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Abstract: Lithium (Li), a leading cathode material in rechargeable Li-ion batteries, is vital to modern
energy storage technology, establishing it as one of the most impactful and strategical elements.
Given the surge in the electric car market, it is crucial to improve lithium recovery from its rich
mineral deposits using the most effective extraction technique. In recent years, both industry and
academia have shown significant interest in Li recovery from various Li-bearing minerals. Of these,
only extraction from spodumene has established a reliable industrial production of Li salts. The
current approaches for cracking of the naturally occurring, stable α-spodumene structure into a
more open structure—β-spodumene—involve the so-called decrepitation process that takes place at
extreme temperatures of ~1100 ◦C. This conversion is necessary, as β-spodumene is more susceptible
to chemical attacks facilitating Li extraction. In the last several decades, many techniques have been
demonstrated and patented to process hard-rock mineral spodumene. The objective of this review is
to present a thorough analysis of significant findings and the enhancement of process flowsheets over
time that can be useful for both research endeavors and industrial process improvements. The review
focuses on the following techniques: acid methods, alkali methods, carbonate roasting/autoclaving
methods, sulfuric acid roasting/autoclaving methods, chlorinating methods, and mechanochemical
activation. Recently, microwaves (MWs), as an energy source, have been employed to transform
α-spodumene into β-spodumene. Considering its energy-efficient and short-duration aspects, the
review discusses the interaction mechanism of MWs with solids, MW-assisted decrepitation, and
Li extraction efficiencies. Finally, the merits and/or disadvantages, challenges, and prospects of the
processes are summarized.

Keywords: spodumene; lithium extraction efficiency; decrepitation; calcination; microwave-assisted
decrepitation

1. Introduction

Lithium is ranked as the 25th most prevalent element in the earth’s crust, with an
average concentration of 20 mg/kg. Due to its strong reactivity, pure elemental lithium
is not found in nature. Li is utilized as an exceptional cathode material (e.g., LiFePO4,
LiCoO2, LiMn2O4, and LiNixCoyMnZO2) in rechargeable Li-ion batteries (LiBs) due to
its unmatched energy density per unit weight and elevated electrochemical potential of
3.045 V [1]. It has the highest specific heat capacity, is the lightest of all solid elements
(with a density of 0.534 g/cm3 at 20 ◦C), and has the smallest ionic radius of all the
alkali metals [2]. Such features provide batteries with high gravimetric and volumetric
energy densities [3]. The growing utilization of LiBs in various products, such as mobile
phones, laptops, health-monitoring sensors, camcorders, tracking systems, and military
equipment, necessitates a substantial reliance on Li resources and accessibility. According to
an International Energy Agency (IEA) report, in 2022, the resurgence in passenger and cargo
transportation activity after the COVID-19 pandemic resulted in a 3% increase in transport
CO2 emissions over the previous year. From 1990 to 2022, transport emissions increased at
an annual average rate of 1.7%, faster than any other end-use sector, with the exception of
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industry (which expanded at ~1.7%). To achieve Net-Zero Emissions (NZE) by 2050, CO2
emissions from the transportation sector must decrease by at least 3% per year until 2030.
As a result, governments around the world are aggressively encouraging the electrification
of the transportation industry. Reducing carbon emissions by developing zero-emission
buses, cars, and trucks is also a vital step toward combating global warming. The rapid
deployment of green low-carbon hybrid electric vehicles (HEVs) and fully electric vehicles
(EVs) [4] technology has ushered a critical role of LIBs in modern energy storage solutions
into the spotlight. In addition to energy storage, lithium chloride, a lithium derivative,
is used in high-temperature processes, such as ceramic and glass manufacturing [2,5,6].
In 2025, global demand for Li is predicted to exceed 1.4 million metric tons of lithium
carbonate equivalent, a 53% increase over 2023. An increase in battery demand for EVs
will be a prime factor in Li usage during the next decade (M. Jaganmohan of Statista+). The
role of Li in the fulfillment of the global energy storage and its utilization demand is vital
for the future energy age.

A significant percentage of the present Li supply is derived from the processing of
Li-containing brines, which originate in desiccated salt lakes known as salars. The largest
salars are only found in South America. Chile, which extracts Li from brines, is one of the
world’s top-three Li producers. The Li concentration in most brines ranges from 200 to
700 ppm (1000 ppm in some brines [7]), which is insufficient to use commercially; thus,
preconcentration is required. The lime soda evaporation process is the primary method
for recovering Li from brines and consists of several phases, beginning with concentration
by evaporation, followed by impurity elimination and precipitation by carbonation. Li
production from brine is often 30–50% less expensive than from hard-rock sources [8].

The present evaporitic approach for extracting Li from continental brine deposits
concentrates the brine through open-air evaporation. However, concerns regarding the
process’s overall sustainability are raised by the significant amounts of water lost through
evaporation—between 100 and 800 m3/tons of lithium carbonate, depending on the deposit.
Moreover, brine concentration is a naturally slow process that takes 10–24 months; thus, it is
not sensitive to fluctuations in demand over the near term [9]. Furthermore, the processing
of these minerals raises a variety of serious environmental challenges.

Pegmatite ores are the second most important source of Li after salars [10]. Spo-
dumene (LiAlSi2O6), lepidolite (K(Li,Al,Rb)2(Al,Si)4O10(F,OH)2), petalite, and zinnwaldite
are minerals found in pegmatites. Currently, these Li-containing ores account for more than
half of the Li reserves, with spodumene-enriched ores dominating [10,11]. The amount
of lithium oxide (Li2O) in spodumene corresponds to about 8%, which is about 4% Li.
Spodumene typically occurs alongside other lithium aluminosilicates, such as eucryptit
(LiAlSiO4) and/or petalite (LiAlSi4O10). Other important Li-bearing minerals are listed in
Table 1. Li extraction from ores and minerals utilizes roasting, followed by leaching [12,13].
Pegmatites are more expensive to process than brines because of the heating and dissolution
stages necessary. The higher metal concentration in pegmatites, however, somewhat offsets
the expenses.

Table 1. Major Li-bearing minerals [14].

Mineral Formula Theoretical Li Content (%)

Amblygonite (Li,Na)AlPO4 (OH,F) 4.73

Bikitaite LiAlSi2O6·H2O 3.40

Elbaite Na(Li1.5Al1.5)Al6Si6B3O27(OH)4 1.11

Eucryptite LiAlSiO4 5.51

Hectorite Na0.3(Mg,Li)3Si4O10(OH)2 ~1.93
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Table 1. Cont.

Mineral Formula Theoretical Li Content (%)

Jadarite LiNaAlSiB2O7(OH) 2.85

Lepidolite KLi2AlSi3O10(OH,F)2 ~3.84

Lithiophylite LiMnPO4 4.43

Montebrasite LiAl(PO4)(OH) 1 to 4

Petalite LiAlSi4O10 2.27

Spodumene LiAlSi2O6 3.73

Triphylite LiFePO4 4.40

Zabuyelite Li2CO3 18.79

Zinnwaldite KLiFeAl2Si3O10(F,OH)2 1.59

The most commonly found natural form of spodumene is α-spodumene (monoclinic
structure with a density of 3.184 g/cm3), which can be transformed to β-spodumene
(tetragonal structure [15] with a density of 2.374 g/cm3) by heating above 900 ◦C. A third
spodumene polymorph, γ-spodumene or virgilite (hexagonal structure with a density
of 2.399 g/cm3) [16], is thought to form at a lower temperature and then convert to β-
spodumene at higher temperatures (Figure 1) [17]. The γ-spodumene phase is metastable
with regard to β-spodumene and is difficult to distinguish from β-spodumene due to X-ray
diffraction pattern similarities. The relationships between the specific heat capacities (Cp)
of the three phases have been computed with respect to temperature, as [18]:

Cp(T) = 354.715− 3375.72T−0.5 Jmol−1K−1 (1)

Cp(T) = 362.8− 0.003684T − 3435.0T−0.5 Jmol−1K−1 (2)
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(c) γ-spodumene.

The Cp (300 K) of α-, β-, and γ-spodumene are 158.93, 162.77, and 162.77 J/K-mol,
respectively.

A heat treatment (1050–1100 ◦C) [12] is required to convert monoclinic α-spodumene
to tetragonal β-spodumene in order to offer a pathway for Li liberation with volume
expansion, due to the drop in specific gravity (3.2 g/cm3 to 2.4 g/cm3) [19], making it more
accessible to extraction reagents. According to thermodynamic data, it is evident that the
transition from α- to β-spodumene is not thermodynamically favorable under ordinary
ambient temperature settings. However, this change can be accomplished by increasing
the temperature:

β− spodumene
←−−−−−−−−−−−
∆G298 K= 4.63 kcal α− spodume

−−−−−−−−−−−→
∆G1073 K=−0.45 kcal β− spodumene (3)
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The Gibbs free energy change vs. temperature information suggests the possibility
of a phase conversion at ≥800 ◦C, although studies in this direction have revealed that a
higher temperature is required to convert the α-phase to the β-phase, which was validated
by XRD analysis [20].

Roasting and calcination are the two common thermal treatments to transform (de-
crepitate) α-spodumene to β-spodumene [21–23]. The process of roasting occurs in the
presence of air, facilitating the chemical reaction between oxygen and minerals to pro-
duce oxides. Various additives, such as sulfate, chloride, and carbonate, can be utilized
to facilitate the processing of Li into soluble sulfate, chloride, or bicarbonate complexes.
Calcination is commonly conducted at elevated temperatures, usually below 1000 ◦C,
under conditions of oxygen deprivation and frequently in the presence of additives: lime
or limestone. Calcination is also used to improve spodumene beneficiation since the final
product, β-spodumene, is chalky, soft, and easy for grinding compared to gangue minerals,
such as quartz and feldspar. As a result, grinding the calcination product followed by
size separation has been proposed as a method for enriching spodumene [24]. Current Li
mining, beneficiation, and extraction practices are ecologically and socio-environmentally
unfriendly and unsustainable [25,26]. Tailings from Li mining contain heavy metals that
can slowly seep into the soil, groundwater, or surface water. The same holds true for
discarded batteries, unless they are recycled. Despite notable progress in the application
of Li, the development of alternate Li extraction technologies for hard-rock minerals has
not kept pace. Moreover, there exists a significant potential to improve current techniques
by employing novel unconventional technologies, such as microwave decrepitation or
mechanochemical activation.

The chemical and mineral compositions of resources should be determined before
assessing them for metallurgical beneficiation and subsequent extraction operations. This
is critical in selecting various units of operation and understanding the material’s response
and behavior throughout processing and beneficiation [27]. Sample preparation is one of
the most important phases in mineral chemical analysis, and it can be time-consuming
and prone to errors, as well as the use of harsh reagents, which results in the chemical
residue formation [28–31]. The chemical analysis of spodumene is typically accomplished
by combining fusion followed by acid digestion. Inductively coupled plasma spectroscopy
(ICP) [32], ion-selective electrodes [33], and X-ray fluorescence (XRF) [34] are commonly
used to determine the chemical composition of a material. X-ray diffraction (XRD) [35] and
quantitative assessment of minerals by scanning electron microscopy (QEMSCAN) [36],
on the other hand, have proved useful in establishing the detailed mineralogical com-
position of many materials, including mineral liberation and association relationships.
Volpi et al. developed a MW-assisted procedure for chemical analysis of α-spodumene,
aiming to determine the contents of Li and other metals of interest [37]. Instead of using
conventional high volumes/concentrations of HF to break the crystalline structure, they
used an acid mixture composed of sulfuric and phosphoric acids and diluted hydrofluoric
acid solution. The sample heating was performed in 60 min at a maximum temperature
of 230 ◦C (with 1800 W maximum microwave power) using closed vessels for digestion
of α-spodumene. All elements were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES).

The subsequent sections review the recent and traditional Li recovery techniques,
encompassing acid methods (Section 2.1), chlorination methods (Section 2.2), carbonate
roasting and autoclaving methods (Section 2.3), alkali methods (Section 2.4), sulfate roasting
(Section 2.5), MW-assisted decrepitation and Li extraction (Section 2.6), and mechanical
activation (Section 2.7). A short discussion on recycling spent LIBs is included because
recycling promotes the development of a circular economy, in which effective usage of nat-
ural resources is emphasized and waste output is reduced to support the development and
sustenance of cleaner Li-based energy storage systems (Section 3). The review concludes
with a concise summary, challenges, and outlook. The factors that may have an impact on
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the long-term viability of Li mining, the issues with present recovery technologies, and
prospective solutions to problems are all examined.

2. Lithium Recovery from Spodumene

Several methods have been devised to extract Li from its minerals, including physical
beneficiation, followed by chemical treatment. Complex ores undergo physical beneficia-
tion processes, such as size reduction, froth flotation, and magnetic separation, to enrich
their metallic values [12,19,38,39]. The resulting concentration is then utilized to recover
Li via a combined heat treatment and chemical processing methods. Froth flotation is the
most often used method for spodumene and other ore beneficiation. It is a process that
uses mineral surface characteristics to concentrate Li minerals from pegmatite ores [40]. Re-
verse and direct flotation techniques have been employed to concentrate Li minerals from
pegmatite ores. In reverse flotation, gangue minerals are floated with cationic collectors
to produce spodumene concentrate, while direct flotation uses anionic collectors to reject
gangue minerals. Flotation can selectively recover minerals depending on characteristics
such as mineral surface chemistry, collector type and concentration, pulp pH, pre-treatment
procedures, surface characteristics, and slime presence [40–42]. Magnetic separation can
be employed before or after flotation to separate iron-bearing particles and prepare the
concentrate for further processing.

There are two types of Li extraction operations from spodumene: direct methods
(without decrepitation pre-treatment) and indirect methods (after decrepitating α- to β-
spodumene). The subsequent sections will provide a comprehensive discussion on the
methodologies employed for the recovery of Li from both α-spodumene and β-spodumene.
The documented methods for recovering Li from spodumene are essentially classified into
five categories: (1) acid methods, (2) alkali methods, (3) carbonate roasting/autoclaving
methods, (4) sulfate roasting/autoclaving methods, and (5) chlorinating methods. Recent
research shows that microwave-assisted heating can be used to achieve the α–β–γ-phase
change of spodumene, as discussed in Section 2.6, and mechanochemical activation allows
to process α-spodumene directly, as described in Section 2.7.

2.1. Acid Methods
2.1.1. Sulfuric Acid

Currently, this process continues to maintain its dominance in the sector of Li extraction
from spodumene. The utilization of sulfuric acid (H2SO4) as an acid technique has only been
established for β-spodumene due to the low reactivity observed between α-spodumene
and H2SO4. The sulfuric acid method includes the following steps: calcination, acid
roasting, leaching, purification, evaporation, Li precipitation, and anhydrous sodium
sulfate concentration and crystallization. In this process, pulverized β-spodumene is
roasted with concentrated H2SO4 at a temperature of 250 ◦C (reaction represented by
Equation (3)). According to the reports, the crystal structure of β-spodumene remains
intact during the roasting process. However, the original location of Li+ ions inside the
crystal lattice is occupied by H+ ions, leading to the formation of H2O·Al2O3·4SiO2 [43].
After being roasted with H2SO4, the calcine was leached by water to convert to dissolve
the sulfates (Equation (5)), and then neutralized by adding calcium carbonate (CaCO3) to
eliminate leftover H2SO4 and some impurities. The crude Li2SO4 solution that resulted
was then filtered to remove Ca, Mg, Al, and Fe. Following that, as shown in Equation (6),
the majority of the Li ions are precipitated after addition of sodium carbonate (Na2CO3) to
the concentrated solution, followed by formation of sodium sulfate (Na2SO4) and leftover
Li recoveries. Figure 2 depicts a Li extraction from β-spodumene using H2SO4, followed by
purification and recovery processes.
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For the roasting and leaching conditions, the sulfuric acid roast process was thoroughly
investigated and optimized [44]. At 140% of stoichiometric excess, 93% H2SO4 was utilized,
with a roasting temperature of 250 ◦C and a roasting time of 30 min. After 15 min of
water leaching at room temperature (RT) and a liquid-to-solid (L/S) ratio of 1.85, a Li
extraction yield of 96.9% was achieved. Yet, there are several disadvantages associated
with this process. Roasting with concentrated H2SO4 increases equipment wear and costs
and produces environmentally harmful acid waste. When roasting is completed in a
rotary kiln, optimal temperature control and energy recovery are difficult. Furthermore,
the precipitated Fe and Al impurities are relatively abundant and have a tendency to
capture Li, resulting in lower yields. Because of these limitations, researchers have been
actively exploring other methods that could be used as an alternative to the sulfuric acid
roast process.

β− Li2O·Al2O3·4SiO2(s) + H2SO4(conc)→ H2O·Al2O3·4SiO2(s) + Li2SO4(s), ∆Go
250 ◦C = −151.38 kJ/mol (4)

Li2SO4(s)→
−−→
H2O = Li2SO4(aq), ∆Go

25 ◦C = −10.07 kJ/mol (5)

Li2SO4(aq) + Na2CO3(aq)→ Li2CO3(s) + Na2SO4(aq), ∆Go
25 ◦C = −17.54 kJ/mol (6)

2.1.2. Hydrofluoric Acid (HF)

Many experimental studies have indicated that HF acid dissolves both α-spodumene
and β-spodumene phases [11,45]. The breakdown of β-spodumene in HF can be repre-
sented by the following reaction [46]:

LiAlSi2O6(s) + 19HF(aq)→ LiF(aq) + H3AlF6(aq) + 2H2SiF6(aq) + H2O (7)

According to Kuang et al. [45], at ~225 ◦C, HF produced by fluorite and sulfuric acid
continues to react with α-spodumene, producing intermediates. HF initially breaks the
basic bonds of Li-O, Al-O, Si-O, and Al-O-Si inside spodumene, resulting in the formation
of Li3AlF6, AlF3, SiF4, and other compounds. These intermediates then react with sulfuric
acid, producing Li2SO4 and Al2(SO4)3. Li+, Al3+, and other metal ions are soluble in water
and can be recovered from aqueous extracts. The process of the Li extraction reaction is
delineated as follows:
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HF generation:

CaF2(s) + H2SO4(l)→ CaSO4(s) + 2HF(g)
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Guo et al. [47] suggested an approach for accelerating Li leaching from α-spodumene
utilizing the mixed acid HF/H2SO4 as a lixiviant without a phase conversion (Figure 3c).
Under far more moderate conditions (at 100 ◦C), more Li (96%) may be transferred into
lixivium. Prior to conducting dissolution experiments, the α-spodumene ore (Greenbushes,
Australia) was pulverized in a planetary ball mill machine and sieved to a particle size
of <75 µm. Concentrated sulfuric acid (18.2 M H2SO4, 98% (wt%)) and hydrofluoric acid
(22.5 M HF, 40% (wt%)) were employed.
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150 rpm, 3 h). (c) Flowchart of the fluorine sulfuric acid technique for extracting Li from α-
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The dissolution studies were carried out in a 100 mL Teflon crucible fitted with a
magnetic stirring device and held in an oil bath at a predetermined temperature. In a reactor,
10 g of ore, deionized water, and 1:1 H2SO4 were mixed and continually agitated. Once the
desired temperature (50 to 125 ◦C) was reached, HF was added, and stirring at 150 rpm was
maintained for a set amount of time. Water leaching was then performed at 50 ◦C with an
ore/water ratio of 1:8 (g/mL) and agitated at 150 rpm for 30 min. After cooling the slurry to
RT, the liquid and solids were separated by filtration and analyzed. Experiments conducted
with various ore-to-HF ratios demonstrated that the leaching efficiency of lithium (L%)
increased as the ratio of HF to ore was raised (Figure 3a). Approximately 90% of the Li
was leached from the ore when the ratio of ore to HF was 1:3. And yet, the increase in
the ore-to-HF ratio to 1:3.5 resulted in a decline in the L% and a rise in the percentage of
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insoluble residues (R%). Experiments were carried out at various dissolution temperatures
from 50 to 125 ◦C, suggesting that Li leaching accelerated with the increasing temperature
(Figure 3b).

Experiments on extracting Li from β-spodumene with HF acid leaching [11] revealed
that the most favorable conditions for achieving a Li extraction rate exceeding 90% were
as follows: a solid-to-liquid ratio of 1.82% (w/v), a leaching temperature of 75 ◦C, an HF
concentration of 7% (v/v), a stirring speed of 330 rpm, and a reaction time of 10 min. The
compounds Na3AlF6 and Na2SiF6 were produced as byproducts, with a recovery rate of
92%. The dissolved Li ions can be effectively separated by precipitating them as lithium
carbonate (Li2CO3), resulting in recovery rates of ~90%. In this investigation, the α-phase
(Las Cuevas, Argentina) was calcined at 1100 ◦C to obtain the β-phase.

Apart from the above conditions, the effect of particle size on Li extraction efficiency
was also ascertained. The data shown in Figure 4a demonstrate a clear inverse relationship
between particle size and Li extraction efficiency. The observed phenomenon can be
ascribed to an increase in the interfacial area between the mineral and HF when the particle
size decreases. When the leaching temperature was raised from 10 to 75 ◦C, the extraction
efficiency rose significantly. When the reaction temperature was 50 ◦C, the extraction
efficiency reached 98%. However, it was noticed that increasing the temperature did not
result in a significant increase in the extraction efficiency (Figure 4b). Experiments were
carried out to explore the influence of the reaction time on Li extraction under conditions
of a 1.82% (w/v) solid-to-liquid ratio, 7% (v/v) HF concentration, 25 ◦C temperature, and
330 rpm stirring speed. The leaching time had a significant impact on Li extraction. The
extraction efficiency increased from 61 to 95% as the duration increased from 5 to 20 min.
As the reaction time was extended to 35 min, the extraction efficiency remained nearly
constant (Figure 4c).
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A series of leaching experiments from 5 to 30% (v/v) HF concentrations were per-
formed to explore the influence of the HF concentration on Li extraction, with the following
conditions of the leaching process: the solid-to-liquid ratio was 1.82% (w/v), stirring speed
was 330 rpm, temperature was 75 ◦C, and reaction duration was 35 min. With an increase
in the HF concentration, a decrease in the extraction efficiency was observed (Figure 4d).
The extraction efficiency was slightly affected by the solid-to-liquid ratio. When the solid-
to-liquid ratio exceeded 1.82% (w/v), the extraction efficiency of Li remained constant, and
this solid-to-liquid ratio was considered optimal.

Figure 5 shows the Li recovery steps from β-spodumene using HF acid leaching.
Given the low concentration of HF utilized in the approach (7%), safety concerns about the
use of HF were greatly reduced. The key disadvantage of this approach was a very low
solid-to-liquid ratio during HF leaching.
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2.1.3. Nitric Acid

Hunwick proposed a new method involving the combination of β-spodumene or other
Li-containing silicate minerals with HNO3 under a high temperature (170 ◦C) and pressure
(2 MPa) [48]. This process resulted in the production of lithium nitrate (LiNO3) and the
generation of pyrophyllite as a secondary product. The primary reaction that characterizes
the leaching process is:

LiAlSi2O6 + HNO3
−−−−−−−−−−−−−−→
→ 170 ◦C and 2 MPa → LiNO3 + AlSi2O5(OH) (10)

At these conditions, the method achieved 95% recovery in an hour using a laboratory-
scale reactor. At the expense of recovery, the process can also take place at atmospheric
pressure and lower temperatures, ranging from 100 to 120 ◦C. Using HNO3 precursors
(NOx, oxygen, and water vapor), a comparable process can be carried out at greater
temperatures, ranging from 170 to 200 ◦C:

2LiAlSi2O6 + 2NO + 1.5O2 → 2LiNO3 + 2AlSi2O5(OH) (11)

The reaction is performed to ensure the gas mixture remains in contact with the solid
aluminosilicate. When lithium nitrate crystallizes, it can be decomposed at temperatures
above 600 ◦C to obtain oxygen, lithium oxide, and nitric oxide.

2.1.4. Hydrochloric Acid

The use of hydrochloric acid as a leaching agent for β-spodumene (obtained after
decrepitation) has been proposed [49]. The concentrate was pulverized to 75 µm and then
added to 20% HCl (w/w). In this method, the process is carried out in a chlorination kiln at
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108 ◦C and atmospheric pressure for 8 h. However, to achieve higher recoveries with HCl,
a larger concentration of reagent is required, making the process excessively costly in terms
of energy and chemical expenses [50].

2.2. Chlorinating Method

Another useful method for producing water-soluble chlorides is chlorination, due to its
strong reactivity with metal oxides and silicates. Various chlorination procedures have been
used to selectively extract Li as lithium chloride at extreme temperatures from lithium-bearing
ores, but the process is complicated and needs highly corrosion-resistant equipment.

2.2.1. Chlorine Gas

Barbosa et al. investigated the extraction of Li using chlorination roasting of β-
spodumene at temperatures ranging from 1000 to 1100 ◦C for times ranging from 0 to
180 min [20]. The experiments were carried out at ≥1000 ◦C with a 100 mL/min Cl2 supply,
and the total extraction of Li as LiCl was achieved after 150 min at 1100 ◦C. Equation (12)
describes the interaction between β-spodumene and Cl2:

12β− LiAlSi2O6(s) + 6Cl2(g)→ 3O2(g) + 12LiCl(l) + 2Al6Si2O13(mullite) + 20SiO2(cristobalite),
∆Go

1100 ◦C = −707.88 kJ/mol
(12)

The observed reaction exhibited non-catalytic behavior and involved the interaction
between a gas and a solid. The reaction can be described by the sequential nucleation and
growth model. Also, it was discovered that LiCl products and other chlorides generated by
impurities (e.g., FeCl3 and CaCl2) volatilize together during extraction, contaminating the
product that must be further processed. The employed α-spodumene sample (San Luis,
Argentina) had a mineralogical composition of 95.5% α-spodumene and 4.5% quartz. The
ore was pulverized in a ring mill, sieved to less than a 50 µm particle size, and then calcined
at 1180 ◦C for two hours to produce β-spodumene (tetragonal).

The reactor bed constituted a quartz tube with an outside diameter of 16 mm, a wall
thickness of 1 mm, and a length of 440 mm that was placed within an electric furnace
with a temperature controller. The sample was enclosed inside the reactor in a quartz
crucible (length 70 mm, width 10 mm, and depth 6 mm), as illustrated in Figure 6a. A
Chromel–Alumel thermocouple was used to measure the temperature to within ±5 K.
Through Teflon tubing, Cl2 from a cylinder was delivered to the quartz tube’s inlet. The
flow rate was controlled using mass flowmeters and metering valves.

Figure 6. (a) Fixed-bed reactor. (1) H2SO4 dryers, (2) flowmeters, (3) three-way valves, (4) venting,
(5) electric furnace, (6) quartz tubular reactor, (7) quartz crucible, (8) thermocouple, and (9) tempera-
ture controller. Adapted with permission from [20]. (b) Lithium recovery % vs. CaCl2/spodumene
molar ratio for samples treated at 900 ◦C for 60 min. Adapted with permission from [51].
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The direct application of Cl2 at elevated temperatures presents considerable safety risks
and requires the use of expensive materials, complicating the process. High-temperature
(1000 ◦C) roasting consumes significantly more energy than acidic methods, especially
when phase transfer roasting (1180 ◦C, 2 h) is also required. Furthermore, because the
roasting can occur at a higher temperature (1100 ◦C), which also facilitates decrepitation,
this procedure, given the aggressive character of Cl2, can be used for the direct processing
of α-spodumene [21].

2.2.2. Chloride Routes

Calcium chloride has been employed as a chlorinating agent in metal extraction from
various sources [52,53]. Furthermore, in the presence of silica, calcium chloride has been
proven to be the most effective chlorinating agent. As a result, calcium chloride was tested
as a chlorinating agent for the extraction of Li as lithium chloride from β-spodumene [54].
CaCl2 can react with β-spodumene at a lower temperature, starting at 700 ◦C, and is
non-toxic and less corrosive than Cl2. The extent of Li conversion reached 90.2% under
optimum conditions of 900 ◦C, 2 h, with an ore/CaCl2 molar ratio of 0.5. During the
chlorinating roasting, β-spodumene was also decomposed and converted to LiCl, SiO2, and
CaAl2Si2O8. The spodumene ore (San Luis, Argentina) contained 7.2% Li2O and less than
2% impurities, such as Fe2O3, CaO, and MgO. This rock ore was pulverized in a ring mill,
sieved to a particle size of less than 50 µm, then calcined at 1180 ◦C for 2 h to convert it to
its β-phase. The mixture was then combined with calcium chloride in a mortar to achieve a
β-LiAlSi2O6/CaCl2 molar ratio of 1:2. The mixture was dried in a muffle furnace at 200 ◦C
until it reached constant mass. Because calcium chloride is hygroscopic, efforts were made
to keep it dry. The roasting was carried out in a nitrogen-fed fixed-bed reactor. At 60 ◦C,
the roasted sample was leached with water.

Another work reported on α-spodumene direct chlorination using calcium chloride
followed by water leaching of the residue to recover Li [51]. The α-form was the sole
polymorph found in leftovers after leaching, implying that the extraction is performed
straight from the α-phase. However, the generation of a metastable β-form followed by a
rapid synthesis of lithium chloride is also suspected. Under ideal conditions of a calcium
chloride/spodumene molar ratio of 2.0 and a 60 min 1000 ◦C treatment, nearly 90% lithium
chloride was extracted, with 85% returned to the leaching solution and the remaining
escaping with the off-gas. The effect of the CaCl2/spodumene molar ratio (Figure 6b),
temperature, and chlorinating time on Li recovery was also explored.

Sodium chloride, a cost-effective and readily available compound, has been employed
as a chlorinating agent for the purpose of extracting Li from β-spodumene. This extrac-
tion process is conducted under both high-pressure conditions and inside an alkaline
environment (Figure 7, Equation (13)) [55].
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This research examined multiple parameters: concentrations of NaCl and Ca(OH)2,
temperature, pulp density, time, and ore size, to evaluate the extraction of Li. The results
indicated that a nearly complete extraction of Li was achieved within around 3.5 h of
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leaching, with the ore size being 100% < 42 µm. The process of directly crystallizing the
leaching solution, which was obtained through autoclaving, was also carried out in order
to produce LiCl with a purity level of 91%:

β− Li2O·Al2O3·4SiO2 + 2NaCl + 2H2O→ 2LiCl + Na2O·Al2O3·4SiO2·2H2O (13)

There has also been a report of utilizing NH4Cl to directly roast α-spodumene for Li
extraction [56]. When α-spodumene was sintered with CaCO3 and NH4Cl at a 1/3/1 ratio
at 750 ◦C, almost 97% Li could be converted to LiCl (Equation (14)):

α− Li2O·Al2O3·4SiO2 + 4CaCO3 + 2NH4Cl→ 2LiCl + 4CaSiO3 + Al2O3 + 4CO2 + 2NH3 + H2O (14)

2.3. Carbonate Roasting and Autoclaving Method

The Li extraction using the carbonate method relies on the process of ion exchange
between Li+ and the metal ion present in carbonate, predominantly Na+. Equation (15) rep-
resents the reaction process between β-spodumene and sodium carbonate (Na2CO3) [57]:

β− Li2O·Al2O3·4SiO2 + Na2CO3 + nH2O→ Li2CO3 + Na2O·Al2O3·4SiO2·nH2O (15)

The aforementioned reaction has been successfully accomplished using the process
of roasting within a temperature range of 450–750 ◦C (a solid–solid reaction mechanism).
Alternatively, autoclaving at approximately 225 ◦C has also been employed to obtain the
desired outcome [57]. Consequently, the reaction will yield Li2CO3 and analcime. Due to
its limited solubility, particularly under elevated temperatures, Li2CO3 has the potential
to precipitate and remain as residue subsequent to roasting or autoclaving processes. In
order to achieve solubility and separability with residue, such as in the case of analcime,
a common approach involves the utilization of a carbonation process. This process aims
to convert Li2CO3 into lithium bicarbonate (LiHCO3; as shown in Equation (16)), which
may then be removed from the mixture using filtration. Subsequently, the LiHCO3-rich
filtrate can be subjected to heating (as described in Equation (17)) in order to obtain high-
purity Li2CO3:

Li2CO3(s) + H2O + CO2(g)→ 2LiHCO3(aq), ∆Go
25 ◦C = −4.50 kJ/mol (16)

2LiHCO3(aq)→
−−−−→
heating → Li2CO3(s) + H2O + CO2(g), ∆Go

95 ◦C = −6.10 kJ/mol (17)

Figure 8a illustrates the steps for extracting Li from β-spodumene via autoclaving
with Na2CO3 [57]. In this method, ~94% Li was extracted from β-spodumene.

The α-spodumene (Jiangsu, China) was transformed to β-spodumene first by roasting
it for 30 min in an electrical muffle furnace at 1050 ◦C for crystal transformation. A
1 L stainless-steel autoclave was used for the sodium carbonate autoclave process. A
representative model of a general-purpose autoclave that is employed in hydrothermal
or digestion processes is shown in Figure 8e. To improve agitation in this experiment,
20 steel balls (10 mm) were placed in the autoclave. Na2CO3 solution and β-spodumene
were added to the autoclave. By autoclaving with Na2CO3 at a L/S ratio of 4 mL/g, Na/Li
ratio of 1.25, and 225 ◦C for 60 min, 94% Li was extracted from β-spodumene, and roughly
70% Li2CO3 was recovered from LiHCO3 solution by heating at 90 ◦C for 1 h, with a
purity of 99.6%. The effect of the L/S ratio, sodium-to-lithium ratio, agitation, and reaction
temperature on the lithium carbonate conversion efficiency was studied and shown in
Figure 8b–e. The main disadvantages of this method are the high cost of autoclaving and
heating, the several stages involved, and the low conversion efficiencies in leaching and
generating lithium carbonate.
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of lithium carbonate from spodumene. (b) Lithium carbonate conversion efficiency and L/S ratio.
Conditions: Na/Li ratio 1.5, stirring speed 350 rpm, reaction temperature 230 ◦C, and reaction time
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autoclave that is employed in hydrothermal or digestion processes.

Another method for autoclaving β-spodumene using Na2CO3 has been reported [58].
In this approach, a further leaching step was utilized to convert Li2CO3 into soluble LiOH
(Equation (18)), which was then crystallized as LiOH·H2O after impurity removal using
ion exchange (Figure 9). It has been reported that the purity of the product obtained in one
crystallization stage was as high as >56.5% LiOH, and that the Li extraction reached up to
94%. This procedure presents an alternative approach for subsequent treatment after the
carbonate autoclaving of β-spodumene, whereby the production of the LiOH product is
achieved directly, instead of Li2CO3. The process of leaching in an alkaline environment
has the potential to effectively eliminate contaminants, such as Al, Ca, Mg, Fe, and P. This
method offers a distinct advantage when compared to the less specific acid-leaching process.
Nevertheless, the residue resulting from this procedure is a mixture containing Na, Al, Si,
and Ca. Consequently, additional treatment is necessary to recover these elements, with a
special focus on Al:

Li2CO3(s) + Ca(OH)2(s)→ 2LiOH(aq) + CaCO3(s) (18)

Similarly, a nitric acid pressure-leaching technique was adapted to extract Li from
β-spodumene [59]. In the experiment, the raw material was mixed with a HNO3 solu-
tion (concentration of 0.2–3 mol/L) and made to react at a predetermined temperature
(120–220 ◦C) and time (30–180 min) in an autoclave. At 200 ◦C, with an initial HNO3
concentration of 1 mol/L, L/S ratio of 2.5 mL/g, and a holding time of 30 min, 95% Li was
extracted with low amounts of impurities. Figure 9b–d show the effect of the nitric acid
concentration, L/S ratio, and holding time, respectively, on Li extraction. Pressure leaching
preserved β-spodumene’s aluminum-silicate cage structure, allowing H+ to readily ex-
change with Li+ and create HAlSi2O6. The leached liquid was then thermally decomposed
at 250 ◦C to separate Li and aluminum.
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A direct solid-state reaction involving α-spodumene (North Carolina), Na2CO3, and
Al2O3 at a low temperature of 750 ◦C and a short hold period of 4 h can produce Li2CO3
with a yield of over 90% [60]. The inclusion of Al2O3 is crucial for reducing the amount of
Li2SiO3 produced when only Na2CO3 is employed. To prepare the samples, the spodumene
concentrates (particle size < 75 µm) were mixed with Na2CO3 and Al2O3 nano-powder
using a planetary ball mill at 250 rpm/12 h and dried in a 70 ◦C oven overnight before
pelletization. The pellets were sintered in air at 750 ◦C for various durations (10 min,
30 min, 2, 4, and 8 h) before cooling naturally to room temperature. After 30 min at 750 ◦C,
Li extraction was nearly complete, yielding 85% Li2CO3 (Figure 9e).

Sustainability 2024, 16, x FOR PEER REVIEW 14 of 40 
 

Al, Si, and Ca. Consequently, additional treatment is necessary to recover these elements, 
with a special focus on Al: 

LiଶCOଷ(s) + Ca(OH)ଶ(s) → 2LiOH(aq) + CaCOଷ(s) (18)

 
Figure 9. (a) Li recovery from β-spodumene via carbonate autoclaving. Adapted with permission 
from [21]. (b–d) Nitric acid pressure leaching. (b) Effect of nitric acid concentration on element ex-
traction at 140 °C with a L/S ratio of 3 mL/g and a reaction time of 90 min. (c) Effect of the L/S ratio 
on element extraction at 200 °C, nitric acid concentration of 1 mol/L, and holding time of 90 min. (d) 
Effect of holding time on element extraction at 200 °C, L/S ratio of 2.5 mL/g, and initial nitric acid 
concentration of 1 mol/L at 15 to 120 min of holding time [59]. (e) The % of Li extracted from α-
spodumene in the form of Li2CO3 vs. the time at 750 °C for two distinct reactions [60]. 

Similarly, a nitric acid pressure-leaching technique was adapted to extract Li from β-
spodumene [59]. In the experiment, the raw material was mixed with a HNO3 solution 
(concentration of 0.2–3 mol/L) and made to react at a predetermined temperature (120–
220 °C) and time (30–180 min) in an autoclave. At 200 °C, with an initial HNO3 concentra-
tion of 1 mol/L, L/S ratio of 2.5 mL/g, and a holding time of 30 min, 95% Li was extracted 
with low amounts of impurities. Figure 9b–d show the effect of the nitric acid concentra-
tion, L/S ratio, and holding time, respectively, on Li extraction. Pressure leaching pre-
served β-spodumene’s aluminum-silicate cage structure, allowing H+ to readily exchange 
with Li+ and create HAlSi2O6. The leached liquid was then thermally decomposed at 250 
°C to separate Li and aluminum. 

A direct solid-state reaction involving α-spodumene (North Carolina), Na2CO3, and 
Al2O3 at a low temperature of 750 °C and a short hold period of 4 h can produce Li2CO3 
with a yield of over 90% [60]. The inclusion of Al2O3 is crucial for reducing the amount of 
Li2SiO3 produced when only Na2CO3 is employed. To prepare the samples, the spodu-
mene concentrates (particle size < 75 µm) were mixed with Na2CO3 and Al2O3 nano-pow-
der using a planetary ball mill at 250 rpm/12 h and dried in a 70 °C oven overnight before 
pelletization. The pellets were sintered in air at 750 °C for various durations (10 min, 30 
min, 2, 4, and 8 h) before cooling naturally to room temperature. After 30 min at 750 °C, 
Li extraction was nearly complete, yielding 85% Li2CO3 (Figure 9e). 

2.4. Alkali Methods  
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extraction at 140 ◦C with a L/S ratio of 3 mL/g and a reaction time of 90 min. (c) Effect of the L/S
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2.4. Alkali Methods

The ability of alkali to chemically react with and disrupt the Si-O bond, resulting in
the dissolution of SiO2 in a solution, is widely recognized. This dissolution process is
observed to intensify as the alkalinity and temperature of the solution increase. Following
this, several teams employed alkali as a means of directly extracting Li from α-spodumene.

Alkaline Hydrothermal Treatment

Xing et al. devised a method for extracting Li from α-spodumene while also syn-
thesizing hydroxysodalite zeolite [61]. The α-spodumene was transformed into hydrox-
ysodalite (Na8[AlSiO4]6(OH)2·nH2O) via hydrothermal alkaline treatment, and the Li in
α-spodumene was released into the solution and recovered via precipitation with Na2CO3.
Under optimal conditions, a Li extraction efficiency of 95.8% was obtained: temperature
250 ◦C, NaOH concentration 600 g/L, liquid/solid ratio 5:1, stirring speed 500 rpm, and
reaction time 2 h. The predicted reaction is shown in Equation (19). A vertical autoclave
was used to execute the hydrothermal alkaline treatment of α-spodumene. In the autoclave,
the α-spodumene ore was first combined with a NaOH solution at a certain L/S ratio. The
slurry was stirred. The temperature was kept under control by adjusting the heating and
cooling water. The slurry was filtered after the hydrothermal alkaline treatment to separate
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the Li solution and solid product. The solid product was cleaned with deionized water
and dried in an oven. Desilication was also performed in the autoclave, with the stirring
rate set at 500 rpm. Following this, the remaining Li in the solution was concentrated and
subsequently precipitated as lithium carbonate (Li2CO3). Figure 10e presents a flowchart
illustrating the process of Li extraction and subsequent recovery.

6α− LiAlSi2O6 + 14NaOH→ 2Na4Al3Si3O12(OH) + 3Li2SiO3 + 3Na2SiO3 + 6H2O (19)
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spodumene by using NaOH. Adapted (modified) with permission from [21].

Further, the effects of a temperature, NaOH concentration, L/S ratio, stirring rate,
and leaching time on the extraction of Li were analyzed and shown in Figure 10a–d. By
directly processing α-spodumene with NaOH, phase transfer at high temperatures was
avoided, and a high Li extraction efficiency was attained. However, given the nature of the
alkali–silica reaction, this approach frequently results in significant caustic consumption.

Qui et al. employed a hydrothermal alkaline treatment to investigate a direct decompo-
sition of α-spodumene using a NaOH solution [62]. The results revealed that, under specific
conditions, the Li present in the α-spodumene converted into an intermediate product,
Li2SiO3, which existed in the form of a solid phase. The overall extraction efficiency of
Li2O was found to be 87.3%. This value includes the extraction efficiency of Li2O that was
leached into the liquid phase (7.6%) and converted into Li2SiO3 (79.7%) obtained under the
optimal experimental conditions: a stirring speed of 500 rpm, a leaching temperature of
250 ◦C, a mass ratio of NaOH/ore of 1.5, an initial NaOH concentration of 25 wt%, and
a leaching time of 24 h. The extraction of the Li from Li2SiO3 can be achieved using acid
leaching, followed by precipitation using Na2CO3. The residual liquid obtained following
the hydrothermal alkaline treatment was utilized again for the subsequent hydrothermal
alkaline cyclic leaching, using the same conditions as mentioned above. Throughout three
iterations of alkaline treatment, the decomposition of α-spodumene exhibited consistent
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stability, resulting in an approximate total extraction efficiency of 86% for Li2O (with about
84% being transformed into Li2SiO3).

In the study, the spodumene concentration (Australia) was crushed in a jaw crusher,
processed in a ball mill, and screened to 200 mesh (less than 0.074 mm). Known amounts of
spodumene concentrate and NaOH solution were mixed and charged into the autoclave
(250 mL vertical Zr-lined autoclave) for each hydrothermal experiment. The mixture was
then heated to the desired temperature while being constantly stirred for a set period of time.
Following hydrothermal treatment, the autoclave slurry was removed and centrifuged
to separate the pregnant solution from the residue. The residue was washed twice with
deionized water before being centrifuged and filtrated before drying at 110 ◦C. The leaching
pregnant solution and washing solution were combined during the analysis of the Li2O
content that had been leached into the solution. Then, 0.100 g of alkaline residue was
weighed and leached with 50 mL of 2 mol/L HCl solution at 60 ◦C for 4 h to determine the
amount of Li2O converted to Li2SiO3 in the residue.

Further effects of the stirring speed, leaching temperature, mass ratio of NaOH/ore,
and initial NaOH concentration on the extraction efficiency of Li2O were analyzed
(Figure 11a,b—only the leaching temperature and mass ratio are shown). The use of alka-
line processing to recover the Li contained in pegmatite minerals, such as spodumene, may
have advantages over the current acid process, particularly by allowing the replacement
of expensive inputs, such as sulfuric acid (H2SO4) and soda ash (Na2CO3) with limestone
(CaCO3) or hydrated lime (Ca(OH)2), both of which are widely available and inexpensive.
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Figure 11. (a,b) Li extraction in NaOH solution. (a) Effect of leaching temperature. (b) Mass ratio
of NaOH/ore (conditions: 500 rpm, NaOH/ore = 1.5 g/g, initial NaOH concentration = 25 wt%,
t = 24 h) [62]. (c–e) Li extraction in KOH solution. (c) Extraction steps. The effects of the (d) mass
ratio of KOH/ore and (e) leaching temperature on the extraction efficiency. Adapted with permission
from [63].
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The same author demonstrated that a KOH solution may directly break down the
structure of α-spodumene, resulting in the simultaneous generation of new solid-phase
products of Li2SiO3 and KAlSiO4 [63]. Under optimal conditions, the total Li extraction
efficiency could reach 89.9%, with 84.1% converted into Li2SiO3 and 5.8% converted into the
liquid phase: an initial KOH concentration of 50 wt%, a stirring speed of 500 rpm, a mass
ratio of KOH/ore of 2:1, a leaching temperature of 523.15 K, and a leaching time of 16 h.
The spodumene concentrate (from China) was crushed, ground, and sieved to ∼60 mesh
(below 0.25 mm). The experimental steps are quite similar to the study discussed above.
The effects of stirring speed, KOH/ore mass ratio, leaching temperature, and leaching time
on the extraction efficiency were studied (Figure 11—only the effect of leaching temperature
and the mass ratio of NaOH/ore are shown). When compared to the NaOH technique to
produce Li2SiO3 [62], this outcome demonstrated advantages in terms of reaction time and
leaching pressure. This approach eliminates the need for high-temperature calcination,
concentrated sulfuric acid roasting, and the difficulty of isolating Li from leachate with a
high potassium level.

Song et al. demonstrated an autoclave digestion method for directly extracting Li
from α-spodumene using an alkaline solution with the addition of CaO [64]. The ideal
operating parameters for the Li extraction efficiency of 93.3% were a CaO/ore mass ratio
0.5:1, leaching time of 6 h, NaOH concentration of 400 g/L, temperature of 250 ◦C, and
L/S ratio of 7 mL/g. Li3PO4 was formed by precipitating the Li in the leaching solution
with Na3PO4. The leaching of α-spodumene (Sichuan, China) was subjected to digestion by
placing the α-spodumene/NaOH solution mixture in a 600 mL Monel alloy autoclave. The
CaO was added to enhance the leaching efficiency. The effects of the CaO/ore mass ratio,
leaching temperature, NaOH concentration, L/S ratio (NaOH/ore), and leaching time on
the extraction efficiency of Li were studied. The leaching temperature, the mass ratio of the
added CaO to ore, and the concentration of NaOH all significantly impacted the efficiency
of Li extraction (Figure 12b–e).

Sustainability 2024, 16, x FOR PEER REVIEW 18 of 40 
 

action time and leaching pressure. This approach eliminates the need for high-tempera-
ture calcination, concentrated sulfuric acid roasting, and the difficulty of isolating Li from 
leachate with a high potassium level. 

Song et al. demonstrated an autoclave digestion method for directly extracting Li 
from α-spodumene using an alkaline solution with the addition of CaO [64]. The ideal 
operating parameters for the Li extraction efficiency of 93.3% were a CaO/ore mass ratio 
0.5:1, leaching time of 6 h, NaOH concentration of 400 g/L, temperature of 250 °C, and L/S 
ratio of 7 mL/g. Li3PO4 was formed by precipitating the Li in the leaching solution with 
Na3PO4. The leaching of α-spodumene (Sichuan, China) was subjected to digestion by 
placing the α-spodumene/NaOH solution mixture in a 600 mL Monel alloy autoclave. The 
CaO was added to enhance the leaching efficiency. The effects of the CaO/ore mass ratio, 
leaching temperature, NaOH concentration, L/S ratio (NaOH/ore), and leaching time on 
the extraction efficiency of Li were studied. The leaching temperature, the mass ratio of 
the added CaO to ore, and the concentration of NaOH all significantly impacted the effi-
ciency of Li extraction (Figure 12b–e). 

 
Figure 12. (a) Process flowchart for extracting Li from α-spodumene. (b) Effect of the mass ratio of 
CaO to ore on Li extraction. T = 250 °C, NaOH = 400 g/L, t = 4.5 h, L/S ratio (NaOH/Ore) = 7 mL/g. 
(c) Effect of NaOH concentration on Li extraction. T = 250 °C, mass ratio of CaO/ore = 0.5:1, t = 6 h, 
L/S ratio (NaOH/Ore) = 7 mL/g. (d) Effect of L/S ratio (NaOH/Ore) on Li extraction. T = 250 °C, mass 
ratio of CaO/ore = 0.5:1, t = 6 h, NaOH = 400 g/L. (e) Effect of leaching temperature on Li extraction. 
Mass ratio of CaO/ore = 0.5:1, t = 6 h, NaOH = 400 g/L, L/S ratio (NaOH/Ore) = 7 mL/g. Adapted with 
permission from [64]. 

Salt roasting is an alternative to high-temperature calcination, as it lowers the roast-
ing temperature of α-spodumene and provides excellent Li-leaching recovery by turning 
it into water/acid-soluble Li compounds. In that direction, nine reagents consisting of al-
kali metals (Group IA), alkaline earth metals (Group IIA), and ammonium (NH4+) salts 
were tested for roasting and phase transformation of α-spodumene into phases that are 
soluble in acid or water to directly extract Li from α-spodumene [65]. In order to achieve 
this, a series of sequential processes, including roasting, water leaching, and acid leaching, 
were conducted. The leaching recovery data revealed that the three reagent categories’ 
roasting efficacy was ordered as follows: Group IA > Group IIA > NH4+. The NaOH roast-
ing–water-leaching–acid-leaching process achieved 71% and 88% water-leaching and total 
leaching recovery values, respectively, under non-optimized parameters of a roasting 

Figure 12. (a) Process flowchart for extracting Li from α-spodumene. (b) Effect of the mass ratio of
CaO to ore on Li extraction. T = 250 ◦C, NaOH = 400 g/L, t = 4.5 h, L/S ratio (NaOH/Ore) = 7 mL/g.
(c) Effect of NaOH concentration on Li extraction. T = 250 ◦C, mass ratio of CaO/ore = 0.5:1, t = 6 h,
L/S ratio (NaOH/Ore) = 7 mL/g. (d) Effect of L/S ratio (NaOH/Ore) on Li extraction. T = 250 ◦C,
mass ratio of CaO/ore = 0.5:1, t = 6 h, NaOH = 400 g/L. (e) Effect of leaching temperature on Li
extraction. Mass ratio of CaO/ore = 0.5:1, t = 6 h, NaOH = 400 g/L, L/S ratio (NaOH/Ore) = 7 mL/g.
Adapted with permission from [64].
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Salt roasting is an alternative to high-temperature calcination, as it lowers the roasting
temperature of α-spodumene and provides excellent Li-leaching recovery by turning it
into water/acid-soluble Li compounds. In that direction, nine reagents consisting of alkali
metals (Group IA), alkaline earth metals (Group IIA), and ammonium (NH4+) salts were
tested for roasting and phase transformation of α-spodumene into phases that are soluble
in acid or water to directly extract Li from α-spodumene [65]. In order to achieve this,
a series of sequential processes, including roasting, water leaching, and acid leaching,
were conducted. The leaching recovery data revealed that the three reagent categories’
roasting efficacy was ordered as follows: Group IA > Group IIA > NH4

+. The NaOH
roasting–water-leaching–acid-leaching process achieved 71% and 88% water-leaching and
total leaching recovery values, respectively, under non-optimized parameters of a roasting
temperature of 320 ◦C, a NaOH/spodumene ratio of 1.5:1, and a roasting period of 2 h
(Figure 13a). The roasting of Na2CO3 at a temperature of 851 ◦C resulted in a significant
overall leaching recovery of Li, reaching 76%. However, the recovery of Li through water
leaching was very low, at 27%. This can be attributed to the limited solubility of Li2CO3, as
well as the formation of NaAlSiO4 and the subsequent extensive sintering of the roasted
sample. The main minerals found in the spodumene sample (Tin-Spodumene Belt, North
Carolina) were spodumene (20% with 1.6% Li2O), quartz (30%), feldspar (43%), and mica
(5%). The concentration was composed of 6% Li2O and <1% Fe2O3. In each roasting trial, a
2 g sample of spodumene concentrate was combined with 3 g of the designated reagent,
resulting in a reagent-to-spodumene ratio of 1.5:1. The mixture was placed in a Zr crucible
and subjected to heating at the reagent’s melting point (i.e., NaOH: 318 ◦C, Na2Co3: 851 ◦C,
NaCl: 801 ◦C, KOH: 360 ◦C, etc.).
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Figure 13. (a,b) Salt roasting−leaching. Water (W) and acid (A) leaching recovery of Li and other
elements from α-spodumene roasted with typical reagents of (a) Group IA and (b) Group IIA and
NH4

+. Adapted with permission from [65]. (c,d) Carbonate roasting, water quenching, and leaching.
(c) Process flowsheet for extracting Li and Rb from α-spodumene. (d) Effect of the mass ratio
of Na2CO3 to ore on the extraction of Li, Rb, etc. [66]. (e) Calcination decrepitation reaction of
spodumene with limestone. Block schematic illustrates the typical processing steps [67].
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The NaOH roasting method provides low-temperature roasting and excellent Li
recovery, particularly in water leaching. As a result, this technique avoids both high-
temperature calcination and acid-baking stages, as well as the CO2 emissions, significant
energy and acid use, and environmental concerns associated with them.

Similar to the carbonatizing roast of Li-bearing ores by Maurice and Olivier [68], the
carbonate roasting approach has recently been developed and tested for the extraction of Li
and Rb. Zhou et al. proposed a direct Li extraction process for α-spodumene (particle size
D10 ~2.595 µm, D50 ~31.818 µm, and D90 ~135.467 µm) via (1) sodium roasting, (2) water
quenching, and (3) strengthening leaching (Figure 13c) [66]. The findings indicated that
at high temperatures (1000–1300 ◦C), α-spodumene interacted directly with Na2CO3 to
produce Li2SiO3, NaAlSiO4, and Na2SiO3. The combined action of sodium roasting and
water quenching broke the stable aluminosilicate structure in α-spodumene, which played
a substantial role in the release of Li. It was concluded that Na2CO3 could increase α-
spodumene dissolution. The ideal roasting parameters were established based on the
optimization results to be roasting at 1100 ◦C for 30 min with the addition of 45% Na2CO3
(Figure 13d). Li and Rb extraction were 95.9% and 90.3%, respectively, whereas the Al
extraction rate was only 1.5%. The extraction rates of Li and Rb increased from 85% to 95%
and 80% to 90%, respectively, when the roasting temperature scaled from 1000 to 1100 ◦C.
Rapid cooling of roasted slag induced complete mineral dissociation.

Bragga et al. conducted a lab-scale calcination decrepitation reaction of spodumene
(with 5.8% Li2O; Minas Gerais, Brazil) with limestone [67]. The sample (with a particle size
distribution of 6 mm) was pulverized in jaw and roller crushers before being processed
in rod and ball mills to a maximum grain size of 100 µm. A series of mass ratios (1:1, 1:2,
1:3, 1:3.5, 1:4, and 1:5) between spodumene and calcitic limestone (particle size of 100 µm)
were subjected to heating in a muffle furnace. The mixes were placed into crucibles made
of alumina and underwent thermal treatment at a temperature of 1050 ◦C for 30 min. The
calcination decrepitation reaction of spodumene with limestone (roasting process) involves
three distinct steps [67]: (i) decomposition of limestone at temperatures ranging from 750
to 800 ◦C, resulting in the formation of CaO and the release of CO2, (ii) decrepitation to
conversion of α-spodumene into β-spodumene, and (iii) a solid–solid reaction between
β-spodumene and CaO particles, with the formation of lithium aluminate and calcium
silicate. Steps (ii) and (iii) occur almost simultaneously (at 1050 ◦C). The resulting product,
after cooling, was ground in an agate mortar to a particle size < 100 µm and leached with
water at 90 ◦C, at a solid-to-liquid (S/L) ratio of 10% p/p. The block diagram in Figure 13c
illustrates the trials performed. The reactions of the process are presented as follows:

CaCO3 → CaO + CO2
Li2O·Al2O3·4SiO2 + 8CaO→ Li2O·Al2O3 + 4(2CaO·SiO2)

CaO + H2O→ Ca(OH)2
Li2O·Al2O3 + Ca(OH)2 → 2LiOH + CaO·Al2O3

(20)

The best spodumene:limestone mass ratio was 1:5, resulting in a Li recovery of ap-
proximately 64%. The Li extraction for a roasting period of 120 min was lower than that
for a roasting time of 30 min, most likely due to sintering or vitrification of the resultant
product during the roasting, which hampered the extraction of the Li.

McIntosh [69] suggested combining β-spodumene with lime at temperatures of 100 to
205 ◦C and pressures of 0.35 to 1.73 MPa to produce lithium hydroxide. The filtrate was
then concentrated by evaporation and carbonated at around 60 ◦C:

Li2O·Al2O3·4SiO2 + CaO + H2O→ 2LiOH + CaO·Al2O3·4SiO2 (21)

2LiOH + CO2 → Li2CO3 + H2O (22)

This method can yield an extraction efficiency of up to 90%. The limestone and
lime-based methods remain tempting to the industry. The primary disadvantages are
the high cost of energy necessary for spodumene decrepitation, β-spodumene roasting,
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and the requirement to grind the roasted product before water leaching for the bulkiest
extraction [22].

It has been shown that Li may be extracted directly from α-spodumene using CaO-
activated roasting and H2SO4 leaching (Figure 14a). The α-spodumene was transformed
to β-spodumene, which then interacted with CaO to produce acid-soluble LiAlSiO4 and
CaSiO3 [70]. CaO lowered the melting temperature, promoting structural alteration of β-
spodumene and further acid leaching. For the best results, 20% CaO, a roasting temperature
of 1200 ◦C, a holding time of 1.5 h, an H2SO4 concentration of 120 g/L, a L/S ratio of
7:1 mL/g, a leaching temperature of 80 ◦C, and a leaching time of 1.5 h were used. The
Li-leaching yield was 96.18%. Li was introduced into the leaching liquid by the action of
H2SO4 during leaching, and the primary components of the leaching residue were silicate
and calcium sulfate. To begin, 30 g of spodumene concentrate powder and CaO were mixed
in the required ratio and deposited in a corundum crucible before being moved to a muffle
furnace. The temperature of the furnace was raised at a rate of 10 ◦C/min from an ambient
temperature to a target temperature. When a preset temperature was reached, it was held
for a specified length of time (soaking time or holding time). In the furnace, the roasted
products were cooled to room temperature before being subjected to sulfuric acid leaching.

Based on the roasting results, the proposed reaction mechanism is as follows:

α− LiAlSi2O6 → β− LiAlSi2O6 (23)

CaO + SiO2 = CaSiO3

β− LiAlSi2O6 + CaO = LiAlSiO4 + CaSiO3

The leaching yield of Li was only 13.70% without the addition of CaO. However,
increasing the CaO dosage from 10% to 20% raised the leaching yield of Li from 32.04%
to 90.69%, indicating that the reaction between CaO and spodumene was suitable at 20%
(Figure 14b). With the increasing H2SO4 concentration, the leaching yield of Li (with
H2SO4) increased until it reached a plateau at 120 g/L (a yield of 97.23%). The leaching
yield of Al grew steadily across the same range of H2SO4 concentrations, reaching a
maximum of 86.05% at an acid concentration of 150 g/L (Figure 14c). The leaching yield
of Li steadily increased to 97.23% when the L/S ratio was in the range of 5:1 mL/g to
7:1 mL/g (Figure 14d). The leaching yield of Li remained essentially constant as the L/S
ratio exceeded 7:1 mL/g, but the leaching yield of Al increased throughout the procedure.
At a L/S ratio of 9:1 mL/g, the maximum leaching yield of Al was 99.66%, suggesting that
Li and Al were virtually entirely leached.

Water-leaching studies were carried out to extract Li from β-spodumene after com-
bining with CaO [71]. An estimated 97.2% of the Li was recovered after four cycles of
water leaching (Figure 14e). An ion-exchange reaction with calcium was used to perform
Li leaching. Particles of ~75 µm, a CaO-to-β-spodumene mass ratio of 3:1, pulp density
(solid mass-to-liquid volume ratio) of 10%, reaction temperature of 100 ◦C, stirring speed
of 200 rpm, and reaction duration of 9 h were the most suitable parameters. To prepare a
leaching sample of CaO and β-spodumene for recursive leaching phases, the leach residue,
which included Ca(OH)2, CaCO3, and unreacted β-spodumene, was calcined at 900 ◦C.
Water-leaching studies were carried out in a 1–1 five-neck flask fitted with a stirrer and a
heating mantle. A condenser was fitted to prevent the lixiviant from evaporating during
the leaching process. The leach residue was calcined using an alumina crucible in a muffle
furnace. As shown in Figure 14f, following four stages of the water-leaching reaction,
39.2%, 31.7%, 18.3%, and 8% of the Li could be leached through the 1st, 2nd, 3rd, and 4th
water-leaching phases, respectively, for a cumulative yield of 97.2%.
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umene through the process of leaching with Na2SO4 [73]. Two types of additives: calcium 
oxide (CaO) and sodium hydroxide (NaOH), were utilized to improve the extraction effi-
ciency. The reported Li extraction efficiencies were 93.30% when CaO was added and 
90.70% when NaOH was added. These were achieved under the following conditions: 
Na2SO4/additive (CaO or NaOH)/ore mass ratio of 9:0.4:20, temperature of 230 °C, L/S ra-
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Figure 14. (a) Schematic of the extraction process flow for Li extracted from the α-spodumene
concentration. (b) Effects of CaO dosage (1100 ◦C, 2 h) on the extraction of Li and Al. Constant
leaching conditions: H2SO4 of 120 g/L, L/S of 7:1 mL/g, leaching temperature of 80 ◦C, and leaching
time of 2 h. (c) Effect of H2SO4 concentration (7:1 mL/g, 80 ◦C, and 2 h). (d) L/S ratio (120 g/L
H2SO4, 80 ◦C, and 2 h). For (c,d) Constant leaching conditions: roasting temperature of 1200 ◦C,
CaO dosage of 20%, and holding time of 1.5 h. Adapted with permission from [70]. (e,f) Serial
calcination and water leaching with CaO. (e) Flowchart for water leaching and calcination to extract
Li. (f) Metal-ion-leaching efficiency in a four-stage experiment [71].

2.5. Sulfate Roasting

Zeelikman et al. described the roasting of α-spodumene using K2SO4 [72]. The reaction
between spodumene and K2SO4 has been shown to begin at 700 ◦C. In reality, however,
roasting is frequently performed at 920–1150 ◦C, when α-spodumene is first transformed
into its β-phase before entering a substitution process with K2SO4. Furthermore, because
the reaction is reversible, a substantial excess of K2SO4 was required in reality to ensure
successful Li extraction as LiSO4 [72].

Kuang et al. presented a closed-loop methodology for the recovery of Li from β-
spodumene through the process of leaching with Na2SO4 [73]. Two types of additives:
calcium oxide (CaO) and sodium hydroxide (NaOH), were utilized to improve the extrac-
tion efficiency. The reported Li extraction efficiencies were 93.30% when CaO was added
and 90.70% when NaOH was added. These were achieved under the following conditions:
Na2SO4/additive (CaO or NaOH)/ore mass ratio of 9:0.4:20, temperature of 230 ◦C, L/S
ratio of 7.5 mL/g, particle size (D90) of 39 µm, autoclaving pressure of 2.7 ± 0.1 MPa, and
time of 3 h. Through the examination of the leaching residue, it was determined that the
extraction mechanism involves a highly chemo-selective ion-exchange process between
Li+ in β-spodumene and Na+ in a Na2SO4 solution. In the investigation, the α-spodumene
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(Greenbushes, Australia) was transformed to β-spodumene by calcining it in a rotating
kiln at 1100 ◦C for 1 h. The β-spodumene leaching was accomplished by putting the
β-spodumene/Na2SO4 combination in a 200 mL stainless-steel autoclave. The comparative
analysis of the extraction efficiency of Li was conducted by introducing either CaO or
NaOH in each experimental trial, while maintaining consistent leaching conditions. The
impacts of various variables on Li extraction efficiency were explored: Na2SO4/ore mass
ratio, additive/ore mass ratio, leaching temperature, ore particle size, leaching time, and
L/S ratio (Figure 15—only three shown).
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When compared to acid approaches, the sulfate method via roasting or autoclaving
can significantly minimize Al and Fe dissolution, simplifying the downstream purification
process and reducing potential Li losses. The sulfate roasting technique often employs
reagents: potassium sulfate and sodium sulfate. The quantities of these reagents required
are substantial, ranging from around 40% to 60% [74,75]. Consequently, this poses a
challenge in terms of elevated production expenses. However, the utilization of Na2SO4
can significantly reduce expenses associated with reagents due to its cost-effectiveness and
ability to be recycled efficiently. Table 2 displays a summary of the different processes
reported in the patents and literature.

Table 2. A summary of the different processes for recovering Li from spodumene that have been
published in patents and studies.

Process Experimental Conditions End Product/Recovery % Ref.

Acid

Roasting: ore/HF/H2SO4 ratio of 1:3:2 (g/mL/mL), at
100 ◦C for 3 h; water leaching at 50 ◦C Recovery of Li: 95% [47]

Calcined at 1025 ◦C, roasting with H2SO4 at 175 ◦C;
leaching with H2O

Recovery of Li: 93%; 99.9% pure
LiOH·H2O [76]

Roasting (1050–1090 ◦C) and H2SO4 leaching; water
leaching at 225 ◦C 96% pure Li2CO3 [57]
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Table 2. Cont.

Process Experimental Conditions End Product/Recovery % Ref.

Alkaline

Roasting Na2SO4/CaO or NaOH as
additive/β-spodumene; leaching at 230 ◦C

Recovery of Li: 93.3% (CaO),
90.7% (NaOH) [73]

Roasting with Na2CO3 at 550–650 ◦C for 30 min, followed
by water leaching at RT

Recovery of Li: 92%;
98% pure Li2CO3

[77]

Hydrothermal alkaline treatment at 250 ◦C;
α-spodumene + NaOH solution Li2CO3 as product; Li recovery of 95.8% [61]

Autoclave alkaline treatment;
α-spodumene + NaOH solution; acid leaching Li2O extraction efficiency of 87.3% [62]

Autoclave alkaline treatment;
α-spodumene + KOH solution

Li extraction efficiency could
reach 89.9% [63]

Roasting (320 ◦C): α-spodumene + NaOH; acid leaching
and water leaching; Na2CO3 roasting at 851 ◦C) 88% for NaOH; 76% for Na2CO3 [65]

Roasting (1200 ◦C) with CaO; H2SO4 leaching Leaching yield: 96.18% [70]

Chlorination

Chlorination (using CaCl2) at ~700 ◦C; water leaching 90.2% Li extracted as LiCl at 900 ◦C [54]

Roasting of β-spodumene with Cl2 at 1100 ◦C, 150 min LiCl extracted at 1100 ◦C [20]

Roasting (550–1200 ◦C, 120 min) with
MgCl2-CaCl2·12H2O; leaching with H2O, HCl LiCl extraction efficiency 50–90% [56]

Roasting (1000–1050 ◦C, 15–60 min) with KCl, NaCl;
leaching with H2O/HCl LiCl product; 85–97.5% [78]

Roasting (800–1200 ◦C, 180–720 min) with CaCl2; leaching
reagent alcohol LiCl product; 96.5–98.5% [79]

Roasting (250–750 ◦C) with NH4Cl; water leaching LiCl product; 97–98% [80]

Carbonation

Roasting (100–205 ◦C, 60 min) with CaO + H2O;
H2O leaching LiOH product; 97% [81]

Roasting (1000–1230 ◦C) with CaO + H2O; water leaching LiOH product; 80% [81]

Roasting (150–250 ◦C, 10–120 min) with Na2CO3;
water leaching Li2CO3 product; 94% [69]

Autoclaving with Na2CO3 at 225 ◦C for 60 min;
water leaching

Li2CO3 product; 70%
94% Li was extracted from
β-spodumene

[57]

Sulphation

Roasting (1000–1150 ◦C, 120–180 min) with
CaSO4 + CaCO3; water leaching Li2SO4 product; 85–90% [82]

Roasting with Na2SO4 + CaO; leaching at 230 ◦C Li2SO4 product; 93.3% [73]

Roasting (200–300 ◦C) with Na2SO4 + NaOH; leaching
with Na2SO4 + NaOH Li2SO4 product; 90.7% [73]

Fluorination

Roasting (600 ◦C) β-spodumene with NaF;
leaching with HF LiF product; 90% [83]

HF + H2SO4/α-spodumene at 100 ◦C, 3 h Li: 96% [84]

2.6. Microwave-Assisted Processing

The traditional thermal processing of α-spodumene necessitates spending a significant
quantity of energy, resulting in a notable financial impact on the overall expense of Li
extraction. The microwave (MW) heating as a possibly less energy-intensive alternative
has been explored for different applications for several decades [85,86]. The process
of heating materials conventionally involves the transfer of heat from the exterior of a
body toward its interior through conduction, convection, and radiation methods. MWs
possess the ability to permeate a wide range of nonmetallic substances, hence offering
the distinct advantage of volumetric heating [87]. MW is an electromagnetic radiation
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characterized by frequencies ranging from 300 MHz to 300 GHz (Figure 16a). In the
industrial and commercial sectors, the frequencies of 915 MHz and 2450 MHz are widely
employed for various applications. The heating mechanism of MWs is contingent upon
the dielectric characteristics displayed by the constituent components. Selective heating
occurs when a material comprises more than one component with very varied dielectric
characteristics. This selective heating, together with the thermal characteristics of the
material components, usually determines whether MW heating offers any advantages
over traditional heating. The utilization of MWs in heating processes offers significant
advantages in terms of volumetric and selective heating, resulting in a substantial reduction
in heating periods compared to conventional heating methods, frequently by less than 1%.
Reduced treatment durations also facilitate substantial downsizing of equipment. Hence,
MWs can be effectively utilized in specific applications. To harness this potential, it is
imperative to use a multi-disciplinary approach. This entails acquiring a comprehensive
comprehension of MW heating mechanisms, electromagnetic field patterns, dielectric
properties of materials, and the specific industrial process at hand. This knowledge is
indispensable in the development of efficient MW equipment [87].
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without a susceptor in a multimode MW applicator. (c) Hybrid heating with a MW-absorbing
specimen holder. (d) MW absorption and heating mechanism when the material temperature reaches
the critical temperature (Tcr) of a material.

2.6.1. MW Heating Mechanisms

Materials can be categorized into three classes based on the mechanism of MW’s
interaction with them: insulators, conductors, and absorbers. MWs are absorbed by
most carbon-based materials. Insulating materials, such as quartz or PTFE, are MW-
transparent. MWs can be reflected by conductors, such as aluminum or stainless steel.
A thorough examination of electromagnetic wave interaction and absorption in liquids
and solids is beyond the scope of this article and can be found in articles published
previously [87]. Dielectrics are materials that can absorb high-frequency electromagnetic
waves and heat in a number of ways. The primary heating mechanisms in the industrial
high-frequency heating range (107 to 3× 109 Hz), which includes radiofrequency and MWs,
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comprise dipolar polarization, conduction, and interfacial polarization. The conduction
mechanism arises due to the presence of a restricted number of free charges inside the
material matrix, such as in graphite. This mechanism typically remains rather consistent
at low MW frequencies but diminishes as the frequency increases, reaching a point of
decline at about 100 MHz. The material exhibits low electrical conductivity, and the flow
of unbound charges leads to thermal energy generation due to electrical resistance. The
dipolar polarization mechanism is a result of the presence of molecules in the dielectric
material that possess a dipole moment. Under the influence of an externally imposed
electric field, the dipoles orient themselves in alignment with the direction of the field.
When subjected to a varying electric field in the presence of MW radiation, the dipoles
within the dielectric material undergo oscillations, resulting in an augmentation of the
internal energy of the dielectric material. The dissipation of internal energy through friction
might result in the thermal elevation of the material. Interfacial polarization, also known
as Maxwell–Wagner polarization, pertains to the accumulation of charged particles at
interfaces inside heterogeneous dielectric materials. The mechanism by which a dielectric
material absorbs MWs and transforms them into thermal energy can be elucidated through
the utilization of the complex permittivity (ε*). In this context, the real component of the
complex permittivity represents the dielectric constant (ε′), while the imaginary component
corresponds to the dielectric loss (ε′′). This relationship is represented as ε* = ε′ − jε′′.

The dielectric constant expresses a substance’s ability to store electromagnetic energy
through its charges and dipoles. The dielectric loss factor measures a dielectric’s ability
to dissipate internal energy trapped in the material as heat. The dielectric loss factor-to-
dielectric constant ratio evaluates a material’s ability to absorb electromagnetic energy and
dissipate it as heat throughout the substance. The parameter known as the dissipation
factor or loss tangent, tanδ = ε′′/ε′, is frequently employed to define a material’s heat
absorption capability in an externally applied electromagnetic field [88]. Many inorganic
materials are known to strongly couple (interact) with MWs at room temperature. Table 3
includes several of these minerals and inorganic compounds. The table also includes the
temperatures obtained by these materials and the accompanying exposure times when
irradiated by MWs in standard residential MW ovens.

Table 3. MW-active elements, natural minerals, and compounds [88].

Element/Mineral/
Compound

Time (min) of MW
Exposure T(K) Element/Mineral/

Compound
Time (min) of
MW Exposure T(K)

Al 6 850 NiO 6.25 1578

C (amorphous, <1 µm) 1 1556 V2O5 11 987

C (graphite, 200 mesh) 6 1053 WO3 6 1543

C (graphite, <1 µm) 1.75 1346 Ag2S 5.25 925

Co 3 970 Cu2S (chalcocite) 7 1019

Fe 7 1041 CuFeS2 (chalcopyrite) 1 1193

Mo 4 933 Fe1−xS (phyrrhotite) 1.75 1159

V 1 830 FeS2 (pyrite) 6.75 1292

W 6.25 963 MoS2 7 1379

Zn 3 854 PbS 1.25 1297

TiB2 7 1116 PbS (galena) 7 956

Co2O3 3 1563 CuBr 11 995

CuO 6.25 1285 CuCl 13 892

Fe3O4 (magnetite) 2.75 1531 ZnBr2 7 847

MnO2 6 1560 ZnCl2 7 882



Sustainability 2024, 16, 8513 26 of 39

It should be noted that all materials do not couple with either the electric field or
magnetic field equally. Some materials may absorb the E-field of MWs more than the
H-field. Hence, it is important to thoroughly analyze the dielectric characteristics of the
material under various processing settings in order to effectively plan MW experiments
and develop industrial MW equipment. If the material is not absorbing the E-field or
H-field, it is possible to heat the material indirectly using a material called a susceptor,
which can function as a heat source. A susceptor is a material with a high dielectric tanδ.
This substance has the ability to absorb electromagnetic energy and convert it to heat.
A susceptor may keep in contact with the sample. Alternatively, a sample can be stored
separately by surrounding the reaction vessel (or test tube) in a susceptor material container,
or the sample may be kept in a material made of a susceptor (Figure 16c). Carbon (graphite
or amorphous carbon), copper (II) oxide, and SiC are common susceptors. The use of a
susceptor (direct contact with a sample) can lead to complications. For example, reactions
involving a combination of susceptors and reagents may result in product contamination
(or even undesirable side reactions), necessitating an additional separation step in the
synthesis process. As we will see in the following section, α-spodumene has been found to
not directly absorb MWs. However, using a susceptor, it is possible to deliver energy to
it via indirect (hybrid) heating. It is important to note that many semiconductors, metals,
and alloys do not absorb MWs when they are in bulk form. However, when the size of
their particles is reduced, they absorb MW energy and aid in the uniform heating of the
sample [87].

2.6.2. Microwave-Assisted Decrepitation and Li Extraction

It has been discovered that microwave energy has the potential to be used in a variety
of mineral treatment and metal recovery procedures, including smelting, roasting, and
heating [89–92]. Peltosaari et al. investigated the technical potential for generating heat
for the conversion process of spodumene concentrate (7.2% Li2O) using MWs [16]. The
heat treatment experiments were conducted using a household MW furnace with a power
output of 700 W.

A SiC susceptor was employed in the MW furnace (Figure 17a), while a conventional
resistance-heated furnace was used as a comparison. The phase transformation of spo-
dumene commenced in the MW oven at a heating duration of 110 s, with the samples
undergoing near-complete conversion to β-spodumene after 170 s. Evidence of partial
melting of gangue minerals was discovered in the samples after a heating duration of 170 s.
The duration of heating in the MW furnace for 170 s was found to be equivalent to the heat-
ing duration of roughly 480–600 s at a temperature of 1100 ◦C in the conventional furnace.
Furthermore, apart from the α- and β-forms, an intermediate phase, known as hexagonal
γ-spodumene, was observed in samples subjected to heating using both furnaces. In the
experiment, pegmatitic spodumene was crushed and then sieved into different particle size
samples. The conversion rate of spodumene was not found to be significantly influenced
by particle size in the limited sample size employed in this investigation. It was speculated
that the direct heating of the samples by MWs did not occur, and instead, the heating was
solely facilitated through conduction and radiation originating from a heated SiC tube.
A minute quantity of γ-spodumene was observed to be generated during hybrid MW
studies, following 110 s of heating at a temperature of 910 ◦C. In the context of traditional
furnace studies, it was seen that γ-spodumene materialized at a temperature of 800 ◦C and
underwent a complete transformation into β-spodumene after being subjected to a heating
duration of 900 s at 1100 ◦C. As shown in Figure 17b, during the first 140 s, the finest
0.5–0.85 mm fraction converted slightly faster than coarser fractions, and the 1.0–2.0 mm
fraction slightly slower than other fractions. However, there was no difference at the end
of heating.
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Figure 17. (a) Schematic diagram of sample, susceptor, and thermal insulation for MW heating.
(b) Relative fractions of β-spodumenes in the samples after MW heating [16]. (c) Schematic of the MW
calcination setup: (1) SiO2 crucible, (2) SiC rods, (3) thermocouple, and (4) insulation. (d) Temperature
of spodumene concentrate microwaved at 3 kW for 10 min without a susceptor. (e) Temperature
profiles from hybrid MW heating (for 20 min) at different power levels. (f) Temperature profile from
3 kW hybrid MW heating at various time durations [93].

Although MW irradiation has advantages over traditional heating methods, one major
drawback is that not all minerals respond to MW irradiation. Some materials, notably
spodumene, cannot be MW-heated successfully at RT because they do not absorb MWs
at that temperature. At RT, silicates in general have been claimed to be transparent to
MW energy. However, once these materials reach a particular temperature, known as the
critical temperature (Tcr), they can transform into MW absorbers. This process is depicted
in Figure 16d. In some circumstances, this natural feature of materials can be used to create
a viable MW treatment of such minerals by preheating them using traditional heating
methods. When these minerals reach temperatures over the Tcr, they begin to heat up
significantly faster by absorbing MWs. At this temperature, a single dominant process or a
combination of different processes may contribute to uniform heating (Figure 16d).

Experimentally, it has been shown that the Tcr for α-spodumene concentrate is found to
be approximately 634 ◦C [93]. In the experiment, spodumene concentrate was heated using
(i) direct and (ii) hybrid MW methods. According to the findings, spodumene concentrate
is transparent to direct MW irradiation. However, utilizing hybrid heating to preheat
the sample, it was discovered that once heated to above 634 ◦C, α-spodumene irradiated
with MWs undergoes rapid localized conversion into γ- and β-spodumene, forming a
β-spodumene product in either sintered or molten form in a matter of seconds. Energy
input calculations revealed that the energy required to make the sintered product could be
significantly less than the energy required to convert α- to γ- and β-spodumene in a muffle
furnace. In each instance of conducting a standard test, a representative sample weighing
20 g of spodumene concentrate was carefully deposited into a quartz (SiO2) crucible. The
crucible measured 60 mm in diameter and 50 mm in height. The SiO2 is MW transparent,
hence avoiding any interference with the MW heating process. To establish a conducive
setting for hybrid heating, three silicon carbide (SiC) rods (measuring 40 mm in width
and 100 mm in height) were strategically positioned around the crucible, as depicted in
Figure 17c. The adjustable power range of the MW furnace (frequency 2.45 ± 0.05 GHz)
ranged from 0.1 to 6.0 kW, with a recommended working power of 3 kW. Figure 17d depicts
the variation in temperature of the spodumene concentrate sample when subjected to a MW
power of 3 kW for a duration of 10 min, without the inclusion of silicon carbide (SiC) rods.
The findings indicate that the temperature of the spodumene concentrate did not exceed
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95 ◦C. The temperature profiles obtained via hybrid MW heating at various power settings
for a duration of 20 min are depicted in Figure 17e. The experimental results indicate that
the final temperatures achieved were around 370 ◦C when the power setting was 3 kW, and
450 ◦C when the power setting was increased to 3.5 kW.

Figure 17f displays the temperature profiles obtained from four distinct experiments
conducted in the hybrid heating setup, each with varying durations ranging from 10 to
35 min (under the operation of a 3 kW MW power set). The findings indicate that after an
initial period of reduced heating, the temperature of each sample exhibited a consistent
and steady increase of 20 ◦C/min, until reaching around 634 ◦C, which occurred at the
32 min mark. The temperature measurements of the samples obtained at time intervals
of 10, 20, and 30 min showed a high degree of consistency across various locations within
each sample. Furthermore, the visual characteristics of the samples indicated that they
possessed a homogenous composition. However, a notable alteration in this pattern was
noted at the 32 min mark, namely, when the temperature had reached 634 ◦C. Initially, it
was seen that there was a significant disparity in the temperature across various sections of
the sample, suggesting a distinct reaction to the heat generated throughout the experiment.
The recorded temperatures within various regions of the sample exhibited a range spanning
from 650 ◦C to 1270 ◦C. This observation suggests that specific sections of the sample had
a temperature rise of ~200 ◦C/min, signifying a ten-fold augmentation in the heating
rate. The low- and high-temperature extremes observed in the experiment are denoted as
point ‘A’ and point ‘B’ in Figure 17f. Considerable diversity was also noted in the physical
characteristics of the sample generated after 35 min.

The occurrence of a more rapid temperature increase over 634 ◦C, as depicted in
Figure 17f during the final minutes of the 35 min experiment, can be attributed to a thermal
runaway phenomenon. This phenomenon may indicate the initiation of MW energy
absorption by the sample.

The same author employed MW ovens for the acid roasting of β-spodumene to
facilitate Li extraction, and afterwards conducted a comparative analysis with conventional
furnace heating [94]. In this experiment, MWs were employed to assess their effectiveness
on Li extraction via acid roasting of β-spodumene, rather than to convert it to α-spodumene.
In the presence of 80% excess concentrated H2SO4, traditional acid roasting of 5 g of β-
spodumene at 250 ◦C for 60 min was highly effective in Li extraction. The MW technique,
on the other hand, recovered almost all the Li after only 20 s of irradiation. The grinding of
the spodumene sample resulted in a reduction of the excess acid required for achieving
nearly full recovery of Li to 15%. Li extraction was reduced following MW irradiation of
the sample for more than 20 s, with the lowest value being 42% after 240 s. The use of MWs
was found to be energy-efficient. The typical muffle furnace heating method consumed
10.4 MJ of energy, which was much higher than the MW energy of 15.4 kJ necessary to
extract the same percentage of Li from β-spodumene. β-spodumene, which was used in the
heating experiments, was synthesized by calcination of α-spodumene at 1100 ◦C for 2 h and
then used for conventional and MW-assisted acid roasting. Figure 18b shows the measured
temperature of samples vs. the MW exposure time and, as indicated, the temperature of the
sample under MW irradiation rose from 260 ◦C to 690 ◦C when the time was extended from
10 to 240 s. Figure 18c depicts the Li extraction following water leaching for various heating
durations. A heating duration of 20 s resulted in nearly full Li extraction. The results for
β-spodumene treated with 15 and 80% excess acid, as well as pulverized β-spodumene
(mortar and pestle for a minute) treated with 5%, 10%, and 15% excess acid, are shown in
Figure 18d. Li extraction was ~99% during MW roasting of the ground sample with 15%
excess acid.
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Figure 18. (a–d) Acid roasting of β-spodumene: MWs vs. conventional heating. (a) Schematic design
of MW setup with a ceramic crucible, with sample and an alumina insulating block. (b) Measured
temperatures of samples after 10, 20, 30, 60, and 240 s of MW exposure. (c) Extraction (water leaching)
of Li following MW acid roasting of β-spodumene for 10, 20, 30, 60, and 240 s. (d) Effect of excess
acid on Li extraction from β-spodumene and ground β-spodumene samples after exposure to MW
for 20 s [94]. (e,f) MW-assisted calcination of spodumene. (e) Temperature profiles of spodumene
measured at various MW strengths (0.5 kW to 3 kW). (f) A comparative analysis of leaching recovery
of major elements from spodumene calcined via MW and conventional heating techniques [95].

During MW-assisted calcination, the effects of MW power on the phase transformation,
structural changes, and leachability of spodumene were studied and compared with that of
conventional heating [95]. The results revealed that at 2.0 kW MW power, the optimum
Li recovery by the MW calcination–acid roasting–leaching process reached 97%, which is
comparable to traditional heating. The spodumene MW temperature profiles and charac-
terization data revealed that α-spodumene began to transition into γ- and β-spodumene at
about 900 ◦C. The Tcr for α-spodumene observed in this investigation under 1.0–2.0 kW
MW power was in the range of 570–660 ◦C. MW heating also resulted in decreased Fe, Na,
and Ca recovery values in the leaching process. The spodumene concentrate consisted of
92% spodumene and 8% quartz, and a multimode cavity MW chamber was employed. In a
typical furnace, a baseline calcination experiment was performed to compare the outcomes
of totally converted spodumene concentrate into β-spodumene using conventional heating
to the results of MW trials. For each test, 5 g of spodumene concentrate was deposited in
an alumina crucible (32 mm diameter and 35 mm height). Six SiC rods (12 mm diameter
and 27 mm height) were put around the crucible as susceptors for hybrid heating. To
explore the efficacy of MW calcination on spodumene concentrate, a series of calcination
experiments were performed using different power levels, ranging from 0.5 to 3.0 kW,
with an increase of 0.5 kW. Figure 18e displays the profiles of temperature vs. MW power
for the given samples. At a MW power of 1.0 kW, the sample’s peak temperature may
exceed 1200 ◦C within a 30 min duration. However, at a power of 2.5 kW or more, the
peak temperature could be achieved in less than 10 min. To extract Li from the calcined
samples, a standard procedure involving acid roasting of β-spodumene followed by water
leaching was employed. Figure 18f illustrates the leaching recovery of key components.
The findings of the preceding research show that the transformation of α-spodumene by
MW calcination is comparable to the conventional procedure, with less energy spending.

With the aim of decrepitation, α-spodumene was subjected to MW irradiation, and
then the mineral underwent sulfuric acid decomposition [96]. In the investigation, the
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mineral was crushed to various sizes (1.0, 0.5, and 0.25 mm). The heating procedure was
used on samples of various sizes until a temperature of 1200 ◦C was achieved. Sulfation
of calcined materials was carried out for 60 min at 250 ◦C. After cooling to 22 ◦C, distilled
water was added and mixed in closed leaching vessels for 120 min. The recovery of Li
following MW exposure and leaching was reported to be 96.82% for particles smaller
than 0.25 mm. MW heating resulted in the lower recovery rates of Fe, Na, and Ca in the
leaching process.

2.7. Mechanical Activation

Metal extraction from minerals has traditionally involved an initial size reduction
process on the ore. As a result, the liberation of the various mineral particles is aided.
Size reduction is particularly crucial in the subsequent chemical processes for increasing
the surface area and boosting the accessibility of the precious mineral to reagents (e.g.,
the leachant) [97]. Mechanical activation is one of the most important pre-treatment
procedures that influence the leachability of the solid phase in this context. This approach
provides for a reduction in the temperature of mineral decomposition or creates enough
disordering that thermal activation can be avoided entirely. In addition to a particle
size reduction, the material may undergo phase shifts due to high local pressures and
temperatures at the particle contact locations, as well as defects in the material. According
to Alex et al. [98], mechanical activation causes the surface area to expand in either a
reversible or irreversible fashion (surface activation), and the crystal structure to become
unstable (lattice or bulk activation). Furthermore, the system’s state change reduces the
crystals’ coherence energy or the atoms’ binding energy in solids, resulting in a structural
modification. These changes, which are related to an increase in the system’s free energy,
increase reactivity and correspond to the particles being mechanically activated. The
complicated influence of surface and bulk characteristics occurs throughout this process.
Mineral activation has a beneficial effect on the kinetics of the leaching reaction, as well as
a rise in surface area and other phenomena. Activation can be conducted either in air or in
a suitable liquid medium. Studies have shown that mechanical activation increased the
reactivity of the Li mineral, lepidolite (which has a layered structure) [99].

Kotsupalo et al. [99] explored the mechanical activation of α-spodumene in both air and
water, with the goal of converting it to a more reactive phase, and found that it improved
Li extraction. Mechanical activation of α-spodumene in centrifugal planetary apparatuses
altered the mineral’s structure and resulted in the cleavage of the Me-O (Me-Li, Al) bonds.
Further acid and alkali treatment resulted in a nearly complete migration of aluminum
and Li to the liquid phase. The alkaline breakdown of activated spodumene produced
aluminate solutions, from which lithium aluminum hydroxide LiOH·2Al(OH)3·mH2O was
precipitated [99]. Vieceli et al. demonstrated that mechanical activation causes lepidolite
amorphization and, as a result, increased reactivity via sulfuric acid digestion and water
leaching. Necke et al. demonstrated that petalite is far more appropriate for the alkaline
mechanochemical method than spodumene or lepidolite, with 84.9% Li extraction and
nearly full conversion to hydrosodalite after 120 min of ball milling in alkaline media. The
greater reactivity under these conditions can be attributed to petalite crystal structural
properties, such as less dense packing and the activation of cleavage planes along Li sites
during ball milling [100]. Gasalla et al. [101] explored the effect of mechanical activation on
α-spodumene (Argentina). Milling for 15 min reduced the particle size from 370 to 15 µm.
Longer milling times resulted in no additional particle size decrease, and fine particle
aggregation was detected. According to XRD analysis of the milling results, mechanical
activation not only reduced the particle size but also the crystal size. After 5 min of
milling, crystals > 0.2 µm reduced to 360 Å, and after 10 min, they decreased to 200 Å.
Additional grinding resulted in no additional drop in crystal size. The reduction in crystal
size reduces the crystallinity of the sample, which is strongly related to amorphization.
Mechanical activation’s effect on β-spodumene has also been studied. Mechanical activation
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of β-spodumene yields an amorphous phase comparable to mechanical activation of α-
spodumene [102].

Li extraction by mechanical activation of α-spodumene with NaF and subsequent
leaching with NaF/H2SO solution yielded a Li extraction efficiency of 81% at temperatures
of ≤90 ◦C [103]. The milling time, temperature, leaching time, and the interaction of the
latter two were found to have a positive effect on Li extraction, and the optimal conditions
were a temperature of 90 ◦C, leaching time of 240 min, and a milling time of 600 min.
During leaching, compounds Na3AlF6 and Na2SiF6 were formed, facilitating the Al and Si
recovery (Figure 19d).
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As shown in Figure 19a, the interaction between the leaching temperature and the
leaching time had a positive joint effect on Li extraction. This is because increasing the
temperature promoted the synthesis of HF acid, resulting in a higher concentration in less
time. Figure 19b,c indicate that Li extraction increased as the milling time increased. As
the mechanical activation period increased, the mineral’s crystallite size dropped, and
structural deformation increased. These changes resulted in increased solid reactivity, as
well as improved Li extraction.

3. Recycling Lithium and Other Precious Metals from Spent LIBs

Recycling discarded LIBs is fundamental to ecological long-term sustainability, re-
source conservation, and electronic waste reduction. LIBs, which are commonly utilized
in electronics, renewable energy storage systems, and electric vehicles, contain valuable
metals, such as Li, Ni, Co, and others. When used improperly, spent batteries may release
harmful materials into soil and water, endangering both human health and the ecosystem.
Recycling guarantees that these hazardous items are treated and disposed of properly,
avoiding contamination and pollution [104,105]. Recycling also promotes the growth of
a circular economy, which reduces waste and maximizes the use of resources. Further,
recycling contributes to the recovery of these resources, reducing the burden on natural
reserves and lowering mining’s environmental impact. The recycling operation starts with
collecting and safely disassembling spent batteries, then separating components, including
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anodes, cathodes, electrolytes, and separators. These components undergo a number of
steps to extract and purify the important metals.

The extraction technique usually relies on the target metal’s separation. The most
widely utilized approaches are hydrometallurgy, pyrometallurgy, and combined pyro-
and hydrometallurgical methods [106–109]. Using chemical solutions, hydrometallurgical
processes extract the metals from battery components and purify the resultant high-purity
metals. Pyrometallurgical processes include melting the battery components at high tem-
peratures. During the pre-treatment stage of the combined pyro- and hydro-metallurgical
process, metals such as Li, Ni, Co, and Mn are converted into corresponding metal sulfates,
carbonates, or nitrates through techniques such as sulfuric acid roasting, nitric roasting, and
carbothermal reduction roasting [110–112]. These metals can subsequently be separated
and extracted using water immersion, acid leaching, and other extraction techniques. The
lifespan of the materials can be completed by using the extracted and purified metals to
fabricate new batteries or other components. This approach enforces less demand for raw
materials, promotes energy conservation, and reduces greenhouse gas emissions from
mining and manufacturing operations [113].

Ding et al. used in situ thermal reduction to achieve the simultaneous removal of
organic matter, reduction of high-valence-transition metals, and dissociation of spent
LIB electrode materials, all of which are important steps toward the hierarchical selec-
tive recovery of precious metals [114]. This method involves a combination method for
the progressive recovery of precious metals, which included in situ thermal reduction,
ultrasonic-assisted water leaching, wet magnetic separation, and sulfuric acid leaching from
a powdered mixture of cathode and anode materials. It was discovered that spent cathode
materials were decomposed and synchronously reduced to NiO, MnO, Ni, LiF, Co, LiAlO2,
Li2O, and Li2CO3 by in situ thermal reduction after 1 h of roasting at 650 ◦C. The maximal
Li-leaching efficiency under standard water-leaching conditions was determined to be
85.66%. Ultrasonic-assisted leaching has been found to cause ultrasonic cavitation effects
in the leaching process, enabling the dissolution and desorption of LiF, Li2CO3, and Li2O
by mechanical action and thermal effects at the solid–liquid interface, resulting in a 98.68%
Li-leaching efficiency. The retrieved leaching solution was evaporated and crystallized,
yielding high-purity Li2CO3 (≥99.5%). The transition metals were subsequently separated
from Al, Cu, and graphite by wet magnetic separation. For detailed information on the
extraction of Li and other valuable metals from waste LIBs using different techniques,
readers are advised to refer to recently published articles [105,115–126].

4. Summary, Challenges, and Outlook

This review presented an overview of the methodologies currently utilized and recent
laboratory-researched techniques reported on the extraction of Li from spodumene. Spo-
dumene, a prominent Li-bearing mineral, serves as the primary source for Li extraction.
Natural α-spodumene processing is the most difficult of all known Li-bearing minerals
because it is inert to typical acidic and caustic treatments. The conversion of α-spodumene
to a leachable phase, known as β-spodumene, entails a highly energy-intensive procedure.
For several decades, decrepitation and subsequent Li extraction via techniques—acidic,
alkali, chlorination, carbonation, and lime-processing methods—have been the common
approaches. Li removal from spodumene can be separated into two groups: Li removal
from α-spodumene without pre-treatment and Li removal from leachable β-spodumene
after α-spodumene breakdown to β-spodumene. The excessive expenses of these traditional
processes in terms of equipment, energy, chemicals, and environmental issues necessitate
the development of new cost-effective methods.

With its high yield, the sulfuric acid method is the most extensively used industrial
spodumene Li extraction technology and requires spodumene concentrate, sulfuric acid,
sodium hydroxide, calcium hydroxide, sodium carbonate, and water as raw materials.
The sulfuric acid method consumes considerable amounts of energy. The alkaline ap-
proach streamlines the Li-leaching and impurity removal procedures, reduces chemical
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raw material and energy consumption, and reduces pollutants. Additionally, the purified
solution is useful for lithium hydroxide evaporation and crystallization, as well as lithium
carbonate precipitation.

Instead of sulfuric acid, the sulfate technique uses less corrosive sulfate. Due to the
enormous material flow and high reaction temperature, this process takes more energy than
the sulfuric acid approach. In chlorination methods, reagents can directly react with lithium
ores, resulting in reduced energy consumption and a notable increase in the recovery rate of
Li. However, the chlorinating technique necessitates the use of equipment that is resistant
to corrosion. Autoclaving with carbonates, sulfates, hydroxides, and chlorides, for example,
requires a significant amount of energy. It can, however, minimize the quantity of impurities
in pregnant leaching solution. The use of hydroxides may facilitate the direct production
of high-purity LiOH. During the pressure-assisted autoclaving method, additives are
added to enhance the leaching efficiency of Li. However, it is apparent that the process
does not induce any microstructural changes in the spodumene grains. This aspect needs
further investigation. Water leaching generally demands a considerable amount of water.
Techniques of purifying after leaching must be developed.

The key mechanism in fluorine-based approaches is the breakdown of Si-O bonds in
silicate minerals by energetic HF molecules. As we noted earlier, fluorine-based techniques
that use HF directly can achieve excellent extraction efficiency at low temperatures. For
example, 90% Li can be extracted from β-spodumene in 20 min using HF at 75 ◦C, and 96%
can be removed from α-spodumene directly (i.e., without using β-spodumene; Table 2). In
terms of energy usage, fluorine-based processes outperform other methods, such as the
H2SO4 method, roasting methods, and pressure-assisted autoclaving methods. However,
the primary concerns of employing these methods revolve around issues of safety during
the operation and environmental concerns, particularly in cases where HF is employed
directly. Another concern is the generation of F-containing waste, which may require extra
steps and additional costs for its removal.

As we observed from several studies, different forms of Li salt were obtained from
spodumene: Li2CO3, LiOH, LiCl, and LiF. Li2CO3 has been extensively documented as
the predominant end product, and it can be made to react with Ca(OH)2 to produce LiOH,
which is identified as a desirable form of Li salt for high-energy-density batteries. However,
direct LiOH synthesis from spodumene is thought to be a simpler and less expensive
approach. Spodumene alone does not absorb MW energy directly and efficiently. To
deliver MW energy to decrepit α-spodumene, hybrid MW heating is needed. Once the
ore temperature reaches the Tcr, the material starts to absorb MW energy rapidly, and
decrepitation starts. Yet, the limitations on the amount of material that can be used for
such treatment must be determined. Although this technique offers a short operation
duration and is energy-efficient, the design of the customized equipment and its feasibility
for processing are still unknown. More investigation is needed to understand how this
technique can be scaled up to cater for large-scale samples. To improve the MW coupling
with large samples, a suitable design of a reaction vessel is needed. Further, there is a need to
unravel mechanisms that are prominent and facilitate absorbing the MWs from spodumene.

In mechanochemical activation-assisted Li recovery, extended ball milling of spo-
dumene did not produce greater Li than shorter ball-milling times. The exact reason for
this occurrence must be investigated. Is this pattern related to the formation of an amor-
phous material that somehow inhibits the Li release into the leaching solution? This needs
further study. Recycling LIB is crucial for ensuring the sustainability of LIB technology. LIB
recycling includes eliminating organic and iron material, separating cathode and anode
materials, leaching electrodes, and recovering valuable metals from solutions through sol-
vent extraction, ion exchange, and precipitation. The hydrometallurgical techniques used
in LIB recycling may produce fluoride-containing wastewater that is difficult to handle and
can contaminate the environment as a result of insufficient recycling of the organic binder
and electrolyte.
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Many research groups throughout the world are working on developing a futur-
istic battery with a very high specific capacity, the ability to run over thousands of
charge/discharge cycles, extreme safety, low production costs, and low recycling costs.
The importance of Li and its compounds is demonstrated by the large number of patent
applications that have been filed recently targeting the recovery of Li from spodumene or
other Li-bearing minerals [48,127–145]. In the following 5–10 years, other emerging batter-
ies, such as solid-state batteries, lithium-sulfur batteries, cobalt-free lithium-ion batteries,
sodium-ion batteries, iron-air batteries, zinc-based batteries, graphene batteries, vanadium
flow batteries, etc., may start to partly substitute LIBs, alleviating the burden on the Li
supply chain. However, LIB technology is well entrenched and holds a significant share
of the energy storage market. Furthermore, Li-mining businesses around the world have
made significant investments and continue to play an important role in LIB technology
supply chains and other industrial uses. To make the Li recovery more economical, the
same industries may recover other valuable rare earth elements from the mining wastes.
Such elements can benefit many critical technologies.

Economic benefits with respect to the amount of extracted Li are a deterministic factor
in evaluating the feasibility of any approach, along with its associated environmental
footprint. Therefore, the process of extracting Li from spodumene should have a beneficial
technology, decrease processing steps, conserve energy, boost the recovery rate of Li
and other byproducts to reduce environmental effects, and improve process economy.
There are benefits and opportunities for improvement in a number of present commercial
technologies for extracting Li. Therefore, it is important to improve them and make them
more energy-efficient, environmentally friendly, cost-effective, and easy to implement. An
alternative involves direct Li extraction from spodumene. However, the timeframe of
commercialization of this approach is questionable. Similarly, many laboratory-researched
techniques have the potential to be commercially viable, provided their shortcomings are
addressed. When implementing any processing procedure, it is integral to adhere strictly
to the principles of green chemistry.
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