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Lithium Extraction from Spodumene by the Traditional Sulfuric Acid Process: A 
Review

Javier Rioyo, Sergio Tuset, and Ramón Grau

Environmental Engineering, Condorchem Envitech, Barcelona, Spain

ABSTRACT

The sulfuric acid process is the dominant technology for lithium extraction from spodumene. However, 
this process generates huge quantities of waste residue and needs high-temperature pretreatment. The 
process can be optimized if other high-value elements are found in spodumene deposits, residual lithium 
can be recycled during mining and processing, and energy savings can be achieved. This paper evaluates 
the sulfuric acid process for lithium extraction from spodumene from an operational, economic, and 
environmental perspective. The integration of evaporators and crystallizers during lithium extraction and 
processing is also reviewed. Finally, further research opportunities for making the process more cost- 
effective are identified.
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1. Introduction

The world’s demand for lithium extraction has increased in 
recent years due to lithium use in electric cars and other 
consumer electronic battery technologies (Braga et al. 2019). 
This demand has also been boosted by government subsidies 
and new fuel emissions legislation adopted in various countries 
to encourage a cleaner environment and reduced dependence 
on fossil fuels (Champion 2019). Chile holds about 48% of 
world lithium resources. In 2018, Australia was the world’s 
largest lithium producer, followed by Chile, China, and 
Argentina (Barrera 2019; Champion 2019). In Australia, six 
new lithium mines have opened since 2017, and many large 
lithium extraction projects are being developed worldwide 
(Umar 2020).

Lithium can be found in the market in different forms such as 
lithium carbonate, lithium chloride, lithium hydroxide or lithium 
metal (Champion 2019). For comparison purposes, the lithium 
content is often expressed in terms of lithium carbonate equivalent 
(LCE). Lithium is defined as a highly reactive alkali metal and 
a good conductor of heat and electricity (Samco 2018). The litera-
ture regarding the current uses of lithium has already been 
reviewed (Hu 2012). Lithium can be found in batteries, both non- 
rechargeable and rechargeable. It is also very useful for the produc-
tion of glass and ceramics (Champion 2019), these being the main 
applications up to 2005 (Dessemond et al. 2019). It is also applied 
for other applications such as the manufacture of high temperature 
lubricants, pharmaceuticals, and different chemicals (Champion 
2019). It is also widely used in the production of psychopharma-
cological agents for the treatment of bipolar disorder and related 
illnesses (El Balkhi et al. 2009; Nguyen and Bohle 2004).

Pure elemental lithium cannot be found in nature due to its 
high reactivity. It is found as a constituent of salts and other 
compounds (Samco 2018). Lithium is the lightest of all solid 
elements (Dessemond et al. 2019). It is also the strongest 

reducing agent. This property gives batteries high gravimetric 
and volumetric energy densities (Talens Peiró, Villalba and 
Ayres 2013). The physicochemical characteristics of lithium 
are shown in Table 1.

A number of authors have extensively reviewed the various 
lithium extraction and recycling methods (Cheminfo Services 
Inc 2012; Dessemond et al. 2019; Liu et al. 2019; Liu, Zhao and 
Ghahreman 2019; Meng et al. 2019; Meshram, Pandey and 
Mankhand 2014; Mishra and Majumdar 2017; Salakjani, 
Singh and Nikoloski 2019b; Talens Peiró, Villalba and Ayres 
2013). To date, lithium has been extracted from two main 
sources: (a) ‘salars’ (dried salt lakes), and (b) pegmatites 
(mainly spodumene) (Mishra and Majumdar 2017). 
Currently, about 50% of the production is extracted from 
mineral ore deposits (Dessemond et al. 2019). Although 
lithium concentrations in brine are lower than those found in 
hard rock, the cost of lithium production from ore is generally 
higher than when produced from brines. This is due to the 
amount of energy consumption and materials required when 
lithium is produced from mineral ore (Terence 2020). The 
process can be more cost-effective if other high value elements 
are found in spodumene deposits along with lithium, residual 
lithium is recycled during mining and processing, and energy 
savings are achieved during the extraction process.

Lithium production from ore is very similar to other types 
of mining. The nature of pollutants and effluents released to 
the environment depends upon the host mineral (Cheminfo 
Services Inc 2012). Lithium extraction from mineral ore gen-
erates eight times more solid waste than lithium produced 
from brine (Talens Peiró, Villalba and Ayres 2013).

The integration of evaporation and crystallization technol-

ogies to facilitate effluent compliance with environmental stan-

dards and by-product recovery is a common practice in the 

mining industry (Condorchem Envitech 2020a). The market 
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also provides different solutions to concentrate, crystallize and 
increase purity standards of lithium salts by a combination of 
evaporation, crystallization and solids handling technologies. 
For instance, evaporators are used to concentrate lithium 
brines. In addition, the use of forced circulation (FC) crystal-
lizers is a common practice to precipitate impurities and to 
produce high-purity lithium salts. As a result, it is essential to 
have a good understanding of multi-component systems, aqu-
eous systems, crystallization growth kinetics and equipment 
requirements to guarantee final product quality standards. In 
this scenario, bench-scale and laboratory-scale testing is crucial 
for any project.

To date, there is a lack of technical papers reviewing the 
integration of evaporation and crystallization technologies 
during lithium extraction from spodumene by the traditional 
sulfuric acid process. This paper aims to (a) critically review the 
sulfuric acid process for lithium extraction from spodumene 
from an operational, economic, and environmental point of 
view, (b) evaluate the feasible integration of evaporation and 
crystallization techniques at different stages during lithium 
extraction and processing, and (c) disclose further research 
opportunities.

2. Lithium extraction from spodumene. The 
traditional process

2.1 Resources of lithium minerals

Lithium can be found in more than 145 different minerals 
(Talens Peiró, Villalba and Ayres 2013). Important resources 
of lithium minerals are available in Australia, Canada, and 
China (Champion 2019). It is found in pegmatites which are 
considered texturally complex igneous rocks (London 2018). 
Pegmatites are formed by the crystallization of magma at depth 

in the Earth’s crust (Talens Peiró, Villalba and Ayres 2013). 
There are two types of pegmatite: (a) granitic and (b) non- 
granitic, with spodumene a granitic pegmatite (Dessemond 
et al. 2019). Spodumene mineral is mostly mined for lithium 
production although other minerals such as lepidolite, petalite, 
amblygonite, and eucryptite can be used (Talens Peiró, Villalba 
and Ayres 2013). Australia chiefly produces lithium from spo-
dumene mineral. Average grades from 1% to 3% LiO2 are 
common in mineral deposits and nearly all economically viable 
Australian sources of lithium can be found in Western 
Australia (Champion 2019).

2.2 Initial concentration process

Following crushing, a flotation process is commonly applied to 
separate the mineral and produce a spodumene concentrate 
from mineral ores. This process involves the use of heavy 
medium separation. Dense nonaqueous liquids can be used 
in a froth flotation process. As a result, lithium ores are con-
centrated with respect to lithium oxide from 1% to 3% Li2O to 
4–6% Li2O (Mishra and Majumdar 2017).

2.3 Sulfuric acid process for lithium carbonate production 

(the traditional process)

The sulfuric acid process is also referred as the traditional 
process (Dessemond et al. 2019) or acid baking (Salakjani, 
Singh and Nikoloski 2019b). The world’s first continuous 
plant using this method was commissioned in 2012 in China 
(Meshram, Pandey and Mankhand 2014).

The process begins with a heating step in a rotary kiln at 
1,100°C. In this step, α-spodumene is converted to β- 
spodumene, which is a form more amenable to chemical 
attack (Talens Peiró, Villalba and Ayres 2013). This initial 
step is called decrepitation and a direct-fired kiln is com-
monly used. This kind of kiln provides direct contact 
between process gas and the material to thermally process 
the ore. The kiln has to be set at a small angle. This allows 
gravity to assist in moving material through the rotating 
drum. During this heating treatment, the spodumene crys-
tal structure expands by about 30% (Ebbens and Carlson 
2020). Figure 1 a) and 1 b) show images of α-spodumene 
and β-spodumene. Table 2 provides the main differences 
between α-spodumene and β-spodumene.

Table 1. Lithium. Physicochemical characteristics.

Parameter Units Value

Atomic number 3
Atomic weight 6.941
Melting point oC 180.5
Boiling point oC 1336
Density at 20°C g/cm3 0.53
Thermal conductivity cal/(s.cm.°C) 0.17
Specific heat (250°C) cal/g 0.849
Heat of fusion cal/g 103.2
Electronegativity Linus Pauling units 1.0

Figure 1. A) Quartz-spodumene-α assemblage from pegmatite and b) Synthetic β-spodumene grown from flux.
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Next is a cooling step at 65°C, and β-spodumene is grounded 
(<149 µm) and mixed (Talens Peiró, Villalba and Ayres 2013). β- 
spodumene is then roasted in a second kiln with an excess of 
concentrated H2SO4 at 200–250°C (Mishra and Majumdar 
2017). This process can take from 10 minutes to 1 h. At least 
30–40% excess acid is required to guarantee that enough protons 
are available after reaction with the existing impurities (Salakjani, 
Singh and Nikoloski 2019b). The overall purpose of acid roasting 
is to facilitate lithium extraction from the mixture as water- 
soluble lithium sulfate. This process is carried out in an indirect 
kiln, often referred to as a calciner. This kind of indirectly fired 
kiln is heated externally and guarantees that beta-phase spodu-
mene is not exposed to the products of combustion (Ebbens and 
Carlson 2020). At this stage, Li2SO4 is generated, which is soluble 
in water (SGS 2013) and an insoluble ore residue according to the 
following reaction (Mishra and Majumdar 2017): 

Li2O:Al2O3:4SiO2 þ H2SO4 ! H2O:Al2O3:4SiO2 þ Li2SO4

(1) 

The excess H2SO4 can be neutralized with CaCO3 to a pH 6 to 
6.5. The kiln is then leached with water for 60 minutes 
(Salakjani, Singh and Nikoloski 2019b). Following filtration 
of the resulting slurry, a concentrated Ca2SO4 solution free of 
aluminum and iron is achieved. Lime can then be used to 
precipitate magnesium and soda ash to precipitate residual 
calcium. After filtration and pH adjustment with H2SO4, the 

lithium solution can be concentrated in a multiple-effect 
(MEF) evaporator (Talens Peiró, Villalba and Ayres 2013). 
A high concentrated lithium-containing solution is required 
to achieve a high lithium recovery rate (Zhao et al. 2019). 
Eventually, lithium is precipitated as Li2CO3 through soda 
ash addition at 90–100°C (Talens Peiró, Villalba and Ayres 
2013). To guarantee maximum lithium precipitation, an excess 
of about 5% soda ash is added according to the following 
reaction (SME 2019): 

Li2SO4 þ Na2CO3 ! Li2CO3 þ Na2SO4 (2) 

Following crystallization, the resulting solution is centrifuged. 
Then, Li2CO3 precipitates are washed and dried (Talens Peiró, 
Villalba and Ayres 2013). Technical grade lithium carbonate is 
produced with about 95% purity (SME 2019). Overall, lithium 
extraction from spodumene could be considered a mature 
technology. Figure 2 shows a feasible layout.

Battery grade lithium carbonate requires 99.5 purity and 
a d90 of between 9 and 15 μm. d90 means the diameter of 90% 
particles (Peng et al. 2019). A number of lithium carbonate 
purification methods are in use (Chen, Lee and Ho 2018). 
When extra lithium carbonate purification is required, this 
could be achieved using the following procedure: (1) slurry 
the impure lithium carbonate in clean water, (2) inject carbon 
dioxide to reduce pH below 8.5 and to dissolve LiHCO3, (3) 
heat the resulting solution to precipitate lithium carbonate 

Table 2. Differences between α-spodumene and β-spodumene.

Natural α-spodumene β-spodumene Reference

System natural monoclinic α-form tetragonal β-form (Peltosaari et al. 2015)
Leaching properties Refractory to acid leaching More reactive form (Salakjani, Singh and Nikoloski 2019a)
Specific gravity (g/cm3) 3.1 2.4 (SGS 2013)
Macroscopic level Appears as a hard-rock Dusty material 

Low resistance to grinding
(Dessemond et al. 2019)

Microscopic level Compact material Presents cracks on its structure (Dessemond et al. 2019)
Larger surface area. Porous material (Peltosaari et al. 2015)

Figure 2. Technical-grade lithium carbonate production layout.
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while keeping soluble impurities in the solution, (4) apply 
a high-intensity magnetic treatment to remove impurities, (5) 
filtrate and (6) dry the lithium carbonate in a rotary kiln. At 
this stage, the more soluble impurities remain in the solution 
(SME 2019). A similar process was reported by Chunlong et al. 
for Li2CO3 preparation using the carbonation decomposition 
method (Chunlong et al. 2018).

The sulfuric acid process for Li2CO3 production has been 
used for more than 50 years. One handicap of this traditional 
approach is that it can introduce impurities into the leaching 
solution. Consequently, additional purification stages may be 
required (Salakjani, Singh and Nikoloski 2019b). Another dis-
advantage of the sulfuric acid process is that it generates huge 
quantities of waste residue and requires a high-temperature 
pretreatment (Xing et al. 2019) which is energy intensive. It has 
been reported that the energy requirements necessary to pro-
duce one ton of Li2CO3 are 1.66 GJ and 1.01 GJ of natural gas 
and electricity, respectively. The production process also 
requires the following materials: 1.34 tons of Spodumene, 
0.48 tons of H2SO4, 0.52 tons of Na2CO3, and 24 tons of H2 

O (Talens Peiró, Villalba and Ayres 2013).
A recent study reported that the cost of Li2CO3 carbonate 

production was above U$2,000/ton. This study was performed 
starting with ore at a nominal 3% lithium oxide content. 
Eventually, further purification to battery grade lithium carbo-
nate can be required (Seddon 2016).

2.4 Production of different lithium salts

2.4.1 LiOH production by reaction of Li2CO3 with lime

LiOH is used in batteries (Gea 2020b). When LiOH production 
is targeted instead of Li2CO3, two different processes are avail-
able: (a) reaction of Li2CO3 with lime according to reaction 3 
(SME 2019), or (b) membrane electrolysis (ME) from Li2SO4 

liquor (Anzaplan 2020): 

Li2CO3 þ CaðOHÞ2 ! 2LiOH þ CaCO3 (3) 

In the first case (reaction with lime), the generated LiOH liquor 
can have a 50% lower concentration than in the second case. 
Therefore, much higher energy is required during the crystal-
lization step (Anzaplan 2020).

Following reaction with lime, a monohydrate LiOH can be 
obtained by evaporation of the liquor (Anzaplan 2020). The 
process involves the following steps: (1) heat a lithium carbonate 
slurry of approximately 210 g/L to about its boiling point, (2) add 
Ca(OH)2, (3) stir and (4) filtrate to separate LiOH from the 
precipitated CaCO3. A 5% excess of Ca(OH)2 is generally 
added and a 48 g/L LiOH solution is eventually achieved. The 
LiOH solution is then treated by evaporation to crystallize 
a lithium hydroxide monohydrate that can be recovered by 
centrifugation (SME 2019). A previous study also reported the 
recovery of LiOH through the reaction of lime with spent Li2CO3 

used as an absorbent for CO2 in breathing apparatus (Kim 2008).
If required, produced lithium hydroxide can be treated for 

impurity removal. The impure monohydrate is dissolved in 
fresh boiling water. The impurities are then removed by soda 
ash, lime and activated carbon addition. After filtration and 
evaporation/re-crystallization LiOH.H2O is produced. Finally, 
the product is centrifuged, washed, dried, and bagged (SME 
2019). Figure 3 illustrates the LiOH production process by 
reaction with lime and subsequent purification process to 
achieve battery-grade lithium hydroxide.

2.4.2 LiOH production by ME of a Li2SO4 liquor

Selection of the appropriate reagent for pH adjustment and 
impurity removal during the extraction process with sulfuric 
acid is a key issue if ME is the option of choice for LiOH 
production. If ME technology is applied, a mixture of NaOH 
and LiOH could eventually be produced in the cathode. To 
avoid this outcome, CaO or Ca(OH)2 would be more suitable 
reagents than NaOH for pH adjustment and impurity removal 

Figure 3. Production of LiOH by reaction of Li2CO3 with lime.
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during the extraction process if ME technology is selected. 
Hydrated lime reacts with sulfates to form gypsum according 
to reaction 3 (Anzaplan 2020): 

H2SO4 þ CaðOHÞ2 ! 2H2O þ CaSO4 (4) 

Calcium could be then separated by precipitation or IX tech-
nology. At this stage other nuisance pollutants are also 
removed. Therefore, a liquor suitable for ME treatment is 
guaranteed. A three-chamber set-up is the common ME con-
figuration where Li2SO4 liquor is fed through the central 
chamber. During the ME treatment, the cathode chamber is 
enriched with LiOH while the anode one is enriched in H2SO4 

according to the following reaction (Anzaplan 2020): 

2SO2�
4

þ 2H2O ! 2H2SO4 þ O2 þ 4e� (5) 

However, other alkali metals like sodium and potassium could 
also be enriched in the cathode chamber. This could be solved 
by implementing a crystallization process following ME. NaOH 
and KOH solubilities are 10 times higher than LiOH solubility. 
NaOH, KOH, and LiOH solubilities are 1,090, 1,120, and 128 g/ 
L, respectively. Therefore, it is feasible to precipitate most LiOH 
while keeping NaOH and KOH in the solution. This alternative 
for direct production of LiOH (without intermediate precipita-
tion of Li2CO3) can be worthwhile when working with spodu-
mene and petalite minerals (Anzaplan 2020).

2.4.3 LiOH production by reaction of Li2SO4 with caustic 

soda

An alternative lithium hydroxide production method could be 
by reaction of purified lithium sulfate with sodium hydroxide. 
An excess of NaOH addition is required to increase solution 
pH and promote conversion (SME 2019): 

Li2SO4 þ 2NaOH ! 2LiOH þ Na2SO4 (6) 

Subsequent cooling is undertaken to about −3 to −5°C for 
about 12 hours for Glauber’s salts precipitation and removal 
by centrifugation (SME 2019). Sodium sulfate decahydrate is 
known as Glauber’s salt (Levy and Lisensky 1978). The remain-
ing solution is treated by evaporation/crystallization to pro-
duce monohydrate lithium hydroxide crystals which are 
centrifuged and washed for impurities removal. Further stages 
of dissolution/crystallization would have to be undertaken to 
increase purity of the final product (SME 2019).

2.4.4 LiCl production by reaction of Li2CO3 with HCl

High-purity lithium carbonate can react with hydrochloric acid 
to form lithium chloride according to the following reaction 
(Seetharaman et al. 2014): 

Li2CO3 þ 2HCl ! 2LiCl þ H2CO3 (7) 

Lithium chloride can then be used for the production of 
lithium metal as explained in the following section.

2.5 Li metal production

Metallic lithium is produced by molten salt electrolysis. The pro-
cess requires a melt comprising of an equal mixture of LiCl and 
KCl to produce a molten eutectic electrolyte (Mishra and 
Majumdar 2017). KCl is added with two purposes: (1) increase 
the conductivity of the lithium and (2) lower the fusion tempera-
ture (Terence 2020). The cell is operated at a temperature ranging 
from 400°C to 420°C. The cell is provided with a steel cathode with 
cast iron collectors and a graphite anode (Mishra and Majumdar 
2017). During the process, chlorine gas is released. In addition, 
molten lithium rises to the surface (Terence 2020) and is recovered 
in a collector. Eventually, electrolytic lithium could be refined by 
re-melting, achieving a purified lithium with less than 100 mg/L of 
potassium (Mishra and Majumdar 2017). The electrode reactions 
are calculated by the following (Seetharaman et al. 2014): 

Cathode : Liþ þ e� ¼ LiðlÞ (8) 

Anode : Cl� ¼
1

2
Cl2ðgÞ þ e� (9) 

Overall : LiClðlÞ ¼ LiðlÞ þ
1

2
Cl2ðgÞ (10) 

It has been estimated that the cost for lithium metal produc-
tion starting from mineral ore (3% Li2O content) can reach 
U$22,000/ton. The whole process involves the following sub-
processes: initial lithium carbonate production by the sulfu-
ric acid process, lithium carbonate transformation to lithium 
chloride and final lithium metal production by electrolysis. 
However, further purification and metal casting can be 
required to produce a battery grade material (Seddon 2016).

3. Application of evaporation and crystallization 
techniques during lithium extraction from 
spodumene by the traditional sulfuric acid process

3.1 Process applications

Evaporation and crystallization technologies are incorporated 
in different subprocesses during lithium extraction and proces-
sing. For instance, these technologies can be applied for (a) 
lithium brine concentration, (b) lithium salts crystallization, 
(c) lithium salts purification by re-crystallization, (d) by- 
products recovery from lithium processing, and (e) water con-
taminated treatment. Table 3 provides some examples.

Table 3. Possible applications of evaporation and crystallization technologies during lithium extraction and processing.

Sub-process Technology

Concentration of lithium sulfate solution & crystallization of technical grade lithium carbonate Evaporator + Crystallizer
Purification of lithium carbonate Crystallizer
Recovery of sodium sulfate as a byproduct during lithium carbonate production Crystallizer
Lithium chloride production Crystallizer
Lithium hydroxide production Crystallizer
Water contaminated (tailings) treatment Evaporator + Crystallizer

MINERAL PROCESSING AND EXTRACTIVE METALLURGY REVIEW 5



Condensate water produced during evaporation/crystalliza-
tion treatment can be recycled into the process. As shown in 
Section 2.3, 24 tons of water are spent to produce one ton of 
lithium carbonate from spodumene.

3.2 Evaporation technology

3.2.1 Evaporation concepts

Every single liquid exerts a vapor pressure which depends on 
its volatility. High vapor pressure liquids evaporate easily while 
low pressure vapor liquids evaporate slowly. Boiling occurs 
when a liquid is heated to a temperature at which its vapor 
pressure equals the atmospheric pressure. Then, rapid evapora-
tion occurs. On the other hand, if the external pressure 
decreases (under vacuum), water can boil at a lower tempera-
ture (Kemmer 1988).

Different solutions generated during the lithium extraction 
process can be concentrated in an evaporator. The process can 
involve a reduction of the interior pressure of the evaporation 
chamber below atmospheric pressure (1013.25 mbar). As a con-
sequence, the boiling point of the liquid to be evaporated and 
energy consumption are reduced (Condorchem Envitech 
2020b). During the concentration process, the evaporation 
rate decreases as water salinity increases. This increase in the 
boiling point can be explained because of the reduction in the 
water vapor pressure due to the increased soluble salts concen-
tration in the solution. For effective performance of an eva-
poration unit, scheduled chemical treatment is required to 
maintain clean heat transfer surfaces (Kemmer 1988).

3.2.2 Types of evaporators

MEF and mechanical vapor recompression (MVR) evaporators 
are common in the mining industry. MEF are powered by hot 
water, steam or diathermic oil. One of the main advantages of 
this kind of evaporator is that the use of heat residual streams is 
possible (Condorchem Envitech 2020b). Units in 
MEF evaporators can be 1, 2, 3 or more, staged and heat 
transferred to the evaporated product (first effect) is fully 
recycled during the following stages (Degrémont 2007; 
Kemmer 1988). Generally, the condensate produced in the 
first effect is more pure (Kemmer 1988). There are also differ-
ent configurations. MEF evaporators can incorporate an exter-
nal heat exchanger and FC, or a submerged tube exchanger 
(Condorchem Envitech 2020b). The number of effects depends 
on the ratio of operating cost to capital investment. This is also 
limited by the evaporation capacity and boiling point elevation 
of the solution (Gea 2020a).

MVR evaporators can facilitate low energy consumption. 
These units can incorporate a preheating system of the brine to 
be concentrated using vapor or electrical resistors installed 
inside the boiler. Following preheating, a root-pump is used 
to compress the vapor which is evaporated from the brine to 
increase its temperature and pressure. Therefore, it can be used 
as a heating source to evaporate the raw brine again. There are 
different configurations such as (a) FC and (b) falling film (FF) 
evaporators. In FC evaporators, energy consumption can be 
about 50 kwh/m3 produced distillate. In FF evaporators, energy 
consumption can range from 36 to 100 kwh/m3 produced 
distillate (Condorchem Envitech 2020b).

In the FC configuration, a forced water circulation is applied 
to optimize the heat exchange process and energy consump-
tion. There are different possibilities but working temperature 
can be set to around 60°C and vacuum can be maintained 
about 200 mbar. In the FF set-up, the recirculation pump 
continuously feeds brine from the bottom of the evaporator 
to the top of a falling-film evaporator. From this point, a film of 
brine flows-down the tube walls and evaporates. The vapor, 
compressed by the root pump, condenses on the outside of the 
tubes, transferring heat to the evaporating solution on the 
inside of the tubes. The working temperature can be set to 
around 90°C and vacuum can be maintained about 700 mbar. 
(Figure 4a,b) illustrate both configurations (Condorchem 
Envitech 2020b).

Overall, selection of MEF or MVR technology depends 
upon the relative cost and availability of natural gas and 
power, or residual heat streams on-site. This has to be carefully 
evaluated for each site.

3.3 Crystallization process

3.3.1 Crystallization concepts

Salt crystallization requires supersaturation. The metastable 
region is defined as the area over normal solubility, in which 
a solution can be supersaturated (Myerson and Ginde 2002). 
This can be achieved by: (a) evaporation, (b) cooling and (c) 
chemical precipitation reaction. The last path involves rapid 
crystallization and the process can often be controlled to only 
a small extent (Mersmann 2001). There is an “induction per-
iod” between the achievement of supersaturation and the initial 
appearance of crystals. This can depend on different factors 
such as: (a) the level of supersaturation (ΔC), (b) agitation, (c) 
presence of impurities and (d) viscosity (Mullin 2001).

When the solubility of a solute is mostly independent to 
temperature, evaporative crystallization is recommended 
(Mersmann 2001). However, when solubility of the salt to be 
precipitated strongly depends on temperature, vacuum cooling 
crystallization could be an interesting alternative to consider. In 
this second set-up, no cooling surface is required, and incrusta-
tion is prevented (Gea 2020a). Overall, selected crystallizer for 
any single application depends on the type of supersaturation 
produced and has to meet final product specifications in terms of 
purity, particle size and operating time.

Salt crystallization is a two-step process. The first step is 
nucleation (birth of new crystals), and the second is crystal 
growth. Nucleation is divided in primary nucleation (no crys-
tals initially present) and secondary nucleation (crystals 
already present in the solution) (Mullin 2001). In industry, 
primary homogeneous nucleation rarely happens due to the 
low ΔC employed and the presence of impurities which 
induces heterogeneous nucleation (Myerson and Ginde 
2002). Primary nucleation happens at the commencement of 
crystallization, when concentration of the solvent surpasses the 
metastable region. The secondary nucleation (induced by crys-
tals) occurs in the metastable region and is due to direct contact 
between a crystal and another surface such as: (a) another 
crystal, (b) the walls or (c) the impeller (Gea 2012). Crystal- 
agitator contacts are the most effective source for secondary 
nuclei production (Mullin 2001). Although the process is not 
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clearly understood (Myerson and Ginde 2002), secondary 
nucleation (Bo) depends on the dissipated mixing energy (ɛ), 
ΔC and suspension density (m) as shown in the following 
equation (Gea 2012): 

B0 ¼ kN
�εr�mi

T

�
ΔCn (11) 

The crystal growth rate measures how fast a crystal grows in 
a crystallizer (Mullin 2001). It is a complex process (Mersmann 
2001). Both, the crystal growth rate and the nucleation rate depend 
on ΔC, although the second is affected to a higher extent. 
Therefore, larger crystals are formed at low nucleation rates. To 
achieve this, it must: (a) limit ΔC in the crystallizer so that is does 
not exceed the metastable region, (b) set a ΔC where growth rate is 
maximized and (c) optimize the mixing energy to control ΔC and 
minimize secondary nucleation (Gea 2012). Finally, the presence 
of impurities has a dramatic effect on crystal growth, morphology, 
and nucleation (Meenan, Anderson and Klug 2002).

3.3.2 Types of crystallizers

FC crystallizers provide high rates of evaporation and are suitable 
for salts that grow readily and can be employed for lithium 
carbonate, lithium hydroxide and sodium sulfate crystallization 
(Jordproxa 2018). FC crystallizers are provided with: (a) an 
evaporation (boiling) chamber, (b) a recirculation pump which 
provides the mixing energy and (c) an external heat-exchanger as 
illustrated in Figure 5 (Condorchem Envitech 2020b). 
Centrifugal pumps are commonly used to circulate the slurry 
(Mersmann 2001). The circulation rate must be appropriate to 
maintain the crystals in suspension.

FC crystallizers can operate: (a) under vacuum or (b) at low 
super-atmospheric pressure (Gea 2012). A particle size lower that 
0.5 mm is achievable using FC crystallizers (Mullin 2001). During 
the crystallization step, the crystals must be separated from the 
mother liquor. This can be achieved with a pusher centrifuge, if the 
crystal size is big enough, following pre-concentration in 
a thickener. Different brands specialize in providing centrifuges 
for this purpose (Andritz 2020; Riera Nadeu 2018).

Other types of crystallizers available in the market are: (a) 
draft tube baffled crystallizers, (b) Oslo crystallizers, (c) 
vacuum crystallizers, (d) reactive crystallizers, (e) adiabatic 
flash crystallizers and (f) calandria crystallizers. Draft tube 
baffled crystallizers and Oslo crystallizers can produce crystals 
of higher particle size than FC crystallizers.

Figure 4. MVR evaporator lay-out: a) Forced circulation and b) Falling film (Condorchem Envitech 2020b).

Figure 5. FC crystallizer (Condorchem Envitech 2020b).
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3.4 Waste energy recovery

As discussed in Section 2.3, the traditional process of extracting 
lithium from spodumene is energy intensive. To cut costs, waste 
heat could be recovered from the high-temperature pretreat-
ment to provide both steam and electricity. An energy-mass- 
balance must first be prepared to model energy uses on site. 
Steam could be generated by passing the waste gases of the kiln 
(decrepitation process at 1100°C) through boilers. Then, the 
steam drives a turbine-generator powering the downstream 
physical and chemical separation units of the extraction process 
including evaporators and crystallizers. The initial investment 
costs can be high, so calculating the payback period is necessary.

Alternatively, steam or hot water can be readily used as 
a power supply in MEF evaporators to generate water vapor 
that leaves the first evaporator and is used as the heating 
medium in the second evaporator, and so on. In MVR eva-
porators, steam can also be used in the pre-heating system. 
Finally, FC crystallizers can also be powered by hot water or 
steam (Condorchem Envitech 2020b).

3.5 Opportunities for future research

The increasing demand for lithium products promotes the 
development of new lithium extraction methods and the 
improvement of the existing methods (Salakjani, Singh and 
Nikoloski 2019b). Even the recycling of spent lithium-ion 
batteries has been seriously suggested to alleviate resource 
shortage (Liu et al. 2019).

There are many opportunities for future research. For 
instance, lithium recovery and recycling can occur during 
mining and processing (Talens Peiró, Villalba and Ayres 
2013). Residual Li2CO3 can be recycled from washing solu-
tions. Lithium concentrations up to 1,500 mg/L have been 
measured in washing waters. A feasible solution, can be to 
pump them back to the water leach step following impurity 
removal. Alternatively, precipitation as phosphate can be pos-
sible following hardness removal (SME 2019).

In addition, research could be conducted for tailings mini-
mization/concentration using a combination of membrane and 
evaporation-based concentration technologies. Bench-scale or 
pilot plant testing could provide the accurate prediction of 
achievable results. The main advantage of evaporative- 
crystallization over traditional membrane filtration technolo-
gies is its theoretical potential to minimize the volume of 
concentrated saline wastewater to zero, as well as the possibility 
of recovering solid residues such as pure salts or mixtures. The 
evaporated water is recovered by the condensation of gener-
ated steam. These technologies can also be used to treat high 
salinity waters obtained from RO or nanofiltration (NF) treat-
ment processes. It would also be interesting to evaluate the heat 
residual streams available on site. These types of thermal- 
evaporation processes can be profitable if residual heat or 
a cheap fuel source is available in the installation. Energy 
consumption varies with design, flow-rate, and salinity. In 
arid areas or areas with few water resources, the cyclical use 
of process water is increasingly important. Overall, the trend to 
ZLD (zero liquid discharge) becomes a key goal. Finally, it 

would be interesting to evaluate the use of solar energy in the 
process to cut costs further, and avoid/minimize gas emissions.

Membrane distillation (MD) is another promising technol-
ogy that has been tested for concentration/minimization of 
different kinds of brines and RO concentrates (Pérez- 
González et al. 2012; Rioyo, Aravinthan and Bundschuh 
2019; Rioyo et al. 2017). Membrane distillation coupled with 
crystallization has also been proposed in the scientific literature 
as an alternative to conventional crystallizers (Ruiz Salmón and 
Luis 2018). The application of MD technology for lithium 
recovery from brines has been reported in some research 
papers (Park et al. 2020; Quist-Jensen et al. 2016). High capital 
and operating costs of membrane technologies can be 
a handicap (Li et al. 2019). Overall, the possible integration of 
MD technology with the traditional lithium extraction process 
from spodumene requires further research.

4. Conclusions

The “traditional” sulfuric acid process is the dominant tech-
nology for lithium extraction from spodumene in Australia 
and worldwide. However, this process generates huge quanti-
ties of waste residue and requires high-temperature pretreat-
ment. In addition, the process can introduce impurities into 
the leaching solution requiring additional purification stages. 
The extraction process can be optimized if other high-value 
elements are found in spodumene deposits along with lithium, 
residual lithium can be recycled during mining and processing, 
and energy savings can be achieved.

The integration of evaporation and crystallization technol-
ogies is very common in the mining industry for facilitating 
effluent compliance with environmental standards and by- 
product recovery. Evaporators and crystallizers can be incor-
porated in different steps during the lithium extraction and 
processing such as brine concentration, salt crystallization and 
purification, by-product recovery, impurity removal and efflu-
ent treatment. Overall, it is essential to have a good under-
standing of crystallization growth kinetics and equipment 
requirements to guarantee final product quality standards. 
The accurate prediction of achievable results can be facilitated 
by preliminary bench-scale and pilot-scale testing. The utiliza-
tion of heat residual streams available on-site can facilitate 
energy savings during evaporation and crystallization steps. 
For instance, waste heat generated during decrepitation and 
acid roasting pretreatment could be recycled in the process.

Further research could be required for tailings minimiza-
tion/concentration using a combination of membrane and 
evaporation-based concentration technologies. Tailings repre-
sent a major environmental problem and often require massive 
amounts of land for storage and contain metals-contaminated 
water. Generally speaking, the trend to ZLD is becoming a key 
issue, especially in arid or semi-arid areas facing a lack of fresh 
water. In addition, it would be interesting to evaluate the 
possible options for the integration of MD technology with 
the traditional lithium extraction process from spodumene. 
Finally, the use of solar energy in different steps of the extrac-
tion process to further cut costs and avoid/minimize gas emis-
sions seems to be interesting.
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