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ABSTRACT  
 

Rapid global electrification, nuclear power expansion, and nuclear energy will undoubtedly increase the demand for lithium. This article provides a detailed analysis of 

existing technologies for extracting lithium from various natural resources: spodumene, lepidolite, and sea salt, among other minerals. The technologies are summarised 
by the feedstock processing method. The article evaluates the various methods' economic feasibility, complexity, and technological viability. It also discusses promising 

methods for extracting lithium from low-grade resources that may transition from off-balance to on-balance categories. This article also presents a “future outlook”, 

highlighting research gaps, possible technological improvements, and sustainability considerations. 
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1.  INTRODUCTION 

 

Lithium has emerged as a crucial element in the past decade due to its role in 
technological advancements, particularly in electric vehicles and high-capacity 

batteries. Lithium is also important for mankind's gadgets and is used in small 

batteries in laptops and mobile phones. Experts predict lithium demand to triple 
by 2025, ensuring its continued status as a valuable resource [1,2].  

According to the International Energy Agency (IEA) [3], Demand forecasts cover 

both clean energy and other uses, focusing on three IEA Scenarios: the Stated 
Policies Scenario (STEPS), the Announced Pledges Scenario (APS), and the Net 

Zero Emissions by 2050 (NZE) Scenario. Supply forecasts are based on a 

detailed analysis of all projects announced (Fig. 1). They show how the current 
geographic concentration of mining and refining activities changes over time and 

how expected supplies compare to primary supply needs in climate-sensitive 

scenarios.  

 

 

  
Fig. 1 The Announced Pledges Scenario (APS) and the Net Zero Emissions by 
2050 (NZE) Scenario  

 

 

As seen in the figures, batteries are still the leader in consumption. Lithium has 

technological applications and is used for other needs (lubricants, air purification, 

medicine, etc.).  
According to the US Geological Survey's (USGS) published annual report, 

"Mineral Commodity Summaries, January 2025" [4], world lithium reserves have 

increased due to additional exploration and recalculation and now amount to 115 
million tons (Table 1). 

Due to low lithium prices, many lithium projects were delayed or cancelled in 

2024, but production capacity has been expanded in Argentina, Chile, China, and 
Zimbabwe. 

 

Table 1 The world reserves of lithium 

Resources 
Million 

tons 
Resources 

million 

tons 
Resources 

million 

tons 
Resources 

million 

tons 

United 

States 
19 Canada 5,7 Mali 1,2 Portugal 0,27 

Argentina 23 Germany 4 Serbia 1,2 Namibia 0,23 

Bolivia 23 
Congo 

(Kinshasa) 
3 Peru 1 Ghana 0,2 

Chile 11 Mexico 1,7 Russia 1 Austria 0,06 

Australia 8,9 Brazil 1,3 Zimbabwe 0,86 Finland 0,05 

China 6,8 Czechia 1,3 Spain 0,32 Kazakhstan 0,045 

 

 
By nature, lithium is the lightest chemically active natural metallic element. It is 

silvery white and very soft. Its density is only 0.534 g/cm3, even lighter than 

water [5]. Lithium is usually present in the earth's crust as a compound with a 
content of approximately 0.0065 wt.%. Mankind had known of its existence since 

1817, when the Swedish mineralogist Johan August Arfvedson discovered the 

substance. Metallic Li was first mined in 1818 by the British chemist Sir 
Humphrey Davy [6,7]. 

The main sources for the industrial realization of lithium are salt (chloride-

sulfate, carbonate, chloride-nitrate) resources, pegmatite (spodumene, lepidolite, 
cinnwaldite, etc.) ores and sedimentary (bauxite, coal, kaolin, etc.) mineral 

resources [8]. Clay-type resources and natural brines are also of industrial interest 

[9]. Lithium is ideal for making high charge density batteries because it has all 
elements' highest standard positive oxidation potential, with a voltage of 3.05 V 

at 25 ℃ and an electrochemical equivalent of 13.9 kcal/g [10,11]. Lithium 

consumption in batteries is increasing by 15-20 % per year, already exceeding 

60% of the total global lithium consumption in 2023. Other important 

applications of this metal are carbonate, hydroxide, chloride and other organic 

and inorganic compounds, representing 25 per cent of global consumption 
[12,13].  

The demand for lithium will increase shortly due to the rapid development of 

global electrification and controlled nuclear fusion. Therefore, lithium from all 
possible lithium resources is being actively researched, and the main focus is on 

secondary lithium resources, namely, the development of ways to recycle spent 

lithium batteries [14-16]. However, the organisation of lithium production from 
waste batteries cannot yet compare with the scale of lithium production from 

natural resources. Lithium extraction technology from natural resources must be 
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improved to improve the overall efficiency of the processing stages and the 
lithium recovery rate. This article provides an overview of lithium recovery from 

natural resources. 

 
 

2. RECOVERY OF LITHIUM FROM MINERALS 

 
Natural lithium minerals mainly exist as aluminosilicate pegmatites, formed due 

to slow and complete crystallisation differentiation of highly volatile magma 

under certain conditions. Strong metasomatism is observed during the formation 
of the pegmatites. The metasomatism belt contains minerals such as quartz, 

albite, spodumene, mica, beryl, niobium-tantalite, caesium garnet, apatite and 

uranium minerals. The most typical lithium minerals of industrial importance 
among the above minerals are spodumene and lepidolite [17-19]. 

 

2.1 Preparation of lithium compounds from spodumene 

 

One of the main sources of lithium is lithium pyroxenes, such as double lithium-

aluminium pyroxenes ‘spodumene’ with the chemical formula LiAl(SiO3)2 or 
Li2O-Al2O3-4SiO2. Spodumene is a greyish-white mineral; depending on the 

content of impurities, the shade varies from yellowish to greenish [20]. 

Spodumene's chemical composition (mass fraction) is 3.0-7.6 % Li2O, 25-30 % 
Al2O3 64.0-70 % SiO2 [21-23]. Spodumene is a monoclinic crystal, often 

columnar, granular or lamellar, with a hardness of 6.5-7.0 and a 3.03-3.33 g/cm3 

density. Nearly all lithium extraction technologies for spodumene involve 
spodumene enrichment, thermal activation, conversion of lithium to a water-

soluble form, aqueous leaching of lithium and lithium product recovery.  
Several methods are used to extract lithium from spodumene. The most common 

ones are: 

Several methods are used to extract lithium from spodumene. The most common 
ones are: 

1. The phase change and acid leaching method involve roasting, dissolving the 

resulting material, precipitation and purification. Spodumene is roasted at 
temperatures around 1000–1100°C, which converts it into a soluble compound. 

After roasting, the material is treated with sulfuric or hydrochloric acid. This 

results in the formation of a soluble lithium salt compound. The lithium is then 
precipitated and purified using various methods such as solvent extraction or ion 

exchange; 

2. The high-temperature pyrometallurgical method involves roasting by adding 
fluxes (such as lime) to convert the mineral into a soluble compound. Reducing 

agents such as carbon are added during roasting to produce metallic lithium or its 

compounds; 
3. The direct leaching method involves leaching spodumene with strong acids or 

pressure leaching. Then lithium is precipitated and purified using various 

techniques such as solvent extraction or ion exchange; 
4. Flux roasting method also involves temperature. Still, the emphasis is on 

chemical reactions with fluxes (NaOH, KOH, Na2CO3, NaCl, Na2SO4, etc.), 

which reduce the melting point of spodumene and speed up its processing. 
5. The microwave roasting method is a newer and more promising method that 

uses microwave ovens to roast spodumene. Microwave radiation can speed up the 

lithium extraction process and improve its recovery compared to traditional 
methods, as it allows for temperature control and reduced energy consumption. 

This method is still under active research, but it promises to be more efficient and 

environmentally friendly than traditional methods, as it reduces energy costs and 
processing time.  

Each method has advantages and disadvantages, depending on the technologies 

used, cost, availability of raw materials, and environmental standards. 
 

2.1.1 Spodumene ore enrichment 

 
Before thermal treatment, the spodumene mineral undergoes a beneficiation 

stage. This process uses classical beneficiation methods, which combine jaw 

crushers, cone crushers, and high-pressure roller mills.  

Using a local closed circuit crushing process with a linear vibrating screen to 

implement particle size control in the selection of coarse minerals, and then after 

the material is crushed in high-pressure rollers into pulp, it is sorted on a linear 
vibrating screen - mineral processing in heavy media- magnetic separation, and 

then the ore is crushed and sorted, and a spiral chute and shaker and a cylindrical 

magnetic separator are used for re-screening and sorting. [24-26].  

Flotation of spodumene ore with lithium oxide content of 0.5-1.5% yields 
spodumene concentrate with lithium oxide content of 3.0-4.5%, with lithium 

oxide recovery of 60-70%. In mining, several tens of millions of tons of ore with 

lithium oxide content of about 0.25-0.30% accumulate in off-balance ore dumps, 
which can be used in processing [27]. However, direct flotation of off-balance 

sheet ores according to the known technology does not give the required 

indicators regarding the quality of the obtained concentrates and Li2O extraction 
from them. Lithium oxide content in the concentrate does not exceed 2.0-2.5%, 

and the recovery is only about 30%.  

The solution of the set task is achieved by the fact that before flotation 
enrichment is carried out, preliminary enrichment by methods of lump 

radiometric separation, due to radiometric separation methods (RMS), the 

content of Li2O in the commercial product entering the flotation is increased to 
0.55-0.60%. For the flotation of mica and other contaminating mineral impurities 

from spodumene concentrate without reducing the indicators, a cationic collector 

Sonkor was used [28]. Technical efficiency of the proposed method of lithium 
extraction consists in the transfer of off-balance dump ores into the category of 

balance ores, reduction of costs for crushing and grinding of ore due to the 

withdrawal of about 70% of separation tailings from the process of processing of 
dump ores.  

The ore with a high alkaline impurity, such as calcium and magnesium, is pre-

treated to create a high-quality spodumene concentrate. Spodumene ores with a 
high calcium and magnesium content are alternately subjected to photoelectric 

desalination from calcium and magnesium and flotation desalination, obtaining 

decalcified magnesium flotation essence [29]. 
 

2.1.2 The high-temperature pyrometallurgical method 

 

The earliest method for lithium hydroxide extraction involved roasting 

spodumene concentrate with a large amount of lime at a temperature above 1100 
℃ because the mineral structure of spodumene is destroyed at high temperatures 

[30,31]. Reaction (1) presents the mechanism of spodumene degradation to form 

water-soluble Li2O-Al2O3. After roasting, water-soluble Li2O-Al2O3 is obtained, 
which, when reacting with water and lime during leaching, lithium hydroxide 

remains in solution, and aluminium binds into insoluble residue 3CaO-Al2O3-

6H2O. In this way, lithium is separated from aluminium. LiOH-H2O is obtained 
by evaporating, concentrating and crystallising the lithium in solution. Lithium 

extraction from the sinter into solution is more than 70 wt.%. Due to the excess 

of limestone in the process of subsequent leaching of sinter with water, the 
reaction (2) of caustification of the obtained lithium aluminate takes place: 

 

Li2O·Аl2О3·4SiO2+8CaCO3=Li2O·Аl2О3+4(2CaО·SiO2)+8CO2             (1) 
 

Li2O·Аl2О3+Ca(OH)2=2LiOH+CaО·Аl2О3               (2) 

 
The lime roasting method has wide applicability and low lithium content 

requirements for spodumene, lime, or limestone. It is inexpensive and easy to 

obtain. However, excess CaO ends up in the solid waste from leaching. Also, the 
main disadvantage of the technology is the low recovery percentage compared to 

newer technologies. 

Extracting lithium using calcium carbonate has an environmental impact during 
the mining and processing stages. 

The authors of [32] propose a method for directly obtaining metallic lithium. 

Spodumene, clay and brown coal are melted at a temperature of ~1450°C by the 
molar ratio of 6 to 7:1 (the amount of clay added is 8% of the total mass of 

spodumene and brown coal 1~12%). The duration of melting is 30~60 minutes. 

Increasing the melting temperature to 1550℃ causes spodumene to react with 
brown coal under the action of the heat of carbon. The calcined volatile 

substances are condensed to obtain metallic lithium; the reduced product is 

condensed to obtain an aluminium-silicon alloy. 
To obtain CaO from CaCO₃, high temperatures (1100-1300°C) must be reached. 

This requires significant energy input, especially if carbon-based energy sources 

such as coal are used, which increases the carbon footprint. One of the main 

factors affecting the environmental friendliness of the process is the release of 

carbon dioxide (CO₂) during the decomposition of CaCO₃. Although carbon 

dioxide can also be captured and used for other purposes, this still causes 
problems with global warming. 
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2.1.3 The phase change and acid leaching method 

 

Thermal treatment is converting from α-spodumene to reactive β-spodumene [33, 

34]. The most common natural form of spodumene is α-spodumene (monoclinic 
structure with a density of 3.184 g/cm3), which can be converted to β-spodumene 

(tetragonal structure with a density of 2.374 g/cm3) when heated above 900℃. A 

third polymorph of spodumene, γ-spodumene (hexagonal structure with a density 
of 2.399 g/cm3), is believed [30,31] to form at a lower temperature (700-800℃) 

and then convert to β-spodumene at higher temperatures. The γ-spodumene phase 

is metastable concerning β-spodumene and is difficult to distinguish from β-
spodumene because of the similarity of X-ray diffraction patterns. The 

conversion of monoclinic α -spodumene to tetragonal β-spodumene requires 

thermal treatment (1050-1100 ℃) to provide a Li release pathway with volume 
expansion due to a drop in specific gravity (from 3.2 to 2.4 g/cm3), making it 

more accessible for reagent leaching. 

The classic scheme for processing spodumene concentrate includes thermal 
treatment in a rotary kiln at a temperature of 1150-1250 ℃ for 3 hours [35]; 

sulfatizing roasting at a temperature of 250 ℃ with a sulfuric acid consumption 

of 140 wt.% of the theoretically required amount for 1 hour [36]; after that, the 
melt is leached with water and filtered; the filtered lithium sulfate solution, 

containing up to 40 g/l sulfuric acid and lithium sulfate up to ~15 g/l Li, is 

neutralized with limestone to a pH of 6.0 ÷ 6.5 to obtain lithium compounds; 
before precipitation, the sulfate solution is evaporated at least 2 times to increase 

the Li content in it to 20 ~ 30 g/l [37]. 

The total degree of lithium extraction in all the above technologies is 95%. The 
chemical reaction of thermal treatment and sulphatising firing are presented in 

Reactions (3) and (4): 
 

α-spodumene LiAl[Si2O6]→β-spodumene LiAl[Si2O6]              (3) 

 
β-Li2O•Аl2О3•4SiO2+H2SO4→Li2SO4+H2О•Аl2О3•4SiO2             (4) 

 

Fig. 2 shows the classic process flow diagram. The final result of processing is 
lithium hydroxide or lithium carbonate. Works [38-41] investigate the chemistry 

of the formation of these compounds and present technologies for obtaining 

lithium hydroxide or lithium carbide. 
 

 

 
 
Fig. 2 Basic flow diagram of the method of thermal decrepitation of spodumene 

and sulfurization roasting 

 
 

To reduce the energy consumption of the thermal treatment of spodumene, the 

researchers in [42] proposed replacing the rotary kiln with a fluidized bed reactor. 
Concentrate or ore with a size of 20-1000 μm is processed in a reactor at a 

temperature of 800-1000 °C, and the roasting time is 15-60 minutes. The 

fluidized bed is a bubble layer. Oxygen-saturated air is supplied to the reactor to 
create a fluidized bed. The essence of the technology is as follows: heat transfer 

to the particle nuclei occurs faster in fine-grained material than in coarse-grained 

material, i.e. the heating time is shorter in fine-grained material. The fluidizing 
gas is supplied to the reactor in a free state at a speed of 0.3-1 m/s. The oxygen 

content in the supplied gas is 10%, corresponding to the oxygen required to 

oxidize the fuel used to heat the reactor. 
The technology's advantage is the low heat treatment temperature; however, it 

becomes more complicated with complex technical parameters and the need to 

ensure very fine grinding of the material. 
In work [43], the technology is practically identical to the classical scheme; the 

difference is that the leaching of the cinder after sulfurization is carried out in a 
counter-current mode with closed circuits. The first and second washing solutions 

are sent for leaching to obtain a productive solution with a lithium sulfate 
concentration of 25÷26 g/l. Previously, an expensive evaporation process 

obtained a concentration of 25 g/l. The additional concentration of the solution 

does not occur since the solution is oversaturated with lithium sulfates, 
impurities, and sulfuric acid at the specified lithium content. 

When processing spodumene, attention is paid to obtaining other products and 

lithium.  
In works [44, 45], spodumene concentrate is processed using a classical scheme; 

the difference between the works is obtaining additional material, calcium 

aluminate. A solution of sodium aluminate is added to the productive solution of 
lithium sulfate at ambient temperature at a mass ratio of Al:Li = 11.5÷12.5, then 

lithium hydroxydialuminate is causticized at a CaO consumption of 4.0: 4.5 g per 

1 g of lithium in its hydroxydialuminate, followed by separation of the lithium 
hydroxide solution from the waste calcium aluminate. 

The paper [46] presents a method of spodumene processing, where activation and 

subsequent sulfurization and leaching are carried out according to the classical 
scheme. However, the concentrate's sulfurization is carried out at a temperature 

of 170÷200 ℃. Before separating the pulp into a lithium sulfate solution and an 

insoluble cake, it is neutralized with limestone to pH 6.0÷6.5. The final product is 
lithium stalls.  

In [47], the initial stages of lithium conversion are similar to the classical scheme. 

However, after neutralizing the leaching slurry and separating the neutralized 
slurry into cake and sulphate solution, the leaching slurry is neutralized with 

chemically active β-spodumene concentrate to obtain a lithium-rich cake and 

used for the production of lithium ceramics and stalls.  
The works [48,49] present studies where, after thermal treatment, the ore is 

leached with hydrochloric acid. Then, the solution is sent to multi-stage 
purification stages from cation impurities (iron, calcium and sodium are largely 

removed). The purified lithium chloride solution is passed through the 

electrolysis stage, which is the result of which a lithium hydroxide solution is 
obtained. HCl is extracted from the treated solution at the bubbling stage with 

hydrochloric acid and reused. 

After purification, the productive solution is sent to electrolysis, which results in 
a lithium hydroxide solution. The solution is then evaporated to obtain lithium 

monohydrate crystals and carbonated with carbon dioxide to obtain lithium 

carbonate. 
The works [50, 51] studied leaching β-spodumene with hydrofluoric acid and 

leaching proceeds according to reaction 5. At a solid-to-liquid ratio of 1.82% (by 

weight) and a hydrofluoric acid concentration of 7% (by volume), the degree of 
lithium extraction into solution exceeded 90%. 

 

β-LiAlSi2O6 +19HF → LiF+H3AlF6 + 2H2SiF6 +6H2O    (5) 
 

The technology of lithium sulfate solution purification from sodium and 

potassium includes electrodialysis of 50~60 V. The lithium, sodium and 
potassium molar ratio in the solution is 200:4~10:0.5~5. Bipolar membrane 

electrolysis of lithium sulfate solution is carried out to obtain a solution of 

lithium hydroxide and dilute sulfuric acid. The lithium hydroxide solution is 
concentrated and crystallized to obtain lithium hydroxide products [52]. 

The work [53] presented a technology for extracting lithium from β-spodumene 

by sequential calcination and aqueous leaching of CaO. Four leaching stages 
based on particle size reduction to 75 μm, reaction temperature of 100 ℃, mass 

ratio of CaO and β-spodumene of 3:1 and total reaction time of 9 h allowed to 

obtain 97% yield of lithium from spodumene. The method allowed to reduce the 
total amount of chemicals used compared to the traditional spodumene 

processing process. In addition, considering that the final residue after leaching 

consists of Ca(OH)2 and CaCO3, it can be reused in the water leaching process 
after calcination at 900 °C, further improving the proposed process's 

environmental friendliness. 

All technological schemes of thermal activation of α-spodumene to β-spodumene 
described above show good results in terms of leaching degree above 90%. 

However, due to high energy consumption, scientists are looking for alternative 

ways to activate spodumene and methods for extracting lithium. 

 

2.1.4 Direct processing spodumene 

 
Direct opening or direct leaching of α-spodumene involves eliminating the 

thermal activation stage and, accordingly, reducing energy costs. Due to the 

stability of the mineral structures of α-spodumene, it is necessary to use highly 
reactive strong acids or a mixture of acids to destroy it.  
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In [53], the α-spodumene structure was destroyed with a mixture of hydrofluoric 
and sulfuric acids HF and H2SO4. The process diagram is shown in Fig. 3. The 

acid ratio was HF: H2SO4 = 1 g: 3 ml:2 ml, i.e. more than 500 wt.%. After 

leaching at 100 ℃ and for 3 hours, the degree of lithium extraction into the 
solution was 96%. Kinetic studies of the process of acid opening of α-spodumene 

showed that lithium extraction corresponds to the model of a contracting core and 

is controlled by both a chemical reaction and diffusion of the product in the layer. 
The apparent activation energy Ea was 32.68 kJ/mol. Cryolite contained in the 

mineral and the formed aluminium fluoride form a layer on the surface of the 

mineral particles and close the access of the acid mixture to the spodumene 
grains, thus limiting the kinetics of the leaching process. The proposed method of 

direct acid leaching allows the processing of α-spodumene, significantly reducing 

energy consumption. However, this development has the following 
disadvantages: selective extraction of lithium into the solution is not ensured; 

since this acid mixture dissolves other elements in addition to lithium, expensive 

equipment is required to avoid rapid corrosion of the reactors. 
 

2α-LiAlSi2O6+4H2SO4+24HF→Li2SO4+Al2(SO4)3+4H2SiF6+12H2O                (6) 

 
 

 
 

Fig. 3 Technological scheme of direct acid leaching 

 
 

A two-stage heat treatment method of the solution after leaching was proposed in 

[54] to improve the direct processing process. After each heat treatment of the 
solution at 120 and 250 ℃ for 3 hours, the residual content of fluoride ion was 

2.03 wt.%. The scheme of heat treatment is presented in reaction 5. In this case, 

silicon evaporation in the form of SiF4 is observed. Nevertheless, the 
consumption of hydrofluoric and sulfuric acids has not been reduced more 

effectively. 

Autoclave leaching experiments were conducted to process spodumene directly 
(Fig. 4). Various solvents, such as alkaline ones, were used as reagents. 

 

 

 
 
Fig. 4 Technological scheme of leaching under high pressure 

 

 
The work [55] presents a technology for leaching lithium-phosphorus-aluminum-

containing material with a sodium hydroxide or potassium hydroxide solution. 

Spodumene ore containing 0.3~3% Li is added to the reactor, the particle size is 
less than 100 mesh, the temperature is 260~350℃, and the pressure is 10 atm. 

Then, the pulp is diluted with water and filtered. After filtration, a lithium-

containing solution and zeolite or potassium-nepheline products are obtained. 
The lithium-containing solution is added to sodium carbonate or sodium 

phosphate to precipitate lithium carbonate or phosphate.  

Studies have been conducted on leaching spodumene with CaO or Ca(OH)2 [56]. 
Spodumene is crushed to a size of 90≤180 μm. The content of Li2O in 

spodumene is 0.5~6.5%. The mass ratio of spodumene, additives, and water is 

1(0.5~5):(0.1~5):(1~10). The leaching temperature is 180~260℃, the pressure in 
the autoclave is 5~6 MPa, and the duration is 0.5~8 hours. After that, the pulp is 

cooled to 40~50 ℃ and filtered. The degree of lithium extraction by the 

technology is 95%. 
A study on the leaching of spodumene with sodium hydroxide and sodium 

carbonate has been conducted [57]. Low-grade α-spodumene is ground to a 

powder state with a particle size of ≤150 μm, then the resulting powder is mixed 
with sodium hydroxide, sodium carbonate and water. The mass ratio of the used 

powder material to sodium hydroxide, sodium carbonate and water is 1: (0.2 ~ 4): 

(0.1 ~ 0.5): (3 ~ 10). When spodumene interacts with sodium hydroxide, lithium 
silicate is formed. The process is described in reaction 7, and reaction 8 presents 

the general mechanism of the technology. Then, hydrothermal treatment is 

carried out at 240 ℃ for 0.5 ~ 12 hours with the addition of CO2 to the reactor. 
After that, the filtrate is heated, concentrated and subjected to thermal 

decomposition to obtain a lithium carbonate suspension.  

 
6α-LiAlSi2O6+14NaOH→3Li2SiO3+2Na4Al3Si3O12(OH)+3Na2SiO3+6H2O      (7) 

 

α-LiAlSi2O6 +3NaOH+2CaO+2H2O → LiOH+ 2NaCaHSiO4 +NaAl(OH)4     (8) 
 

Alkaline compounds were used as a solvent in the above methods. In work [58], a 

method of leaching under pressure with the addition of nitric acid is described. 
Conditions: temperature - 170°C and/or pressure 15 bar. At the end of the 

experiment, the lithium nitrate solution is heated to evaporate water from it and 
further heated to a temperature exceeding the melting point of lithium nitrate to 

cause the lithium nitrate to melt and turn into a mobile liquid, exceeding 600°C to 

decompose liquid lithium nitrate. 
The technology of direct leaching of spodumene with various reagents is quite an 

environmentally friendly recycling process. However, solutions are formed in 

large quantities that must be disposed of. 
 

2.1.5 Flux roasting method 

 
The method of roasting with fluxes also aims to reduce the temperature of the 

structural change of spodumene using fluxes.  

In [59] the roasting of spodumene concentrate and soda is presented. The mass 
ratio of silicon and the sum of sodium and lithium (in terms of oxides) 

SiO2/(Na2O+Li2O) should be within 1.91÷2.61. Melting is carried out in a shaft 

furnace at a temperature of ~1350oC in graphite crucibles. To cool the melt, it is 
poured into cold water; then the resulting granules are crushed. The crushed melt 

is pulped in water at a ratio of S:L=1:0.8. 93% sulfuric acid is added to the 

resulting pulp at 0.7 ml per 1 g of melt. The resulting sulfates are leached with 
water at S:L =1:3 (based on the original melt), a temperature of 95oC for 40 

minutes. The resulting sulfuric pulp is filtered, and the filtered cake is subjected 

to a 2-fold filter-reputation wash with water acidified with sulfuric acid to a 
concentration of 10 g/l H2SO4, at S:L= 1:6 (by the original melt) and a 

temperature of 90oC for 15 minutes. The completeness of lithium and aluminum 

extraction is determined by the residual content of lithium and aluminum in the 
cake. According to this technology, lithium extraction is 99.3% and aluminum 

98.8%. The advantage of the technology is the extraction of aluminum together 

with lithium. The disadvantage of the technology is the high consumption of 
soda, and this technology is economically impractical if the Li2O content in the 

ore is below 3%. 

Studies have been conducted on roasting spodumene with fluorinated compounds 
[60, 61]. According to the studies, fluorinated compounds are added to 50-200 

mesh ore in a molar ratio of 1:1 or 1:3, mixed and uniformly ground to 100-200 

mesh and roasted at 200 to 600 ℃. After roasting, 1-6 mol/l of sulfuric acid is 
added to the cinder in a liquid-solid ratio of 1:1 or 1:5 and leached for 2-3 hours 

and filtered. Then, the lithium sulfate solution is evaporated and concentrated, 

and soluble carbonates are precipitated in the mother liquor. The technology 

allows lithium carbonate extraction with a purity of more than 96.4%. 

The basic flow chart of the methods for opening spodumene with salt compounds 

is shown in Fig. 5. 
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Fig. 5 The main technological scheme of processing with salt compounds 

 

In addition to lithium, spodumene contains useful components, and the 
technology is designed to extract all useful components to the maximum. 

According to the method [62], the batch of beryllium-spodumene concentrate and 

sodium carbonate is roasted with a mass ratio of SiO2/Na2O+Li2O) equal to 2.0÷ 
2.3. In the smelting and aqueous granulation of the melt, beryllium-lithium-

containing granulate phases are obtained that are easily opened with sulfuric acid. 

Lithium is extracted simultaneously with beryllium. This makes it possible to 
reduce the cost of extracting lithium from mineral raw materials due to the 

complex use of this raw material.  

In work [63], sodium sulfate and/or sulfuric acid are added to the spodumene 
concentrate in 2.5% of the concentrate mass, 1~10.0% caustic soda and/or soda 

ash. The granulated material is fired at a phase transition temperature lower than 

α-spodumene. Sulfuric acid during sulfating firing is 20 to 30% of the quality of 
spodumene concentrate, the firing temperature is 200~250℃, and the time is 

60~120 minutes. 

The paper presents a method for processing spodumene with sodium and calcium 
salts [64]. The lithium precipitation is carried out after mixing, firing, leaching, 

cleaning, and removing impurities. According to this technology, the yield of the 

target product is 88-92%. 
 

2.1.6 Microwave roasting method 

 
Electrochemical technologies offer unique opportunities for ore processing, 

providing controllable methods that can be integrated with renewable energy 

sources and existing process technologies [65]. The microwave roasting method 
is a newer and more promising method that uses microwave furnaces to roast 

spodumene. Microwaves accelerate the lithium extraction process and improve 

recovery compared to traditional methods since they allow temperature control 
and reduce energy consumption. 

To exploit the advantages of microwave calcination over conventional heating, 

this work [66] studied the effect of microwave power on the phase transformation 
and leaching of spodumene. The effect of microwave power on spodumene's 

phase transformation and leaching is significant. The optimum lithium recovery 
through the microwave calcination-acid roasting-leaching process reached 97% at 

a microwave power of 2.0 kW, comparable to conventional heating. In addition 

to the faster, less energy-consuming and greenhouse gas-free calcination, 
microwave heating also resulted in lower Fe, Na and Ca recovery values in the 

leaching process, which provided an advantage in the downstream treatment 

processes. Microwave temperature profiles of spodumene and characterisation 
results confirmed that α-spodumene started to convert to γ- and β-spodumene at 

about 900 °C.  

The use of microwave ovens in the acid roasting of spodumene in the lithium 
extraction process was investigated and compared with conventional furnace 

heating [67]. The effects of various key process factors were evaluated. 

Conventional acid roasting of 5 g β-spodumene at 250 °C for 60 min was highly 
efficient in recovering lithium with 80% excess concentrated sulfuric acid. The 

microwave process achieved nearly complete lithium recovery with 20 s of 

irradiation. The possibility of reducing the amount of excess acid required to 
grind the sample to achieve a small particle size reduction was explored, and 

nearly complete recovery was observed with only 15% excess acid. Microwave 

irradiation of the sample for longer than 20 s resulted in decreased lithium 
recovery, with the lowest value being 42% after 240 s of microwave irradiation. 

The heating mechanism and the back reaction of Li⁺ and H⁺ were explored as 

possible explanations for this effect. The energy consumption of this study's 
conventional muffle heating method was calculated to be 10.4 MJ, significantly 

higher than the microwave energy of 15.4 kJ required to achieve the same 

percentage of Li extraction from β-spodumene. 

This method is still under active research, but it promises to be more efficient and 
environmentally friendly than traditional methods, as it reduces energy costs and 

processing time. 

Several disadvantages of the method are that microwave radiation causes 
differential heating of minerals, which can be both an advantage and a 

disadvantage; microwave roasting can reduce the energy costs of processing 

compared to traditional methods; the initial capital costs of installing microwave 
furnaces can be quite high.  

Microwave processing of spodumene has significant potential to improve the 

efficiency of the lithium extraction process, but it is accompanied by several 
disadvantages that must be considered. For the method to become widely 

applicable, problems with heating uniformity, scalability, and process control 

accuracy must be solved, and capital costs for equipment must be reduced. 
Each method has advantages and disadvantages, depending on the technology 

used, cost, availability of raw materials, and environmental standards. 

Table 2 summarizes the different processes for Li extraction from spodumene 
published in patents and studies. 

 

 
Table 2 A summary of the various processes for extracting Li from spodumene 

that have been published in patents and studies 

 
Process 

 
Experimental Conditions 

End 

Product/Recovery 

% 

 
Ref 

Lime firing Roasting: ore/ CaCO3 above 
1100 ℃ 3 hours; leaching at 70 

℃ 

  Li extraction -
70% 

[30,31] 

 

 
 

 

 
 

Thermal activation 

of spodumene 

Thermal decomposition of 

ore at 1150-1250 ℃ for 3 
hours; roasting: ore/H2SO4 

140mas.% at 250 °C for 1 hour; 

leaching at 50 °C       

L  Li extraction - 

95% 

[30-36] 

Fluidized bed+O2 at 800-

1000 ℃ for 15-60 minutes; 

roasting: ore/H2SO4 140mas.% at 
250 °C for 1 hour; leaching at 50 

°C 

L  Li extraction -

95% 

[41] 

Thermal decomposition of ore 

at 1100 ℃; roasting: ore/H2SO4 
140mas.% at 170-200 ℃ 1 hour; 

leaching at 50 °C 

     Li extraction - 

95% 

[46] 

 

 

 
 

Direct processing of 

the spodumene 

 

Ore/Na2CO3/CaCO3 at 1100 
℃; H2SO4 leaching; 

purification from impurities 

  Li extraction -
98%; Ве-98% 

[48] 

Ore/CaCO3 at 1000 ℃; 
НСl leaching; purification 

from impurities; electrolysis 

  Li extraction -
99,5% 

[49-50] 

Leaching: 

ore/HF/H2SO4=1:3:2 at 100°C 
for 3 hours 

  Li extraction -

96% 

[53] 

Firing 1:ore/HF/H2SO4 at 120 

°C; Firing 2:ore/HF/H2SO4 at 
250 °C;      

L   Li extraction 

- 95% 

[54] 

Leaching: ore/CaO at 100 °C, 

CaO/β-spodumene 3:1 reaction 

time 9 h 

  Li extraction - 

97% 

[57] 

Roasting: Ore/NaOH at 280 

℃ 3 h; H2O leaching; 

electrolysis 

L     Li extraction 

- 95% 

[59] 

Pressure leaching: Ore/NaOH 
at 260~350℃, pressure 10 MPa 

L   Li extraction 
- 95% 

[60] 

Pressure leaching: 

Ore/Na2SO4/CaO/Ca(OH)2 at 
180~260 ℃, pressure 5~6 Mpa, 

0.5~8 h. 

L   Li extraction 

- 97% 

[61] 

Pressure leaching: Ore/ 

HNO3 at 170°C, pressure 15 
Mpa, 3 hours; melting 600 °C 

     Li extraction - 

93% 

[63,64] 
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2.2 Extraction of lithium from lepidolite  

 

Lepidolite K(Li,Al)3(Si,Al)4O10(OH,F)2 as well as spodumene is an important 

industriallysignificant mineral [68]. The chemical composition of lepidolite is 
highly variable due to different degrees of crystallisation differentiation. The 

content of components varies in the following ranges Li2O is 1.2– 5.9 wt.%, K2O- 

4.8- 13.8 wt.%, Al2O3-11.3-28.8 wt.% and SiO2- 46.9-60 wt.%. Iron, calcium, 
magnesium, rubidium and caesium are also present in the composition of 

lepidolite [69]. Due to its complex chemical and mineralogical composition and 

lower lithium content than spodumene, lepidolite is involved in processing in a 
small volume and was previously considered an off-balance ore [70,71]. 

However, the increasing demand for lithium has moved lepidolite to the category 

of balance ores. The main processing methods include sulphate roasting, 
chlorination, sulphuric acid leaching, weak acid leaching and high-pressure 

alkaline leaching. 

The crystal structure of lepidolite is layered prismatic crystals with convex 
pinacoidal discontinuities. It forms pseudo-hexagonal "books." It is also found in 

mica or granular masses. The influence of the crystal structure of lepidolite on 

lithium extraction methods can be manifested in the technological process of its 
processing. It includes four stages: crushing, separation, and dehydration [72]. 

 

2.2.1. Thermal direct processing  

 

The sulfate method [73] is based on sintering lepidolite to form water-soluble 

lithium sulfate and water-insoluble aluminosilicate cake. The completeness of the 
aqueous leaching of lithium from the sinter is achieved due to the sintering 

temperature of 720-920 °C, with a mass ratio of lepidolite and K2SO4 equal to 
7:(3-7).  

Reference [74] presents a firing method with potassium sulfate (t-1000 °C, τ-30 

min). Lithium transforms into a water-soluble form, LiKSO4 and Li2NaK(SO4)2.  
In [75], a technology was proposed that includes the preparation of a charge from 

concentrate and alkaline flux, its melting with alkaline flux, aqueous granulation 

of the melt to produce granules, their grinding and sulfuric acid leaching, sodium 
carbonate is used as an alkaline flux to obtain the required ratio of silicon 

contained in the charge and the amount of sodium, potassium and lithium in 

Terms of oxides, equal to 2.89-3.45. It reduces the consumption of alkaline flux, 
sulfuric acid for sulfurization of melt and energy consumption. 

The authors of [76] conducted studies where lepidolite is mixed with various salt 

additives (phosphates, amino carboxylic acids and their metal salts, organic 
phosphoric acids and their metal salts or hydroxycarboxylic acids). The mass 

ratio of lithium-containing ore to the additive varied 1: (0.1-5). The mixture is 

ground in a ball mill for mechanic-chemical activation of lepidolite. After that, 
the mixture is leached with sulfuric, hydrochloric and nitric acid. The extraction 

of lithium into the solution is 95%. After cleaning, the required purity of 99.9% 

lithium carbonate is achieved.  
The authors of [77] mechanically activated lepidolite by grinding in a planetary 

ball mill for 5 hours using zirconium dioxide and Na2SO4. The temperature 

required for sulfate firing was significantly reduced due to mechanical activation. 
A brief description of the process is presented in the reaction (9): 

 

K(Li,Al)3(Si,Al)4O10(OH,F)2+Na2SO4→Li2SO4+K2SO4+NaAlSi3O8+HF+ 
H2O                         (9) 

 

There were also studies [78] where a mixture of CaSO4 sulphate with Na2SO4, 
Na2SO4, with K2SO4 and K2SO4 with CaO at different ratios was used for firing, 

and the process is shown in reaction 10. The firing time was from 30 minutes to 1 

hour, and the temperature was 850-900 °C. When CaO was added, fluorine 
remained in the residue as CaF2 and Ca4Si2O7F2 according to reaction 11. The 

recovery under these conditions was over 90% of lithium: 

 
K(Li,Al)3(Si,Al)4O10(OH,F)2+Na2SO4+CaSO4→Li2SO4+K2SO4+NaAlSi3O8+ 

CaAl2Si2O8+CaF2+H2O                                    (10) 

 

K(Li,Al)3(Si,Al)4O10(OH,F)2+Na2SO4+K2SO4+CaO→Li2SO4+NaAlSi3O8+ 

KAlSi2O6+CaF2+Ca4Si2O7F2+H2O             (11) 

 
Also, FeSO4 is used as a flux for firing, which produces SO3 gas during heat 

treatment and reacts with lepidolite according to reactions (12)-(14) [79,80], at 

200 wt.% FeSO4 consumption and 675 ℃, heat treatment time of 1.5 hours, the 
lithium recovery rate is 92.7%. SO3 obtained from FeSO4 decomposition first 

reacts with the outer layer of lepidolite and albite to form Na2SO4 and K2SO4 by 
reactions (15)-(16). The sulphates then react with SO3 to form the corresponding 

pyrosulphates by responses (17)-(18). Pyrosulphates further break down the 

lepidolite structure according to reactions (19)-(20), which leads to an accelerated 
firing process. Compared to Na2SO4 and K2SO4, SO3 gas, formed during the 

decomposition of FeSO4, plays an important role in the firing process. Thus, this 

process is more similar to the acidic method, although it is also called sulfate 
firing. 

 

FeSO4·7H2O →FeSO4+7H2O                    (12) 
 

12FeSO4 +3O2 → 4Fe2(SO4)3 +2Fe2O3                   (13) 

 
Fe2(SO4)3 → Fe2O3 +3SO3                    (14) 

 

K(Li,Al)3(Si,Al)4O10(OH,F)2+SO3→Li2SO4+K2SO4+Al2(SO4)3+AlF3+SiO2+H2O
                      (15) 

 

2NaAlSi3O8+4SO3→Na2SO4+Al2(SO4)3+6SiO2                  (16) 
 

K2SO4+SO3→K2S2O7                     (17) 

 
Na2SO4+SO3→Na2S2O7                    (18) 

 

K(Li,Al)3(Si,Al)4O10(OH,F)2+K2S2O7→Li2SO4+K2SO4+Al2(SO4)3+AlF3+SiO2+ 
H2O                       (19) 

 
K(Li,Al)3(Si,Al)4O10(OH,F)2+Na2S2O7→Li2SO4+K2SO4+Na2SO4+Al2(SO4)3+ 

AlF3+SiO2+H2O                      (20) 

 
Thus, the researchers studied the lepidolite treatment process by sulfate firing, 

and the lithium extraction yield generally exceeded 90%. However, the 

disadvantage of the sulfate technology is the high consumption of expensive 
fluxes at the sintering stage. 

 

2.2.2. Chlorination 

 

In addition to salt roasting, there are chlorination technologies for lithium-

containing minerals. The chlorination temperature is above 1100 ℃ in an argon 
atmosphere. After chlorination roasting, the recovery rate of Li is 50 to 90%, and 

lithium is extracted as LiCl. The recovery rate of Li depends on the content of 

LiO, the type of Li-containing phase, and the impurities in each Li-containing 
material. In addition, the distribution of major impurity elements such as K, Na, 

Mn, and Fe occurs between the evaporated chloride gas and the solid residue 

after chlorination roasting. The purity of LiCl is 89%, 93%, 77%, and 22% for 
the chlorination products isolated from lithium-ion battery (LIB) recycling slag 

samples, kunzite, hidenite, and lepidolite, respectively. Experimental results 

show [81,82] that lithium-ion battery (LIB) recycling slag, in particular, has great 
potential as an alternative (secondary) lithium-containing source for the 

production of high-purity, “technical grade” LiCl (~90%) recycled by the 

chlorination process. Even if the chlorination process produces pure LiCl, a 
further refining process is required to bring the “technical grade” LiCl (90% 

purity) to battery-grade quality (>99.5% purity). 

Studies have been conducted on chlorination of lepidolite in the presence of 
Na2SO4 [83]. The ore/sodium sulfate/calcium chloride ratio is 1:0.5:0.3. When 

roasting at temperatures above 800 °C, lithium extraction is above 90%. After 

leaching the cinder, a solution is cooled to -5 °C to crystallize 92.1% of sulfates. 
Then, the solution is heated to evaporate Li2CO3 with a purity of >99.5%. 

Lithium extraction is 93.8%. The mechanism of the proposed technology is 

presented in reaction 21. 
 

K(Li,Al)3(Si,Al)4O10(OH,F)2+NaCl+CaCl2→LiCl+KCl+NaAlSi3O8+CaAl2Si2O8

+CaSiO3+CaF2+H2O                                                          (21) 

 

When lepidolite is chlorinated with the chlorinating agents CaCl2 and NaCl 

together with lithium, valuable components such as rubidium and caesium are 
chlorinated. The authors of [84] achieved a high degree of extraction of these 

elements except lithium from lepidolite by firing a lepidolite/CaCl2/NaCl 

mixture; it is equal to 1/0.3/0.2 at 750 ℃ and has a duration of 45 minutes. The 
mechanism of the proposed technology is presented in reaction (22). 
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K(Li,Al)3(Si,Al)4O10(OH,F)2+Na2SO4+CaCl2→Li2SO4+K2SO4+LiCl+KCl+NaAl

Si3O8+CaAl2Si2O8+CaF2+H2O                                                           (22) 

 
The stub was leached with water at room temperature 25 ℃, S:L ratio=1:3. 

92.49% Li, 98.04% Rb, 98.33% Cs and 92.90% K were extracted into the 

solution. The lithium content of the leach solution was 5.15 g/l. The bulk of the 
insoluble residue was CaAl2Si2O8, CaF2 and NaAlSi3O8. 

 

2.2.3. Acid direct processing 

 

The authors [85] experimented in which lepidolite was leached at t-138 ℃, t -10 

h, and atmospheric pressure in a three-necked flask with a dense tube. Under 
these conditions, lithium, rubidium, and caesium recovered 94.2%, 91.8%, and 

89.2%, respectively. Leachings were carried out with hydrochloric acid at a 6.21 

mol/L concentration. An 8-hour leaching at 108 ℃ recovered 95.7% of lithium. 
The leaching mechanism is shown in reaction 23. 

K(Li,Al)3(Si,Al)4O10(OH,F)2+HCl→LiCl+KCl+AlCl3+SiO2+AlF3+H2O         (23) 

 
The leaching of lepidolite with hydrofluoric acid HF (concentration of 7 vol. %) 

at 123 ℃ was investigated, and the lithium recovery was 90% [86]. Lithium, 

aluminium and silicon were subsequently isolated as LiF, Na3AlF6 and K2SiF6 by 
precipitation and evaporation, and all processes are shown in Reactions (24)-(26). 

Also, leaching was carried out in [87-89] with a mixture of HF and H2SO4 acids, 

as described in the reaction (27). H2SO4 affected the recovery of up to 98 % 
lithium and 90 % rubidium and caesium. The kinetic data were consistent with 

the shrinking nucleus model. Initially, the process was controlled by chemical 
reactions at the interface and internal diffusion. As the reaction proceeded, 

internal diffusion gradually became the dominant limiting factor. A step heating 

method was proposed to treat the leach liquor to remove fluoride. After heat 
treatment at 120 ℃ for 3 h and 200 ℃ for 6 h, only 0.68 wt.% of fluorine 

remained in the solution. At this time, the lithium yield could still be maintained 

at 94.3%. 
 

K(Li,Al)3(Si,Al)4O10(OH,F)2+HF→LiF+KF+H3AlF6+H2SiF6+H2O                 (24) 

 
3NaOH+H3AlF6→Na3AlF6+3H2O                   (25) 

 

2KOH+H2SiF6→K2SiF6 +2H2O                    (26) 
 

K(Li,Al)3(Si,Al)4O10(OH,F)2+HF+H2SO4→Li2SO4+K2SO4+Al2(SO4)3+H2SiF6+ 

H2O                      (27) 
 

Lithium extraction from lepidolite was performed similarly to the method of β –

spodumene processing. The concentrate was ground to a coarseness of -0.16mm, 
mixed with sulfuric acid at a ratio of 0.8mL:1g of concentrate, and sulfatised at 

150℃ for five hours. The sulfated product was leached with water at a ratio of 

S:L=1:5 for 30 min. The lithium recovery rate is more than 94% [90]. 
Research work has been carried out on the production of syntals [91] from 

lithium concentrate. The method includes sulfatisation of the concentrate with 

sulfuric acid 95÷100℃ for 4-6 min, leaching the sulfatised concentrate, 
separating the leaching pulp into sulfate solution and insoluble cake. After 

washing the cake, the washed cake is dry. Then, prepare the charge from dry cake 

with lithium, potassium, sodium carbonates, oxides of magnesium, calcium, 
titanium, zinc, trivalent chromium and cryolite. At preparation of charge from dry 

cake with carbonates, oxides, and cryolite, consumption of lithium carbonate and 

potassium carbonate is 11,1÷11,3 wt.% and 4,2÷4,3 wt.% accordingly. Then, the 
charge is melted, and the obtained melt is poured into the casting mould, which is 

cooled. The mould is extracted, and heat treatment is done by forming a sitall. 

The technical result is the complete extraction of lithium and potassium into 
target products and the reduction of energy costs due to the decrease of 

decrepitation time and consumption of reagents.  

In [92], mechanical activation converted lepidolite to an amorphous state with 

high reactivity. Sulfatisation was carried out at 165℃ for 4 h with a dosage of 

65% by weight of concentrated sulfuric acid. Under these conditions, the lithium 

recovery is at 85%. Studies were carried out to optimize the process parameters: 
dosage of concentrated sulphuric acid 130% by weight, temperature 190℃ and 

duration 15 min [93]. 

When lepidolite is treated with sulfuric acid, the structure of minerals is 
destroyed. While further leaching, lithium passes into the solution as sulfate. The 

process is summarized in reaction (28). 

  
K(Li,Al)3(Si,Al)4O10(OH,F)2+H2SO4+H2O→Li2SO4+KAl(SO4)2+Al2(SO4)3+SiO2

+HF+SiF4                      (28) 

 
Further, leaching revealed the release of many impurities, which, in the case of 

spodumene, was avoided by adjusting the roasting technology. Also, [94] found 

that the lithium content in the solution decreases due to the formation of 
LiAl2(OH)7-H2O lithiumalumohydroxides in the residue. By correcting the 

sulphatisation at 800℃ and a time of 2 hours, the formation of these compounds 

was avoided, and the yield of aluminium and iron could be reduced to 0.08% and 
0.02%.  

In [94], an improved sulphuric acid method with fluorine addition was proposed 

to enhance lithium recovery using an acid mixture of hydrofluoric acid and 
sulphuric acid (HF/H2SO4). A stepwise thermal treatment for fluoride removal 

was proposed based on the different boiling points of the HF-H2O and H2SO4-

H2O subsystems of the acid-leaching solution. The effects of heating temperature 
(200-350℃), heating time (6 h, 12 h), initial ore/H2SO4 ratio (1:1.5-1:3.5 g/ml) 

and different heating methods (one-step or stepwise) on fluoride removal and 

lithium recovery were investigated. Based on elemental and compositional 
analyses of the liquid phase and the corresponding solid phase, the optimum 

conditions for fluoride removal were established: about 0.68% fluoride remained 

in the leach slurry after stepwise heat treatment at 120℃ for 3 h and 200℃ for 6 
h with an initial ore/HF/H2SO4 ratio of 1:2:2:2 g/ml. The Li retention remained at 

a relatively high level of 94.26%. 
 

2.2.4. Pressure leaching 

 
During lepidolite processing, all stripping techniques similar to spodumene were 

carried out, and the high-pressure leaching method was no exception.  

Studies have been conducted on leaching lepidolite under high pressure at 150 °C 
for 60 minutes using 100 wt.% CaO and lithium recovery reached 98.9% [96]. 

The process is shown in reaction (29). The concentration of NaOH had a 

significant effect; the leached residue was high-purity sodalite under optimal 
conditions. The combined method uses NaOH and Ca(OH)2 (320 g/l NaOH, 30 

g/l Ca(OH)2, 250 °C and 2 hours). The chemistry of the process is presented in 

reaction (30). The lithium extraction yield is 94%. The advantage of the alkali 
process is that the residue can be processed into products with high value; 

however, high pressure and alkali concentration cannot be avoided during the 

operation. 
 

K(Li,Al)3(Si,Al)4O10(OH,F)2+CaO+H2O→LiOH+KOH+CaAl2Si2O8+ 

Ca2,9Al1,97Si0,64O2,56(OH)9,44+CaF2                                    (29) 
  

K(Li,Al)3(Si,Al)4O10(OH,F)2+CaO+NaOH→LiOH+KOH+Na2SiO3+ 

Ca3Al2Si3O12+CaF2+H2O                    (30) 
 

Table 3 summarises the various Li extraction processes from lepidolite published 

in patents and studies. 
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Table 3 Summary of various Li extraction processes from lepidolite that have 
been published in patents and research 

 

Process 

 

Experimental Conditions 

End Product/Recovery 

% 
 

Ref 

 

 
 

 

Thermal direct 
processing 

Roasting: ore/K2SO4 t-1000 °C, τ-

30 min; H2SO4 leaching; 
purification from impurities 

Li extraction - 

92% 

[75-76] 

mechanical activation: ore/salt 

additives=1:(0.1-5) grinding; HCl 

leaching; purification from impurities 

Li extraction - 

95% 

[78] 

mechanical activation: 

ore/Na2SO4/ZrO2 5 h. grinding; 

roasting 1 hour at 850-900 °C; 

purification from impurities 

Li extraction - 

90% 

[79] 

Roasting ore/FeSO4 at 1100 ℃; 

leaching of H2SO4; purification from 
impurities 

Li extraction - 

92,7% 

[80,81] 

 

 

 
 

Chlorination 

Chlorination of ore at 1100 ℃ in an 

argon atmosphere 

Li extraction - 

90% 

[82] 

Ore chlorination at 880 ℃ 30 min Li extraction - 
92,9% Rb-

93,6%, 

Cs-93% 

[83,84] 

Chlorination/roasting ) 
ore/Na2SO4/CaCl2 at 880 ℃ 30 min 

Li extraction - 
94,8% Rb-

93,5%, 

Cs-90,1% 

[86] 

 

 

 
 

Acid direct 

processing 

Leaching: ore/H2SO4 at t-138 °C, τ-

10 h 

Li extraction - 

94,2% Rb-

91,8%, 
Cs-89,2% 

[87] 

Thermal activation of ore at 1345 °C; 

Leaching: ore/H2SO4 at t- 100 °C, τ-3 

h 

Li extraction - 

95% 

[89] 

Leaching: ore/HF at 123°C, τ-3 h Li extraction - 

90% 

[90] 

Leaching: ore/HF/H2SO4 at 125 °C, 

τ-3 h 

Li extraction - 

98%, Rb-90%, 
Cs-90% 

[92,94] 

Sulfurization of H2SO4 at 150 °C for 

5 h, Leaching of H2O τ-30 min 

Li extraction - 

90% 

[95] 

 

Pressure 

leaching 

Pressure leaching: Ore/CaO, at 150 

°C, pressure 10 MPa, 1 hour; melting 

600 °C 

Li extraction - 

98,9% 

[96] 

Pressure leaching: Ore/Na2SO4/CaO, 

at 100°C, pressure 10 MPa, 1 h. 

Li extraction - 

96% 

[97] 

 

 
2.3. Joint processing of lepidolite and spodumene concentrates 

 

Many known methods can extract lithium from its minerals: sulfuric acid, sulfate, 
and lime [98]. However, most of these methods are designed to process only 

individual lithium minerals, significantly narrowing the raw material base of 

lithium industries. The number of known techniques for co-processing lithium 
concentrates is currently limited.  

The kinetics of co-firing were investigated in [99]. According to the study's 

results, lepidolite reduces the temperature of the transition of spodumene from 
the α-phase to the β-phase by 150 °C. Fluorine exits the lepidolite lattice during 

synergetic firing and attacks the bonds in the α-spodumene lattice. Further, 

97.60% of Li was extracted using classical technology.  
The paper [100] presents a method for processing lepidolite and spodumene 

concentrates. The method includes preparing a charge from a mixture of 

concentrates and flux, activating the preparation of the charge, and aqueous 
leaching of the activated charge. The charge is prepared from a mix of 

concentrates calculated to obtain a SiO2/(Na2O+K2O+Li2O) mass ratio in the 

mixture equal to 4.5, and soda ash calculated to obtain a SiO2/(Na2O+K2O+Li2O) 

mass ratio in the charge equal to 2.5, activating preparation of the charge is 
carried out by melting it at a temperature of 1350 °C for 30 minutes. The melt is 

poured into cold water (water temperature 15 °C), the resulting granules are 

crushed. The crushed pellet is pulped in water at a ratio of S:L=1:0.8. 93% 
sulfuric acid is added to the resulting pulp at 0.7 mL per 1 g of melt. The 

resulting sulfates are leached with water at S:L=1:3 (according to the initial 

granulate), at a temperature of 95 °C for 40 minutes. The resulting sulfuric acid 
pulp is filtered, the filtered cake is subjected to 2-fold filter-repulpation washing 

with water acidified with sulfuric acid to an acid concentration in water of 10 g/l, 

at S:L=1:6 (according to the initial granulate) and a temperature of 90 ° C for 15 
minutes. The residual lithium content in the cake determines the completeness of 

lithium extraction from the concentrate into the solution. The total recovery of 

lithium by this technology is over 90%. 
The work [101] presents a technology almost similar to the above, and the 

difference is the use of different amounts of lithium carbonate.  

As a result of grinding a mixture of lepidolite and spodumene concentrates, 
crystal lattices are destroyed and the specific surface area of lepidolite and 

spodumene increases, i.e., mechanical activation of these minerals, which 

increases their chemical activity and provides, during sulfuric acid leaching of a 
mechano-activated mixture of concentrates, the possibility of deep opening of 

lithium minerals activated in this way with sulfuric acid to form water-soluble 

lithium sulfate and insoluble silica. In [102], a method for extracting lithium from 
a mixture of lithium concentrates includes the preparation of a charge from 

lepidolite and spodumene concentrates, calculation of the resulting mass ratio of 

lepidolite and spodumene concentrates in their mixture equal to 2.5÷99.0. For the 
experiment, a mixture of lepidolite and spodumene concentrates with a lithium 

content of 2.29 and 3.28% by weight, respectively. The prepared mixtures are 
ground in a planetary mill to obtain an X-ray amorphous product with a grain size 

of 45 microns. The mechanically activated mixtures are pulped in water at a ratio 

of S:L = 1:0.8. 93% sulfuric acid is added to the pulp at 0.6-0.8 mL per 1 g of the 
mechanically activated mixture. The resulting sulfates are leached with water at 

S:L = 1:5 (according to the mechanically activated mixture), at 95 °C for 2 ± 1 h. 

The resulting sulfuric acid pulp is filtered, and the filtered cake is subjected to 2-
fold filter repulpation washing with water acidified with sulfuric acid to pH 3.0-

3.5, at S:L = 1:(5-6) (according to the mechanically activated mixture) and a 

temperature of 70 °C for 15 minutes. The technical result of the invention is a 
high recovery of lithium into solution without the use of fluxes.  

Reference [103] presents a technology where thermal activation with alkaline 

leaching is carried out for the synergistic extraction of Li and Rb from a mixture 
of spodumene and lepidolite. The authors found that this method reduces alkali 

consumption during leaching compared with the selective processing of each 

mineral. The technology achieved the following extraction results: 93.0% Li, 
88.1% Rb, 41.3% Si, and 2.8% Al.  

Table 4 summarizes the various Li extraction processes from spodumene and 

lepidolite published in patents and research. 
 

 

Table 4 Summary of the various Li extraction processes from spodumene and 
lepidolite that have been published in patents and research 

 

Process 

 

Experimental Conditions 

End 

Product/Recovery 

% 

 

Ref 

 

 
 

Thermal 

direct 
processing 

Thermal activation of ore at a temperature 

of 1000 °C Firing: a mixture of ores/F; 
leaching; purification from impurities 

Li extraction - 

97.6% 

[99] 

Melting: ore/CaCO3 mixture at 1350 °C 
30 min; H2SO4 leaching at t-95 °C, 40 

min; purification from impurities 

Li extraction - 
90% 

[100] 

Thermal activation of ore at a temperature 

of 1000 °C leaching of NaOH; 
purification from impurities 

Li extraction - 

93% Rb-
88,1%, 

[101] 

Acid direct 
processing 

mechanical activation: ore mixtures 5 h; 
leaching of H2SO4 at t- 95°C, 40 min; 

Li extraction - 
90% 

[102] 
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2.4. Extraction of lithium from other minerals 

 

Due to the growing demand for lithium, researchers are looking for various ways 

to involve other lithium-containing minerals, such as monttebrazite, amblygonite, 
petalite, lithium porcelain stone, and others, in processing. The general problem 

with their involvement in production is low lithium concentrations and high 

concentrations of host rocks. Below are works on the extraction of lithium from 
these minerals.  

Montebrasite (LiAl(PO4)(F,OH)) is a pegmatite mineral that is combined with 

spodumene and lepidolite. It is the richest mineral in lithium content, with a 
theoretical Li2O content of approximately 10% by weight. However, the mineral 

does not lend itself to traditional enrichment methods. 

The team of authors [104] presented a technology where dilute sulfuric acid was 
mixed with montebrasite and fired; the chemistry of the technology is shown in 

the reaction (31). At 800 °C, a lithium recovery yield exceeding 95% was 

achieved within 15 minutes. In addition to the target product, the extraction of 
associated valuable components is also considered in these minerals. Aluminum 

phosphate was obtained as a by-product, which increased the cost-effectiveness 

of the process. 
 

2LiAl(PO4)(F0,5,OH0,5)+4H2SO4→Li2SO4+Al2(SO4)3+P2O5+HF+4H2O           (31) 

 
In [105], lithium extraction from minerals rich in lithium and amblygonite 

phosphates was investigated. The first process is obtaining amblygonite 

concentrate by grinding it. Leaching of amblygonite in a sufficient sulfuric acid 
solution under atmospheric conditions to convert lithium, sodium and aluminum 

into soluble sulfates, as well as to extract all fluorides and phosphates present. 
Impurities present in the lithium-containing filtrate, such as sodium, aluminium, 

phosphate, and fluoride, are removed by precipitation using a suitable substrate 

such as limestone, lime, or monovalent carbonate or hydroxide salts, but 
preferably limestone. Adding a base increases the solution's pH, ensuring the 

neutralization and precipitation of impurities. Separation of impurity metals and 

sulfates from lye by filtration or decantation, in which the resulting filtrate 
contains most of the lithium in the initial amblygonite ore or concentrate. The 

solid particles are washed with water to extract the residual lithium. Precipitation 

of calcium ions by adding a monovalent carbonate salt such as Li2CO3 or 
Na2CO3. 

The next mineral is petalite from the silicate group, with the chemical formula 

(LiAlSi4O10). In general, petalite is already used in the production of high-quality 
ceramics and special glass. The theoretical Li2O content is 4.88 wt.%. Petalite has 

a similar structure to spodumene. It undergoes thermodecription at 1100 °C with 

decomposition into β-spodumene and quartz.  Therefore, this mineral can be 
processed according to the technological scheme of processing spodumene. 

Mixing petalite with Na2SO4 at a flow rate of 100 wt.%, followed by grinding the 

mixture in a planetary ball mill and heat treatment at 1000 °C for 1 hour, 
allowing 99% of lithium to be extracted into a soluble form by reaction (32) 

[106]. 

  
LiAlSi4O10+Na2SO4→LiNaSO4+NaAlSi3O8+SiO2                                            (32) 

 

The third mineral is lithium porcelain stone. The lithium content in lithium 
porcelain stone is relatively low (on average, Li2O is only 1 wt.%). Due to its low 

price, this mineral was also used to produce ordinary ceramics and glass [107]. 

The processing technologies of this mineral are similar to those of spodumene 
and lepidolite. Roasting is carried out at 850 °C for 1 hour, while the lithium 

yield is 95% due to aqueous leaching [108]. 

Further, clay reserves of lithium minerals of the clay type account for about 7% 
of the total world reserves of lithium. However, due to their complex chemical 

and mineralogical composition, they have not yet been developed and are 

potential sources for lithium extraction. Below are some clay processing works. 
The technology of lithium extraction from zinnvaldite is presented in [109]. The 

mechanism of the mineral's decomposition is as follows: the process begins at 

300 °C, and the complete decomposition of zinnvaldite occurs at 900 °C. The 

release of SiF4 accompanies it and leads to the formation of several solid 

decomposition products. As a result of the identification of structural changes 

after annealing at 700 °C, the final member of some solid solutions is 
transformed into a structure similar to polylithionite.  

The paper [110] presents a technology for processing zinnvaldite using CaO and 

B2O3 as additives for thermal activation and H2SO4 as a leaching agent. The 

authors have shown that destroying Fe-O and Si-O-Si will increase extraction 
efficiency. In the end, 91.32% Li, 93.09% Rb.  

In [111], a method for extracting lithium from lithium-bearing carbonaceous-clay 

carbonate rocks is presented, including roasting of initial rocks with calcium 
carbonate and catching dust from sublimations, characterized in that to increase 

the efficiency and reducing the cost of extracting lithium, rubidium and caesium, 

the roasting process with calcium carbonate is carried out at their weight ratio 
equal to 1:2 - 1:3, and a temperature of 1600 – 1700 ℃ under conditions of direct 

contact of the flame of the torch with the raw mixture.  

The paper [112] presents a technology for extracting lithium from low-grade 
lithium- containing clay ore. The new process avoids the disadvantages of the 

traditional lithium extraction with complex technology and high production cost. 

This method was able to achieve 91% lithium recovery. Extracting lithium from 
clay ore includes grinding low-grade lithium-containing clay ore to 2 mm, adding 

fluxes (calcium sulfate, calcium fluoride and sodium sulfate) and firing. The 

mass ratio of lithium-containing clay ore: calcium sulfate: calcium fluoride: 
sodium sulfate = 1:0.7:0.2:0.5: The charge is immersed in a muffle furnace and 

fired at a temperature of 800 ° C, and the time is 2-3 hours. After firing, we 

leached with sulfuric acid in a 1:1 configuration to obtain a 50% sulfuric acid 
concentration. The solution obtained after filtration is sent for neutralization with 

lime to pH = 11, then sodium carbonate is added, and ions of impurities of 

calcium, magnesium, iron and aluminum are precipitated. After filtration, a pure 
lithium sulfate solution is obtained, and a concentration of 20% is carried out. 

Further, according to the classical scheme, sodium carbonate is added, and 

lithium carbonate is precipitated.  
The paper [113] presents a method for extracting lithium from lithium-containing 

micas. The method includes the activation and sulfatizing firing of lithium mica 
with sulfuric acid to extract lithium hydroxide monohydrate and lithium 

carbonate. The process consists of mixing lithium mica concentrate with calcium 

sulfate, barite ore powder or barium sulfate return slag, carbon fuel and the 
addition of water. Firing is carried out in a vertical furnace. 

 

 
3 LITHIUM EXTRACTION FROM BRINES 

 

The brine contains a mixture of salts such as chlorides and sulfates of sodium, 
potassium, calcium, magnesium, boron and lithium, which are extracted by 

evaporation in ponds for 12-18 months using solar energy. More than 60% of the 

world's lithium reserves are stored in these bribes, and they are one of the most 
important sources for lithium extraction. There are 3 types of brine: geothermal 

brine, oil field brine and continental brine. More than 50% of lithium is found in 

continental brines. The specifics of brine processing at lithium plants differ 
dramatically due to their chemical composition and lithium content. The lithium 

content in rich brines is 600-1500 ppm, and in lean brines 200-700 ppm, and 

some brines contain 600-1500 ppm. [114]. 
Brines have a complex and unstable chemical and mineralogical composition and 

many impurity metals, including Mg, Na, K, Ca, and B. In particular, Mg 

impurity significantly affects lithium extraction [115]. Magnesium is removed by 
two-stage precipitation using sodium carbonate (NaCO3) and lime (CaO). Brines 

are divided into three categories: geothermal, oilfield, and continental brines, 

with the latter being the largest global production source (59%).  
Due to the differences in the chemical composition of various salt solutions 

worldwide, the specifics of the technological process may differ [116,117]. 

Lithium production technologies are new and specific; they can be grouped by 
electrochemical, adsorption, and precipitation methods.  

The electrochemical method is considered innovative in producing lithium from 

brines [118,119]. A device consisting of 2 cells is used to extract lithium. 
Lithium-containing brine is supplied to the first cell, and hydrochloric acid 

solution is provided to the other. The battery charging process is simulated by 

controlling the system's potential. As a result, the lithium contained in the brines 
passes into the second cell in a hydrochloric acid solution. In this way, the 

selective extraction of lithium from a multicomponent brine is realised. 

Lithium is adsorbed from brines in highly selective manganese-based sorbents: 

LiMn2O4, Li1.6Mn1.6O4, and Li4Mn5O12 [120-122]. However, manganese is lost 

during sorption, reducing the adsorbent's operational characteristics. Recently, 

titanium-based adsorbents have been characterized by higher chemical stability: 
Li2TiO3 and Li4Ti5O12 [123, 124]. They have high selective adsorption properties. 

The brines are dominated by magnesium content relative to lithium. Enrichment 

of the lithium solution due to a decrease in the magnesium content can be 
achieved by the membrane method of electrodialysis. A reduction in the mass 
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ratio of Mg/Li in brines to 0.5:1 (initial 20:1) with a multilayer liquid membrane 
consisting of two cation exchange membranes and one membrane with an 

organic liquid filled with lithium. Selective electromigration of Li+ is carried out 

using an electric field [125]. 
Lithium can be extracted from saturated MgCl2 solutions by extracting tributyl 

phosphate (TBP). When FeCl3 is added as a co-extractant, 99.5% of lithium has 

passed into the organic phase in a complex with the Fe ion [126,127].  
The precipitation method is the simplest method for extracting lithium from 

brines. No additional reagents are used in this process, and natural solar energy 

evaporates and concentrates on brines. As a result, sodium and potassium salts 
crystallize. After removing impurities such as boron and calcium, sodium 

carbonate is added to precipitate lithium carbonate. Recently, scientists have 

proposed to extract lithium from brines using sorption, extraction, and 
electrodialysis methods to eliminate the loss of water, a valuable resource for the 

population. Another disadvantage of natural evaporation is the production of 

magnesium salts (carnallite and bischofite) and lithium salts, which require 
further separation [128,129]. 

 

 
4. CONCLUSIONS 

 

Demand for lithium is expected to stabilize and even increase, which in turn 
requires the development of an effective technology for processing lithium-

containing mineral raw materials. Solid minerals such as spodumene, lepidolite 

ores, and natural brines serve as feedstock for lithium production. The production 
of spodumene concentrate processing with the activation of non-reactive α-

spodumene into the β-form by thermal treatment with subsequent sulfation of the 
concentrate dominates. The process is considered resource-intensive; the phase 

transition reaction is carried out at high temperatures of 1100 -1250 ℃, but very 

efficient, and the degree of lithium extraction is 95%. Other reagent modes 
(hydroxides, carbonates, alkali metal chlorides, chlorination, fluorination) of 

spodumene opening are proposed, which are mainly tested in the laboratory mode 

and have not yet found wide application on an industrial scale due to the 
aggressiveness of the reagents requiring corrosion-resistant equipment, as well as 

special sanitary conditions for the chlorination and fluorination processes. The 

processes of lepidolite processing are similar to those of spodumene ore 
processing. 

To improve the efficiency of lithium-containing concentrates processing, it is 

necessary to develop microwave decomposition processes at the stages of cinder 
sulfatization, since an increase in the degree of lithium extraction by 5-10% is 

observed compared to the traditional method. The proposed methods of 

concentrate grinding before the sulfatization process in a planetary mill to 
increase the area of the reacting surface may face the problem of filtration on an 

industrial scale. 

Lithium extraction from brines is rapidly developing through the development of 
selective membranes, ion sieves, and technological modes of lithium separation 

from impurities. 

 
 

Acknowledgement: This research has been funded by the Committee of Science 

of the Ministry of Science and Higher Education of the Republic of Kazakhstan 
(Grant No. AP14869185 “Development of an electronic textbook "Metallurgy of 

rare metals”). 

 
 

References 

 

1. Global Lithium Mine Production Top Countries 2024. Available online: 

https://www.statista.com/statistics/268789/countries-with-the-largest-production-

output-of-lithium (accessed on 20 August 2024). 
2. L. Kavanagh, J. Keohane, G.G. Cabellos, A. Lloyd, J. Cleary: Resources, 

7(3), 2018, 57. https://doi.org/10.3390/resources7030057 

3. Global Critical Minerals Outlook 2024 https://www.iea.org/reports/lithium, 

(accessed on 25 February 2025). 

4. U.S. Geological Survey, Mineral Commodity Summaries, January 2025 

(accessed on 25 February 2025). 
5. S. Ferrari, M. Falco, A.B. Munoz-Garcia, M. Bonomo, S. Brutti, M. Pavone, 

C. Gerbaldi: Advanced Energy Materials, 11, 2021, 2100785. 

https://doi.org/10.1002/aenm.202100785 

6. B. Simon, S. Ziemann, M. Weil: Resources, Conservation and Recycling, 
104 A, 2015, 300-310. https://doi.org/10.1016/j.resconrec.2015.07.011 

7. A. Yaksic, J.E. Tilton: Resources Policy, 34(4), 2009, 185-194. 

https://doi.org/10.1016/j.resourpol.2009.05.002 
8. S.E. Kesler, P.W. Gruber, P.A. Medina, G.A. Keoleian, M.P. Everson, T.J. 

Wallington: Ore Geology Reviews, 48, 2012, 55-69. 

https://doi.org/10.1016/j.oregeorev.2012.05.006 
9. Z. Li, H.N. Gu, H. Wen, Y.Q. Yang: Hydrometallurgy, 206, 2021, 105759. 

https://doi.org/10.1016/j.hydromet.2021.105759 

10. J.G. Zhang, W. Xu, W.A. Henderson: Springer Series in Materials Science, 
Springer: Cham, 2017. https://doi.org/10.1007/978-3-319-44054-5 

11. G. Martin, L. Rentsch, M. Hoeck, M. Bertau: Energy Storage Materials, 6, 

2017, 171-179. http://dx.doi.org/10.1016/j.ensm.2016.11.004 
12. Y. Liu, B. Ma, Y.Z. Lü, Ch.Y. Wang, Y. Chen: International Journal of 

Minerals Metallurgy and Materials, 30, 2023, 209-224. 

https://doi.org/10.1007/s12613-022-2544-y 
13. D.Yu. Butylskii, L. Dammak, C. Larchet, N.D. Pismenskaya, V.V. 

Nikonenko: Russian Chemical Reviews, 92(4), 2023, RCR5074. 

https://doi.org/10.57634/RCR5074  
14. J. Lin, J.W. Wu, E.S. Fan, X. Zhang, R. Chen, F. Wu, L. Li: International 

Journal of Minerals, Metallurgy and Materials, 29, 2022, 942-952.  

https://doi.org/10.1007/s12613-022-2430-7 
15. C. Yang, J.L. Zhang, Q.K. Jing, Y.B. Liu, Y.Q. Chen, C.Y. Wang: 
International Journal of Minerals, Metallurgy and Materials, 28(9), 2021, 1478-
1487. https://dx.doi.org/10.1007/s12613-020-2137-6  

16. H. Dang, Z.D. Chang, H.L. Zhou, S.H. Ma, M. Li, J.L. Xi-ang: International 
Journal of Minerals, Metallurgy and Materials, 29, 2022, 1715–1721. 

https://doi.org/10.1007/s12613-021-2366-3 

17. L.T. Peiró, G.V. Méndez, R.U. Ayres: JOM, 65, 2013, 986–996. 
https://doi.org/10.1007/s11837-013-0666-4 

18. F. Meng, J. McNeice, S.S. Zadeh, A. Ghahreman: Mineral Processing and 

Extractive Metallurgy Review, 42(2), 2021, 123–141. 
https://doi.org/10.1080/08827508.2019.1668387 

19. B. Tadesse, F. Makuei, B. Albijanic, L. Dyer. Minerals Engineering, 131, 

12019, 170-184. https://doi.org/10.1016/j.mineng.2018.11.023 
20. N.K. Salakjani, P. Singh, A.N. Nikoloski: Mineral Processing and Extractive 

Metallurgy Review, 41(5), 2020, 335-348. 

https://doi.org/10.1080/08827508.2019.1643343  
21. K.S. Moon, D.W. Fuerstenau: International Journal of Mineral Processing, 

72(1-4), 2003, 11-24. https://doi.org/10.1016/S0301-7516(03)00084-X 

22. S.H. Mohr, G.M. Mudd, D. Giurco: Minerals, 2(1), 2012, 65-84. 
https://doi.org/10.3390/min2010065 

23. B. Tadesse, F. Makuei, B. Albijanic, L. Dyer: Minerals Engineering, 131, 

2019, 170-184. https://doi.org/10.1016/j.mineng.2018.11.023  
24. S. Wang, J. Sun, J. Ge, B. Pan, X. Zhang: A kind of separation system and 

sorting process of spodumene raw ore dense media. Patent CN No 107520042 A, 

29 December 2017. 

25. Y. Rao et al.: A Comprehensive Utilization Method for Spodumene 

Beneficiation. Patent CN No 109894257 A, 18 June 2019 

26. Z. Zhang et al.: A method of the silicalite physical upgrading of shale 
containing lithium. Patent CN No CN110038737A, 23 July 2019  

27. D.V. Naumov, A.V. Kurkov, S.I. Anufrieva I.V. Cheprasov, N.T. 
Vorogushin: Transactions of the Kola Science Centre of RAS. Series: 

Engineering Sciences, 14(1), 2023, 188-191.  

https://doi.org/10.37614/2949-1215.2023.14.1.033 
28. I.G. Balakina et al.: Method of lithium extraction from spodumene. Patent 

RU No 2663021, 1 August 2018. 

29. J. Yu et al.: A method for beneficiating a high calcium-magnesium type low-
grade spodumene ore. Patent CN No 110694788 A, 17 January 2020. 

30. O. Peltosaari, P. Tanskanen, E.P. Heikkinen, T. Fabritius: Minerals 

Engineering, 82, 2015, 54-60. https://doi.org/10.1016/j.mineng.2015.04.012 
31. N.K. Salakjani, P. Singh, A.N. Nikoloski: Mineral Processing and Extractive 

Metallurgy Review, 42(4), 2021, 268-283. 

https://doi.org/10.1080/08827508.2019.1700984 
32. D. Yelatontsev, A. Mukhachev: Hydrometallurgy, 201, 2021, 105578. 

https://doi.org/10.1016/j.hydromet.2021.105578 

33. T. Qu et al: Vacuum smelting of spodumene to extract metallic lithium and 
prepare aluminum Silicon alloy method. Patent CN No 110129587 A, 16 August 

2019. 

https://doi.org/10.3390/resources7030057
https://www.iea.org/reports/lithium
https://doi.org/10.1002/aenm.202100785
https://doi.org/10.1016/j.resconrec.2015.07.011
https://doi.org/10.1016/j.resourpol.2009.05.002
https://doi.org/10.1016/j.oregeorev.2012.05.006
https://doi.org/10.1016/j.hydromet.2021.105759
https://doi.org/10.1007/978-3-319-44054-5
http://dx.doi.org/10.1016/j.ensm.2016.11.004
https://doi.org/10.1007/s12613-022-2544-y
https://doi.org/10.57634/RCR5074
https://doi.org/10.1007/s12613-022-2430-7
http://dx.doi.org/10.1007/s12613-020-2137-6
https://doi.org/10.1007/s12613-021-2366-3
https://doi.org/10.1007/s11837-013-0666-4
https://doi.org/10.1080/08827508.2019.1668387
https://doi.org/10.1016/j.mineng.2018.11.023
https://doi.org/10.1080/08827508.2019.1643343
https://doi.org/10.1016/S0301-7516(03)00084-X
https://doi.org/10.3390/min2010065
https://doi.org/10.1016/j.mineng.2018.11.023
https://doi.org/10.37614/2949-1215.2023.14.1.033
https://doi.org/10.1016/j.mineng.2015.04.012
https://doi.org/10.1080/08827508.2019.1700984
https://doi.org/10.1016/j.hydromet.2021.105578


Feruza Berdikulova et al. in Acta Metallurgica Slovaca 

 

 

88  

34. V.I. Samoilov, A.N. Borsuk, N.A. Kulenova: Metallurgist, 52, 2008, 725-
730. https://doi.org/10.1007/s11015-009-9121-8 

35. C. Dessemond, G. Soucy, J.-P. Harvey, P. Ouzilleau: Minerals, 10(6), 2020, 

519. https://doi.org/10.3390/min10060519 
36. L. Li et al.: Method for extracting lithium salt from spodumene. Patent CN 

No 101948124B, 19 September 2012. 

37. A.T. Saduakasova, V.I. Samoylov, D. Serikbayev: Bulletin East Kazakhstan 
Technical University, 3, 2015, 21–32.  

38. J. Rioyo, S. Tuset, R. Grau: Mineral Processing and Extractive Metallurgy 

Review, 43(1), 2022, 97-106. https://doi.org/10.1080/08827508.2020.1798234   
39. J.-F. Magnan, G. Bourassa, G. Pearse, P. Symons, J.D. Genders: Processes 

for preparing lithium hydroxide. Patent US No 11078583B2, 3 August 2021. 

40. G. Bourassa, G. Pearse, S. Charles, M.M. Gladkovas: Processes for 
preparing lithium carbonate. Patent US No 11634336B2, 25 April 2023. 

41. S. Dara, B. Zahiri: Li recovery processes and onsite chemical production for 

Li recovery processes. Patent US No 11932955B2, 19 March 2024.  
42. M.-L. Metsaerinta: A method for treating a spodumene. Patent FI No 

FI122831B, 26 November 2011. 

43. V.A. Starshov, S.I. Tyumentseva,I.V. Kolmagorova, V.I. Samoylov: Use of 
lithium in the production of ceramics and sitalls. Problems of integrated 

development of ore and non-metallic deposits of the East Kazakhstan region: 

Collection of materials of the I International scientific and technical conf. - Ust-
Kamenogorsk: VKSTU, 2001. pp.129-131. 

44. A.N. Borsuk et al.: Method for producing concentrated solutions of lithium 

sulfate from spodumene concentrate. Patent RU No 2360017, 27 June 2009. 
45. I.I. Vatulin et al.: Method for producing lithium hydroxide from spodumene 

concentrate. Patent RU No 2007146383A, 27 June 2008. 
46. A.N. Borsuk et al.: Processing method for spodumene concentrate. Patent 

RU No 2360986, 10 July 2009. 

47. A.A. Bazhenov et al.: Method for processing spodumene concentrate. Patent 
RU No 2347828, 27 February 2009. 

48. E.I. Denisova et al.: Method for extracting lithium from spodumene-

containing beryllium concentrate. Patent RU No 2371492, 27 October 2009. 
49. Y. Sharma: Processing of Lithium Containing Ore. Patent AU No 

2013201833B2, 17 July 2014. 

50. G.D. Rosales, M. del Carmen Ruiz, M.H. Rodriguez: Hydrometallurgy, 147, 
2014, 1-6, https://doi.org/10.1016/j.hydromet.2014.04.009 

51. G. Kuang, Z.B. Chen, H. Guo, M.H. Li: Advanced Materials Research, 524, 

2012, 2011-2016. https://doi.org/10.4028/www.scientific.net/AMR.524-527.2011 
52. F. Zhou et al.: Method for preparing lithium hydroxide from spodumene and 

method for removing sodium and potassium. Patent CN No 112575339B, 15 

April 2022. 
53. D. Lee, Y. Joo, J.S. Dong, S. Shin: JOM, 76, 2024, 1477-1484, 

https://doi.org/10.1007/s11837-023-06213-7 

54. H. Guo, G. Kuang, H. Wang, H. Yu, X. Zhao: Minerals, 7(11), 2017, 205. 
https://doi.org/10.3390/min7110205 

55. L. Kong et al.: Extraction of lithium from lithium and preparation of iron-

containing phosphorus salt method. Patent CN No 108862227 B, 23 November 
2018. 

56. G. Kuang et al.: A kind of method that natural α spodumene directly 

mentions lithium by-product zeolite. Patent CN No 110526264 A, 3 December 
2019. 

57. G. Kuang et al.: A kind of method that low-grade α spodumene economy 

mentions lithium. Patent CN No 110510642 A, 29 November 2019. 
58. R. Hunwick: Recovery of Lithium from Silicate Minerals. Patent AU No 

2021106011A4, 28 October 2021. 

59. V.I. Samoilov, N.I. Shipunov, M.V. Yadryshnikov: Method for processing 
spodumene concentrates. Patent RU No RU2222622C2, 27 January 2004. 

60. G. Zhang, P. Gong, Y. Han: Method for extracting lithium from spodumene 

by fluorination roasting to prepare lithium carbonate. Patent RU No 
107265485A, 20 October 2017. 

61. E. Catovic: Processes for extracting and recovering lithium values from 

lithium bearing materials. Patent AU No 2017218457 B2, 21 January 2021  

62. V.I. Zelenin et al.: Method of berillium extraction from raw mineral 

material. Patent RU No RU2354727C2, 10 May 2009 

63. Liu Yong, Lu Jianfang, Lu Xianjin, Liu Mudan: Method for acidifying and 
leaching lithium from spodumene. Patent CN No 114436300 A, 6 May 2022. 

64. Nan Dongdong, Zeng Xiaomao, Nan Tian, Mu Jianshu, Wu Jinfang, Zhang 

Guoqiang, Zhang Ying: Method for preparing battery grade lithium carbonate 
from spodumene. Patent CN No 113428882 B, 16 September 2022. 

65. A.Z. Haddad, H. Cha, L. McDonough, C. Dun, G. Pohlman, J.J. Urban, R. 
Kostecki: Communications Chemistry, 7, 2024, 285. 

https://doi.org/10.1038/s42004-024-01378-x 

66. M. Rezaee et al.: Powder Technology, 397, 2022, 116992. 
https://doi.org/10.1016/j.powtec.2021.11.036 

67. S. Wang, N.J. Szymanski, Y. Fei, W. Dong, J.N. Christensen, Y. Zeng, M. 

Whittaker, G. Ceder: Inorganic Chemistry, 63, 2024, 13576-13584. 
https://doi.org/10.1021/acs.inorgchem.4c0172 

68. N.Kh. Salakjani, P. Singh, A.N. Nikoloski: Minerals Engineering, 138, 2019, 

161-167. https://doi.org/10.1016/j.mineng.2019.05.003 
69. B. Swain: Separation and Purification Technology, 172, 2017, 388–403. 

https://doi.org/10.1016/j.seppur.2016.08.031 

70. Li Liangbin, Yuan Zhongqiang, Peng Aiping, Luo Guanghua, Hu Ping, Liu 
Ming: Method for preparing lithium hydroxide monohydrate by extracting 

lithium from spodumene. Patent CN No 102701239B, 3 December 2014. 

71. V.T. Luong, D.J. Kang, J.W. An, M.J. Kim, T. Tran: Hydrometallurgy, 134-
135, 2013, 54-61. https://doi.org/10.1016/j.hydromet.2013.01.015 

72. S. Reichel, T. Aubel, A. Patzig, E. Janneck, M. Martin: Minerals 

Engineering, 106, 2017, 18-21. https://doi.org/10.1016/j.mineng.2017.02.012 
73. Q.X. Yan et al.: Transactions of Nonferrous Metals Society of China, 22(7), 

2012, 1753-1759. https://doi.org/10.1016/S1003-6326(11)61383-6 

74. T. Gao, N. Fan, W. Chen, T. Dai: China Geology, 6(1), 2023, 137-153. 
https://doi.org/10.31035/cg2022088 

75. V.I. Samoilov et al.: Method for extracting lithium from lepidolite 

concentrate. Patent CN RU 2221886C2, 20 January 2004. 
76. X. Lin, W. Gao, Z. Sun, J. Song, H. Cao: A method for extracting lithium 

from lithium-containing ores. Patent CN No 108277367 B, 18 September 2020. 

77. N. Setoudeh, A. Nosrati, N.J. Welham: Mineral Processing and Extractive 

Metallurgy: Transactions of the Institutions of Mining and Metallurgy, 130(4), 

2021, 354. https://doi.org/10.1080/25726641.2019.1649112 

78. T.T. Hien-Dinh, V.T. Luong, R. Gieré, T. Tran: Hydrometallurgy, 153, 2015, 

154-159. https://doi.org/10.1016/j.hydromet.2015.03.002 

79. X. Zhang, Z. Chen, S. Rohani, M. He, X. Tan, W. Liu: Hydrometallurgy, 

208, 2022, 105820. https://doi.org/10.1016/j.hydromet.2022.105820 

80. J. Heo, P.T. Jones, B. Blanpain, M. Guo: Journal of Sustainable Metallurgy, 
9, 2023, 1353-1362. https://doi.org/10.1007/s40831-023-00729-7 

81. Q.X. Yan et al.: Transactions of Nonferrous Metals Society of China, 22(7), 

2012, 1753-1759. https://doi.org/10.1016/S1003-6326(11)61383-6 
82. Q.X. Yan et al.: Extraction of valuable metals from lepidolite, 

Hydrometallurgy, 117-118, 2012, 116-118. 

https://doi.org/10.1016/j.hydromet.2012.02.004 
83. X.F. Zhang, T. Aldahri, X.M. Tan, W.Z. Liu, L.Z. Zhang, S.W. Tang: 

Chemical Engineering and Processing - Process Intensification, 147, 2020, 

107777. https://doi.org/10.1016/j.cep.2019.107777 
84. J.L. Liu, Z.L. Yin, X.H. Li, Q.Y. Hu, W. Liu: Transactions of Nonferrous 

Metals Society of China, 29(3), 2019, 641-649.  

https://doi.org/10.1016/S1003-6326(19)64974-5 

85. G.D. Rosales, E.G. Pinna, D.S. Suarez, M.H. Rodriguez: Minerals, 7(3), 

2017, 36. https://doi.org/10.3390/min7030036 

86. H. Guo et al.: Hydrometallurgy, 183, 2019, 9-19. 
https://doi.org/10.1016/j.hydromet.2018.10.020 

87. H.D. Wang, A.N. Zhou, H. Guo, M.H. Li, H.Z. Yu: Journal of Central South 
University, 27(1), 2020, 27-36. https://doi.org/10.1007/s11771-020-4275-4 

88. X.F. Zhang, X.M. Tan, C. Li, Y.J. Yi, W.Z. Liu, L.Z. Zhang: 

Hydrometallurgy, 185, 2019, 244-249.  
https://doi.org/10.1016/j.hydromet.2019.02.011 

89. Li Liangbin, Hu Naigen, Huang Xuewu, Xiong Xunman, Zeng Xianqin, Luo 

Shixue. Method for producing refined lithium sulfate solution used in lepidolite 
lithium-extracting technique by sulfuric acid process. Patent CN No  

CN100503849C, 24 June 2009. 

90. V.I. Zelenin, V.I. Samoilov, Zh.S. Onalbaeva, N.A. Kulenova, A.N. Borsuk: 
Method for processing lithium concentrate. Patent RU No 2547052C1, 4 October 

2014. 

91. N. Vieceli, C.A. Nogueira, M.F.C. Pereira, et al.: Minerals Engineering, 102, 
2017, 1-14. https://doi.org/10.1016/j.mineng.2016.12.001 

92. N. Vieceli, C.A. Nogueira, M.F.C. Pereira, F.O. Durão, C. Guimarães, F. 

Margarido: Mineral Processing and Extractive Metallurgy Review, 38, 2017, 62-
72. https://doi.org/10.1080/08827508.2016.1262858 

https://doi.org/10.1007/s11015-009-9121-8
https://doi.org/10.3390/min10060519
https://doi.org/10.1080/08827508.2020.1798234
https://doi.org/10.1016/j.hydromet.2014.04.009
https://doi.org/10.4028/www.scientific.net/AMR.524-527.2011
https://doi.org/10.1007/s11837-023-06213-7
https://doi.org/10.3390/min7110205
https://doi.org/10.1038/s42004-024-01378-x
https://doi.org/10.1016/j.powtec.2021.11.036
https://doi.org/10.1021/acs.inorgchem.4c0172
https://doi.org/10.1016/j.mineng.2019.05.003
https://doi.org/10.1016/j.seppur.2016.08.031
https://doi.org/10.1016/j.hydromet.2013.01.015
https://doi.org/10.1016/j.mineng.2017.02.012
https://doi.org/10.1016/S1003-6326(11)61383-6
https://doi.org/10.31035/cg2022088
https://doi.org/10.1080/25726641.2019.1649112
https://doi.org/10.1016/j.hydromet.2015.03.002
https://doi.org/10.1016/j.hydromet.2022.105820
https://doi.org/10.1007/s40831-023-00729-7
https://doi.org/10.1016/S1003-6326(11)61383-6
https://doi.org/10.1016/j.hydromet.2012.02.004
https://doi.org/10.1016/j.cep.2019.107777
https://doi.org/10.1016/S1003-6326(19)64974-5
https://doi.org/10.3390/min7030036
https://doi.org/10.1016/j.hydromet.2018.10.020
https://doi.org/10.1007/s11771-020-4275-4
https://doi.org/10.1016/j.hydromet.2019.02.011
https://doi.org/10.1016/j.mineng.2016.12.001
https://doi.org/10.1080/08827508.2016.1262858


Feruza Berdikulova et al. in Acta Metallurgica Slovaca 

 

 

89  

93. Y.B. Liu, B.Z. Ma, Y.W. Lv, C.Y. Wang, Y.Q. Chen: Separation and 
Purification Technology, 288, 2022, 120667. 

https://doi.org/10.1016/j.seppur.2022.120667 

94. H. Guo, M. Lv, G. Kuang, Y. Cao, H. Wang: Separation and Purification 
Technology, 259, 2021, 118194. https://doi.org/10.1016/j.seppur.2020.118194 

95. Q. Yan et al.: Hydrometallurgy, 121-124, 2012, 54-59. 

https://doi.org/10.1016/j.hydromet.2012.04.006 
96. G. Kuang, Y. Liu, J. Tang, Y. Chen, S. Xing, F. Li: A spodumene pipeline 

reaction lithium extraction process. Patent CN No 107815557A, 20 March 2018. 

97. J. Mulwanda, G. Senanayake, H. Oskierski, M. Altarawneh, B.Z. 
Dlugogorski: Hydrometallurgy 201, 2021, 105538. 

https://doi.org/10.1016/j.hydromet.2020.105538  

98. Q. Zhai, R. Liu, Y. Song, Z. Mao, W. Sun: Separation and Purification 
Technology, 355, Part A, 2025, 129667. 

https://doi.org/10.1016/j.seppur.2024.129667 

99. V.I. Samoilov, N.I. Shipunov: Method for extracting lithium from a mixture 
of lepidolite and spodumene concentrates. Patent RU No 2299253C2, 20 May 

2007 

100. I.I. Vatulin et al.: Method for extracting lithium from a mixture of 
lepidolite and spodumene concentrates. Patent RU No 2352659C2, 20 April 

2009. 

101. V.I. Samoilov, N.I. Shipunov: Method for extracting lithium from a 
mixture of lithium concentrates. Patent RU No 2319756C2, 20 Murch 2008. 

102. H. Yang, B. Ma, Y. Lv, C. Wang, Y. Chen: ACS Sustainable Chemistry & 

Engineering, 10(36), 20222, 12030-12040. 
https://doi.org/10.1021/acssuschemeng.2c03957 

103. P.F.A. Braga, S.C.A. França, C.C. Gonçalves, P.F.V. Ferraz, R. Neumann: 
Hydrometallurgy, 191, 2020, 105249. 

https://doi.org/10.1016/j.hydromet.2020.105249 

104. G.D. Johnson, M.D. Urbani, N.J. Vines: Lithium recovery from phosphate 
minerals. Patent AU No 2017220394 B2, 24 August 2017. 

105. N. Setoudeh, A. Nosrati, N.J. Welham: Minerals Engineering, 151, 2020, 

106294. https://doi.org/10.1016/j.mineng.2020.106294 
106. A. Hermawan, T. Ohuchi, N. Fujimoto, Y. Murase: Journal of Wood 

Science, 55, 2009, 74-79. https://doi.org/10.1007/s10086-008-1000-6 

107. J.L. Wang, H.Z. Hu, K.Q. Wu: Hydrometallurgy, 191, 2020, 105233. 
https://doi.org/10.1016/j.hydromet.2019.105233 

108. J.L. Wang, H.Z. Hu, B.R. Ji: Russian Journal of Non-Ferrous Metals, 

61(2), 2020, 143-152. https://doi.org/10.3103/s1067821220020133 
109. A. Schneider, H. Schmidt, M. Meven, E. Brendle: Minerals Engineering 

111(2), 2017, 55-67 https://doi.org/10.1016/j.mineng.2017.05.006 

110. F.S. Kulikov et al.: Method for extracting rare alkali metals from mineral 
raw materials. Patent RU No 676030, 27 February 2000. 

111. Li Ronggai, Song Xiangyu, Xu Jing, Li Cuifen, Zhou Xinmin, Gao Zhi, Li 

Zhiwei, Feng Yanli, Yanzhi, Li Yanling, Geng Bin, Sun Honglin, Zhang Xufang, 
Li Wei: A method for extracting lithium from low-grade lithium-containing clay 

minerals. Patent CN No 103849761 B, 18 May 2016. 

112. M.Z. Mubarok, R.F. Madisaw, M.R. Kumniawan, T. Hidayat: Journal of 
Sustainable Metallurgy, 7(3), 2021, 1254-1264.  

https://doi.org/10.1007/s40831-021-00415-6 

113. Y.X. Mu, C.Y. Zhang, W. Zhang, Y.X. Wang: Desalination, 511, 2021, 
115112. https://doi.org/10.1016/j.desal.2021.115112 

114. J.W. An et al.: Hydrometallurgy, 117–118, 2012, 64-70. 

https://doi.org/10.1016/j.hydromet.2012.02.008 
115. V. Marcinov, J.Klimko, Z. Takacova, J. Pirošková, A. Miškufová, M. 

Sommerfeld, C. Dertmann, B. Friedrich, D. Oráč: Metals, 13(7), 2023, 1213. 

https://doi.org/10.3390/met13071213 
116. Z.W. Zhao, G. Liu, H. Jia, L.H. He: Journal of Membrane Science, 596, 

2020, 117685. https://doi.org//10.1016/j.memsci.2019.117685 

117. T. Tran, V.T. Luong: Lithium Production Processes. In Lithium Process 
Chemistry. Eds. A. Chagnes, J. Światowska, Elsevier: Amsterdam, Netherlands, 

2015, pp. 81-124. https://doi.org//10.1016/B978-0-12-801417-2.00003-7 

118. A. Battistel, M.S. Palagonia, D. Brogioli, F. La Mantia, R. Trócoli: 

Advanced Materials, 32(23), 2020, e1905440. 

https://doi.org/10.1002/adma.201905440 

119. E.J. Calvo: Current Opinion in Electrochemistry, 15, 2019, 102-108. 
https://doi.org/10.1016/j.coelec.2019.04.010 

120. J.S. Yuan, H.B. Yin, Z.Y. Ji, H.N. Deng: Industrial & Engineering 

Chemistry Research, 53, 2014, 9889-9896. https://doi.org/10.1021/ie501098e 

121. R. Pulido et al.: Chemical Engineering Journal, 441, 2022, 136019. 
https://doi.org/10.1016/j.cej.2022.136019 

122. J. Xiao et al.: Advanced Powder Technology, 26(2), 2015, 589-594. 

https://doi.org/10.1016/j.apt.2015.01.008 
123. H. Wang et al.: Chemical Engineering Journal, 389, 2020, 124410. 

https://doi.org/10.1016/j.cej.2020.124410 

124. S. Wei, Y. Wei, T. Chen, Ch. Liu, Y. Tang: Chemical Engineering Journal, 
379, 2020, 122407. https://doi.org/10.1016/j.cej.2019.122407 

125. G. Liu, Z.W. Zhao, L.H. He: Desalination, 474, 2020, 114185. 

https://doi.org/10.1016/j.desal.2019.114185 
126. L.M. Ji et al.: Hydrometallurgy, 162, 2016, 71-78. 

https://doi.org/10.1016/j.hydromet.2016.02.018 

127. Q. Sun, H. Chen, J.G. Yu: Industrial & Engineering Chemistry Research, 
61(13), 2022, 4672. https://doi.org/10.1021/acs.iecr.1c05072 

128. Y. Ogawa, K. Hiroshi, S. Koichi, I. Chihiro: Resource Geology, 64(2), 

2014, 91–101. https://doi.org/10.1111/rge.12030 
129. K.T. Tran, L.T. Van, J.-W. An, D.-J. Kang, M.-J. Kim, T. Tran: 

Hydrometallurgy, 138, 2013, 93–99.  

https://doi.org/10.1016/j.hydromet.2013.05.013 

https://doi.org/10.1016/j.seppur.2022.120667
https://doi.org/10.1016/j.seppur.2020.118194
https://doi.org/10.1016/j.hydromet.2012.04.006
https://doi.org/10.1016/j.hydromet.2020.105538
https://doi.org/10.1016/j.seppur.2024.129667
https://doi.org/10.1021/acssuschemeng.2c03957
https://doi.org/10.1016/j.hydromet.2020.105249
https://doi.org/10.1016/j.mineng.2020.106294
https://doi.org/10.1007/s10086-008-1000-6
https://doi.org/10.1016/j.hydromet.2019.105233
https://doi.org/10.3103/s1067821220020133
https://doi.org/10.1016/j.mineng.2017.05.006
https://doi.org/10.1007/s40831-021-00415-6
https://doi.org/10.1016/j.desal.2021.115112
https://doi.org/10.1016/j.hydromet.2012.02.008
https://doi.org/10.3390/met13071213
https://doi.org/10.1016/j.memsci.2019.117685
https://doi.org/10.1016/B978-0-12-801417-2.00003-7
https://doi.org/10.1002/adma.201905440
https://doi.org/10.1016/j.coelec.2019.04.010
https://doi.org/10.1021/ie501098e
https://doi.org/10.1016/j.cej.2022.136019
https://doi.org/10.1016/j.apt.2015.01.008
https://doi.org/10.1016/j.cej.2020.124410
https://doi.org/10.1016/j.cej.2019.122407
https://doi.org/10.1016/j.desal.2019.114185
https://doi.org/10.1016/j.hydromet.2016.02.018
https://doi.org/10.1021/acs.iecr.1c05072
https://doi.org/10.1111/rge.12030
https://doi.org/10.1016/j.hydromet.2013.05.013

