. Kim, K.C. Lee, Y.S. 

Kim, K. Ooi, Recovery of lithium from seawater 

using nano-manganese oxide adsorbents prepared 

by gel process, Mater. Sci. Forum, 449–452, 277 

(2004).  

80. R. Chitrakar, M. Yoji, O. Kenta, S. Akinari, 

Magnesium-doped manganese oxide with lithium 

ion-sieve property: lithium adsorption from salt 

lake brine, Bull Chem Soc Jpn, 2013;86:850–5 

(2013). 

81. Q. Dong, Y. Li, X. Piao, S. Zhu, Recovery of 
lithium from salt lake bittern using aluminium salt 

adsorbent, Chin. J. Rare Met., 3, 357 (2007).  

82. S. Hawash, E.K.E. Abd, D.G. El, Methodology 

for selective adsorption of lithium ions onto 

polymeric aluminium (III) hydroxide, J. Am. Sci., 

6 (11), 301 (2010).  

83. A. Kitajou, T. Suzuki, S. Nishihama, K. 

Yoshizuka, Selective recovery of lithium from 

seawater using a novel MnO2 type adsorbent II—

enhancement of lithium ion selectivity of the 

adsorbent, Ars Separatoria Acta, 2, 97 (2003). 

84. K. Ooi, Y. Miyami, S. Katoh, H. Maeda, M. Abe, 
Topotactic Li+ insertion to λ-MnO2 in the aqueous 

phase, Langmuir , 5, 150 (1989). 

85. K. Ooi, Y. Miyai, J. Sakakihara, Mechanism of 

Li+ insertion in spinel-type manganese oxide. 

Redox and ion-exchange reactions, Langmuir, 7, 

1167 (1991). 

86. K. Yoshizuka, K. Fukui, K. Inoue, Selective 

recovery of lithium from seawater using a novel 

MnO2 type adsorbent, Ars Separatoria Acta, 1, 79 

(2002). 

87. K.S. Chung, J.C. Lee, W.K. Kim, S.B. Kim, K.Y. 
Cho, Inorganic adsorbent containing polymeric 

membrane reservoir for the recovery of lithium 

from seawater, J. Membr. Sci., 503 (2008).  



Murodjon Samadiy and Tianlong Deng       J.Chem.Soc.Pak., Vol. 43, No. 04, 2021  416 

88. A.H. Hamzaoui, A.H. M’Nif. Hammi, R. 

Rokbani, Contribution to the lithium recovery 

from brine, Desalination, 158, 221 (2003). 

89. H. Bukowsky, E. Uhlemann, D. Steinborn, The 

recovery of pure lithium chloride from “brines” 
containing higher contents of calcium chloride 

and magnesium chloride, Hydrometallurgy, 27, 

317 (1991).  

90. Z. Hui, Property of H2TiO3 type ion-exchangers 

and extraction of lithium from brine of natural gas 

wells, Chinese Journal of Applied Chemistry, 17, 

307 (2000). 

91. R. Chitrakar, Y. Makita, K. Ooi, A. Sonoda, 

Lithium recovery from salt lake brine by H2TiO3, 

Dalton T., 43 (23), 8933 (2014). 

92. J.L. Mero, The Mineral Resources of the Sea, 

Elsevier Science, (1965).  
93. James G Macey, Recovery of Lithium from 

Brines, Google Patents (1966).  

94. James G Macey, Process for the Recovery of 

Lithium and Potassium from Great Salt Lake 

Brine, Google Patents (1967). 

95. W.J. Repsher, K.T. Rapstein, Recovery of 

Lithium from Brine, The Dow Chemical 

Company, (1981). 

96. K. Yanagase, T. Yoshinaga, K. Kawano, T. 

Matsuoka, The recovery of lithium from 

geothermal water in the Hatchobaru area of 
Kyushu, Japan, Bull. Chem. Soc. Jpn., 56, 2490 

(1983). 

97. T. Yoshinaga, K. Kawano, H. Imoto, Basic study 

on lithium recovery from lithium containing 

solution, Bull. Chem. Soc. Jpn., 59, 1207 (1986).  

98. I. Pelly, Recovery of lithium from Dead Sea 

brines, J. Appl. Chem. Biotech., 28, 469 (1978). 

99. J.-C.L. Kang-Sup Chung, Jin-ki Jeong, Eun-Jin 

Kim, Yang-Soo Kim, J. Kor, Geosci. Eng. 40, 402 

(2003).  

100. M. Abe, R. Chitrakar, Synthetic inorganic ion-

exchange materials. XLV. Recovery of lithium 
from seawater and hydrothermal water by 

titanium(IV) antimonate cation exchanger, 

Hydrometallurgy, 19, 117 (1987). 

101. K. Ooi, Y. Miyai, S. Katoh, Recovery of lithium 

from seawater by manganese oxide adsorbent,  

Sep. Sci. Technol., 21, 755 (1986). 

102. J.M. Lee, W.C. Bauman, Recovery of Lithium 

from Brines, Google Patents (1978). 

103. G. Alberti, M.A. Massucci, Crystalline insoluble 

acid salts of tetravalent metals–IX, J. Inorg. Nucl. 

Chem., 32, 1719 (1970).  

104. V.V. Volkhin, S.A. Onorin, N.B. Khodyashev, 
P.G. Kudryavtsev, T.I. Shvetsova, Chemistry and 

Technology of Inorganic Sorbents. P.P.I/publish, 

Perm, (Russian) (1980).  

105. Y. Marcus, Thermodynamics of solvation of ions. 

Part 5. Gibbs free energy of hydration at 298.15 

K, J. Chem Soc Faraday Trans, 87:2995–9 

(1991).  

106. J. Lemaire, L. Svecova, F. Lagallarde, R. 

Laucournet, P.-X. Thivel, Lithium recovery from 

aqueous solution by sorption/desorption, 

Hydrometallurgy, 143, 1 (2014).  
107. Y. Miyai, K. Ooi, J. Sakakibara, S. Katoh. 

Physical and lithium-adsorptive properties of 

manganese oxide adsorbent granulated with 

polyvinyl chloride (PVC), recovery of lithium 

from sea water by manganese oxide adsorbent 

(part 14), Bull. Soc. Sea Water Sci., Jpn., 45, 193 

(1991).  

 

 


	Acknowledgements
	The authors gratefully acknowledge partial financial supports from the National Natural Science Foundation of China (U1607123 and 21773170), the Key Projects of Natural Science Foundation of Tianjin (18JCZDJC10040), the Major Special Projects of Tibet...

