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Abstract

Lithium is an essential material for lightweight batteries. Traditional mining of soluble
salts expanded to include the extraction of hard rocks, which requires their solubilization
through roasting. Among hard lithium rocks, spodumene has recently received attention
from the scientific community. Its metallurgical processing can be classified according to
the type of reagents, as well as the operating temperature and pressure. The use of calcium
carbonate as a natural alkali avoids aggressive chemicals such as sulfuric acid or caustic
soda. In this article, 0.5 g of jewelry-grade spodumene was loaded into a ceramic crucible
with 2.5 g of reducing agent in a tandem of roasting at 1050 °C-1 bar-30 min and leaching
with neutral water at 90 °C-1 bar-20 min at a water/clinker mass ratio of 25. Measurements
by XRD, ICP-OES, and SEM-EDX suggest a pathway of spodumene cracking because
of poor contact with the reductant. Potassium present in the crucible acts as a flux and
encapsulates spodumene crystals, causing lithium to end up bound to silica. While lithium
metasilicate is barely soluble in water, leaching potassium aluminate hoards in the liquid.
The empirical observations were supported with thermodynamic spontaneity studies,
which required compiling the mineral properties based on open reference tabulations.

Keywords: spodumene; sustainable metallurgy; alkaline roasting; thermal cracking

1. Introduction
1.1. Metallurgical Routes to Process Spodumene

Lithium is the first element in the alkali group. Its electronic configuration is 1s* 2s!.
This causes it to release a large amount of energy relative to its atomic weight, making it
a critical material for portable batteries [1]. Sodium-based chemical cycles (1s2 2s? 2p6 3s!)
are promising for static batteries [2], but they have a heavier nucleus that prevents the
deployment of lightweight solutions [1]. This has led to growing interest in mapping and
exploiting new lithium ores.

Traditionally, evaporite salts have been mined in Argentina, Bolivia, and Chile, where
they are naturally dissolved in underground brines to be pumped to the surface to evaporate
in extensive ponds and recovered as lithium carbonate or lithium hydroxide [3-7]. Direct
lithium extraction is a set of technologies that aim to intensify the selective capture of the
Li+ cation through adsorption, solvents, ion exchange, membranes, or electrochemical
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processes [8,9]. The decarbonization of transport in cities has driven up the price of lithium
commodities, increasing interest in the exploitation of hard rock as an alternative ore.
Hard rocks are virtually insoluble in neutral pH and require alkaline or acidic roasting to
make them compatible with subsequent metallurgy. Despite this additional cost, a major
effort has been made in recent years to map new hard rock lithium reserves. Hard rock
lithium deposits are mainly concentrated in the Czech Republic, Australia, Canada, and the
Democratic Republic of Congo. Spain has modest resources of lepidolite and zinnwaldite
in the Valdeflérez deposit (Extremadura).

Spodumene is a hard rock that has attracted industrial interest, as it has no bound fluo-
rine that would hinder metallurgy. The most stable crystal unit arrangement of spodumene
in nature is the alpha structure [10]. As a hard lithium rock, spodumene requires roasting to
make it compatible with subsequent hydrometallurgy. Furthermore, thermal pretreatment
at 1050 °C can be applied before roasting to increase the surface area of the crystals prior to
roasting [10]. The transition to the beta phase increases the lability of lithium oxide within
the aluminosilicate structure.

Historically, spodumene roasting has relied on highly reactive chemicals. In 1948,
metallurgical patent US2516109A proposed a sulfuric acid roasting process in which 100%
recovery of Li;O was achieved at 1100 °C [11]. The aluminosilicate is pre-converted to
the more reactive beta phase to be roasted later. When contacting beta spodumene with
sulfuric acid, the proton replaces the lithium, producing H,O-Al,O3-(5i05)4 and LipO-SOs.
This pathway is associated with solid, liquid, and gaseous acid effluents.

In 1958, patent US2801153A proposed another alternative for sulfating roasting with
ammonium sulfate, (NH3)>-SO3-H,O [12] The innovation proposed thermal pretreatment
followed by roasting above 980 °C (1800 °F). Lithium in sulfate form is selectively isolated
with NH3-HF in an aqueous medium, so that the alkali metals remain solubilized in the
mother liquor. The patent does not specify the material yield of metallurgy. The insoluble
fraction retains silica and aluminum in the form of hydroxide, Al,O3-HyO.

Follow-up efforts have followed two lines: one to minimize the toxicity of effluents,
and the other to reduce the operating temperature. Increasing the furnace temperature
enables the use of less aggressive reducing agents with lower associated toxicity. Conversely,
the use of more aggressive chemicals lowers the roasting temperature, even avoiding
crystallographic phase-change pretreatment.

Patent CN109517981, filed in January 2019, proposed pressurized closed-volume leach-
ing of beta spodumene with calcium reducing agents at moderate temperatures [13]. The
proposed alkaline agents were mixtures of CaO, CaO-H,O, and CaO-CO;. The overpres-
sure achieved is between 0.3 and 0.6 MPa, with a preferred temperature between 135 °C
and 160 °C. The patent claims to work at a fast-leaching rate due to the presence of liquid
water as a continuous reaction medium. The maximum Li,O yield reaches a value of 97.3%
when using 100% calcium hydroxide.

In relation to using calcium as a reagent, a conference presented atmospheric roasting
at 1050 °C later in 2019 [14]. The pyrometallurgical stage combined the calcination of
calcium carbonate, CaO-CO, the crystallographic change of alpha spodumene, and the
reduction of the lithium content to lithium aluminate, Li,O-Al,O3. The aluminate is
compatible with neutral water leaching at 90 °C. The route, published openly, avoided the
use of sulfuric acid with a maximum yield on Li;O of 84% when improving the contact
between solid reagents.

On the other hand, patent US9255012B2 proposed in 2013 a closed-volume pressurized
leaching with NayO-CO; at a temperature between 160 °C and 250 °C [15]. The aim
was to replace lithium with sodium from the carbonate to synthesize lithium bicarbonate,
Li;O-H,;0-(CO;y),. The overpressure caused by working at a closed volume causes the
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condensed water to immobilize the aluminum and silicon in the form of an analcime,
NayO-Al,O3:(5i03)4-(H20),. Lithium carbonate is obtained by absorbing CO; in the
effluent at atmospheric pressure and then crystallizing it by evaporation. There is no
reported recovery yield in the filed document.

Coming back to the use of strong chemicals, patent CA3168782A1 protects a leaching
process using molten sodium hydroxide, Na,O-H,O(l), deposited directly on the surface of
aluminosilicate [16]. The operation takes place at atmospheric pressure and at temperatures
between 250 °C and 600 °C, without the need to alter the crystal structure first. Lithium is
isolated in the form of double sodium and lithium silicate, (Li,O)3-Na,O-(SiO,),, which
dissolves instantaneously in neutral water and ambient conditions. The maximum reported
yield is 99%. The authors of the study, Subasinghe and Rezaee, later published their results
in the Chemical Engineering Journal [17].

Following the line of aggressive reagents, hydrofluoric acid can also be used to decom-
pose beta spodumene in a leaching process at 80 °C and atmospheric pressure, reporting a
maximum yield of 90% Li,O when leaching at 75 °C for 20 min [18]. The authors of the sci-
entific article neutralized the excess hydrofluoric acid with sodium carbonate, Na,O-CO,,
to obtain lithium carbonate by evaporative crystallization. Aluminum and silicon are
separated as solids in the form of NasF AlF; and NayESiF, respectively. On the other hand,
the strategy of increasing the roasting temperature to use a more stable reagent is limited
by the thermal stability of the clinker.

Patent US2533246A claims to have sulfated spodumene with gypsum, CaO-SO;3-(H,0),,
and calcite CaO-CO,, at 1150 °C [19]. The calcium would isolate the insoluble fraction of
spodumene in the form of dicalcium silicate, (CaO);-5iO;, and the sulfate group would
combine with the lithium to form Li;O-SO; to finally isolate it in chloride form with
the addition of HCI. The maximum yield is 90%. Paragenetic sodium and potassium
aluminosilicates melt in this temperature environment. Table 1 lists the phase-change
temperatures for each mineral.

Table 1. Melting points of paragenetic aluminosilicate.

Spodumene Albite Microcline
Formula in oxides LizO-Ale3-(SiOz)4 Nazo'Alzog'(SiOZ)ﬁ KzO'A1203'(Si02)6
Melting point, °C 1420 1115 1170
References [20] [21] [22]

As an intermediate solution between temperature and chemical affinity, the Univer-
sity of Concepcién in Chile patented a sulfate roasting process for beta spodumene at
atmospheric pressure in 2020. W02020206567A1 involves contacting spodumene, fer-
rous sulfate (FeO-SO3), and oxygen at a temperature between 700 °C and 800 °C [23].
Lithium is released as a sulfate, which is converted to carbonate through supersaturation
with Na;O-CO,. The maximum combined yield between pyro and hydrometallurgy in
LipOis 91.1%.

The metallurgical route developed by Murdock University in 2019 is another interme-
diate solution in which Na;O-SOs5 acts as a flux and extracts lithium directly from alpha
spodumene at a lower temperature (850-900 °C) [24]. CaO is also added to isolate the
insoluble fraction of silicon, and aluminum is retained as anorthite, CaO-Al,O3-(Si05),,
while lithium is isolated as highly soluble Li;O-SOj3. In addition to being openly published,
the maximum yield reported in this route is 94% when roasted with a moistened charge of
Nay0-505:Ca0:Li;O-Al,O3-(Si05)4 of 0.8:0.2:1 for 2 h and leaching the sulfate at 50 °C for
2 h with a calcine-to-water ratio of 1:100.
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Table 2 summarizes the state of the art in lithium extraction from spodumene with
increasing operating temperature.

Table 2. Summary of the state of the art in lithium extraction from spodumene. NA: stands for not
available, as written along the dissertation.

Compound
Reagent(s) Product T, °C Year Yield, Reference

wt% Li, O
HF LiF + (HF)3-AlF; + (HF),SiFy + H,O 80 2014 90.0 [18]
CaO + CaO-H;0 + CaO-CO; Li0O-AlO3 + (Ca0),-Si0, + CO, + H,O 160 2019 97.3 [13]
Na,0-CO;, Li,O-CO; + NayO-Al,05:(Si0;)4-H,O 250 2016 NA [15]
FeO-SO; + O, Li;0-SO3 + FexOy + Al,O3 800 2020 91.1 [23]
CaO + Na,O-50; Li;O-SO;3; + CaO-Al,O3-(Si05); 900 2019 94.0 [24]
(NHs),-SO3-H,0 Li0-S0; + Al,O3-H,0 + SiO, 980 1958 NA [12]
H,0-50; (Lﬁ?(')ii?(;é:f'p‘bo3'(5102)4 " 1050 1948 1000 [11]
Ca0O-CO, Li;O-Al, O3 + (Ca0);,-Si0; + CO, 1050 2019 84.0 [14]
Ca0O-CO; + Ca0-505-(H;0); Li,0O-SO;3 + Ca0O-SiO, + H,O 1150 1950 90.0 [19]

1.2. Process Simulation

The thermodynamic spontaneity of a chemical conversion can be studied through an
analysis of the change in Gibbs free energy in the reaction at a standard pressure of 1 bar,

AGY, ;ion- Although this is not sufficient for process viability, if a conversion has a negative

0
value for AG,,, ;i

reaction are allowed. The equilibrium state of a system of chemical species preassigned

< 0, it might occur if kinetic limitations of mixing, heat transfer, and

by the user is that which reaches the minimum Gibbs free energy condition for each of
the individual yields of all reactions. During the second half of the 20th century, there
was an effort to quantify thermochemistry [25-27] that would later be used to calculate
equilibrium with the falling cost of computation.

1.3. Aim of This Research

Among the listed options for extracting lithium from spodumene, atmospheric roast-
ing with calcium carbonate is a natural and abundant alternative that avoids the use of
synthetics. In addition, its operating temperature integrates calcination, crystallographic
change, and roasting of spodumene in a single step. Literature reported a composite lithium
recovery of 65%, which increased to 84% when better contacting the solid reagents [14].
This article seeks to identify the bottlenecks that can improve the recovery rate of this route.

To this end, metallurgical and analytical techniques were integrated with spontaneity
analyses to expand on the pyrometallurgical mechanisms presented in the Results and
Discussion. The spontaneity assessment required compilation of a thermochemical database
with all species that were detected as reagents and products. The development of a
systematic methodology to tabulate thermodynamic potentials from public repositories
was a side objective of this research.
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2. Materials and Methods

The analytical techniques were developed in the laboratories of the Technical Univer-
sity of Madrid (Universidad Politécnica de Madrid, UPM) and Complutense University of
Madrid (Universidad Complutense de Madrid, UCM).

2.1. Analytical Techniques
2.1.1. Mineralogical Analysis by X-Ray Diffraction

Mineralogical characterization was performed by X-ray diffraction (XRD). The diffrac-
tometer used was a Bruker D-5000 X-ray diffractometer (Billerica, MA, USA) with a Cu
lamp with graphite monochromator and 2 mm slit located at UPM. The scanning angle
was 10° to 100° with a step size of 0.02 and a count time of 3 s. The crystalline phases were
identified using Profex (Sankt Gallen, Switzerland), a graphical interface developed by
Nicola Débelin of the RMS Foundation materials laboratory based in Switzerland [28]. The
mineral patterns were retrieved from the Crystallography Open Database [29-31].

Profex also allows for a semi-quantitative estimation method of the mass fractions of the
identified phases. It consists of a deconvolution of the diffractogram into individual crystallo-
graphic contributions using a theoretical model [32]. This procedure considers the position
and height of the diffraction peaks, as well as their shape, width, and instrumental conditions
of the apparatus used. The degree of goodness of the semi-quantitative quantification depends
on the correct preparation of the powder, scanning conditions, and the criteria for selecting
the target mineralogical phases on which to perform the adjustment [33].

An accepted indicator of the degree of goodness of the Rietveld refinement is the ratio
between the error derived from the selection of the patterns for deconvolution (Ryy) and
the minimum gauge due to the parameters of the diffractometry experiment (Rexy) [34].

= (g )2 (1)

Rexp

Equation (1) expresses this ratio:

2.1.2. Elemental Composition by Inductively Coupled Plasma Optical
Emission Spectrometry

The elemental composition of the samples was measured using the inductively coupled
plasma optical emission spectrometry (ICP-OES) analytical technique. The equipment used
is a dual radial system instrument specially designed for geological samples, model ARCOS
II SPECTRO AMETEK from UCM. The measurement requires prior digestion of the rock
to put it into solution [35]. The rock was ground to djgp = 100 pm. Digestion was conducted
in two steps in Teflon reactors. The first step was carried out with aqua regia, a mixture
of azeotropic acids, in a ratio of 3 volumes of HCI to 1 volume of HNOj3. The second step
was carried out with HE, given its high affinity with the silica present in spodumene [36].
Hexafluorosilicic acid is generated according to Equation (2):

5iO,(s)+ 6 HF(aq) — (HF),-SiF4 (aq) + 2 H,O(liq) 2)

This acid is selectively evaporated for indirect recording of the amount of SiO; [35].
Once the silicates dissolve, it is filtered to remove residues, leveled, and subjected to
spectroscopy. The measurement consists of a first dispersion of the liquid sample in contact
with a high-temperature argon plasma that amplifies the optical emissions of the ions
present [36]. The relaxation radiation is captured when species return to their stable state,
emitting a characteristic frequency according to Planck’s equation [37].

https://doi.org/10.3390 /met16010059


https://doi.org/10.3390/met16010059

Metals 2026, 16, 59

6 o0f 17

2.1.3. Microstructural and Elemental Analysis with Scanning Electron Microscopy with
Energy-Dispersive X-Ray Spectroscopy

Microstructural and elemental characterization were performed using scanning elec-
tron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX). The equipment
used was a HITACHI S-3700N (Tokyo, Japan) with BRUKER AXS XFLASH EDX detec-
tor (Billerica, MA, USA) at the UPM and a TESCAN VEGA Generation 4 at the UCM
(Brno, Czech Republic). The instrument allows high-resolution images of the particles to be
captured together with elemental mapping by EDX. This allows anomalies in the spatial
distribution of the elements after roasting to be observed. Lithium cannot be detected with
this technique due to its atomic lightness, though its behavior can be deducted from other
heavier elements such as calcium, silicon, or aluminum. The samples were prepared by
adding powder to a graphite sheet.

2.2. Reagents

Spodumene was obtained from IGE Minerales (Madrid, Spain). One hundred grams
of jewelry-grade spodumene crystals weighing 1-3 g per notch and originating in Mozam-
bique were selected. The crystals were ground to djgp < 9 pm and subjected to XRD and
ICP-OES. Standard Leco calibration calcite was used, whose purity is guaranteed by the
manufacturer to be almost 100% by weight.

2.3. Metallurgical Tests

Metallurgical tests were carried out in the laboratories of the School of Mining and
Energy Engineering (UPM). The spodumene was subjected to grinding, loaded with calcite,
and roasted to be leached later. The mill was a Retsch RM100 (Haan, Germany), with a rotary
pestle made of agate. Grinding was maintained for 60 min at 90 rpm. The Mohs hardness of
both agate and spodumene is 6.5-7, with the pestle capable of reducing the aluminosilicate to
powder by a narrow margin [38]. The target grinding degree was djgp = 0.009 mm (9 um),
compatible with XRD and ICP-OES. The roasting kiln was a Thermoconcept KC32/13 electric
mulffle (Lilienthal, Germany) with a chamber volume of 33 L and a maximum temperature
of 1300 °C. The furnace operated with air at atmospheric pressure. The heating was divided
into two steps with a slope of 100 °C/h during 165 min and 200 °C/h during 225 min. The
exposure to 1050 °C lasted for 30 min [14], after which the chamber was cooled down at a
speed of —100 °C. The temperature programming and control used protects the crucibles from
thermomechanical stress. Control was carried out using an S-type thermocouple installed
in the center of the chamber at the rear (see Figure 1). The PID was activated by solid-state
relays. The crucible was loaded before starting to heat.

Figure 1. Location of the thermocouple inside the kiln.

https://doi.org/10.3390 /met16010059


https://doi.org/10.3390/met16010059

Metals 2026, 16, 59

7 of 17

AI203.Si02

'/,a"

0 600
T,°C

-2000
-2500

1200

H20-gas

0

-200

0 600
T,°C

1200

Li20.AI203
00

~2000 /

o500 Frreer
0 600
T,°C

AL

1200

Na20.AI203.(Si02)6

-6000 /
—8000 FTTTTTIIR .,

0 600
T,°C

1200

The clinker was finally leached in a stirred beaker mounted on a hot plate. The
temperature was maintained by a probe connected to a control system that activated the
hot plate’s resistance element. The probe was submerged down to the bottom of the liquid
medium. The setpoint temperature was 90 °C [14].

2.4. Simulation Tools

To verify the spontaneity of a chemical route, thermodynamic analysis should be
performed in parallel to analytical techniques. Thermochemical data is available in open
compilations such as NIST-JANAF [39] and Barin’s book [40]. JANAF stands for Joint Army—
Navy—Air Force, a partnership of the United States Army, coordinated by the National
Institute of Standards and Technology. The advantage of NIST-JANATF is that the data
are already stored as exportable digits, while Barin requires launching and monitoring
text recognition algorithms to export them as floating numbers. The selected species
were iterated based on analytical chemistry. A graphical representation of both the molar
enthalpy of formation and Gibbs energy of formation is shown in Figure 2. The data were
slightly extrapolated up to 1200 °C at a constant pressure of 1 bar.
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Figure 2. Visual representation of the metallurgical database.

3. Results and Discussion
3.1. Mineralogical Analysis and Elemental Quantification of Spodumene

To confirm the purity of the spodumene, a powder sample was subjected to XRD. The
diffractogram was then interpreted in Profex. The algorithm detected spodumene and
traces of free silica, to which the Rietveld quantitative algorithm assigned a fraction of
1.59% by weight. Figure 3 labels the detected peaks, as well as the identification numbers
of the patterns used and the inferred mass fractions resulting from the Rietveld algorithm.
The filter for relative intensity was 5%, and the weaker peaks are not labelled.
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Figure 3. XRD peak identification of the spodumene sample (X? = 6.10).
The sample was then digested to quantitatively determine the constituent oxides using
ICP-OES. The aluminosilicate required a second digestion with HF to determine the silica
content. Table 3 lists the constituent oxides, where the cumulative mass fraction of the list of
measured oxide species amounts to 98.742%, leaving an open margin of 1.258% unknown.
Table 3. Percentages of constituent oxides in spodumene.
SiOz A1203 Lizo MgO NaZO
64.075 26.151 7.954 0.464 0.061
CaO P»,05 K,O Rest Total
0.032 0.004 0.001 1.258 100
By excluding the unknown and referring to the relative molar fractions per 1 mol
of LiO, the stoichiometry of spodumene can be compared to the pure formula of
1:1:4 Li O:Al,O3:5i0;. Table 4 compares the molar ratios between the measured sample and
the pure mineral. The jewelry-quality sample is remarkably similar to pure spodumene,
except for a few traces of alkalis.
Table 4. Stoichiometry of the constituent oxides of spodumene.
A1203 CaO Kzo L120 MgO NazO P205 SIOZ
Pure spodumene 1 0 0 1 0 0 0 4

Sample

0.96356 0.00213 0.00003 1.0000 0.04328 0.00371 0.0001 4.00645

3.2. Roasting Test

A total loading of 0.5 g of the spodumene and 2.5 g of calcite was loaded in a ceramic
crucible in the form of a truncated cone. The dimensions of the container were @top = 3 cm,

https://doi.org/10.3390 /met16010059
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Intensity (a.u.)

Bpottom = 1.7 cm, h = 3.8 cm, and a wall thickness of 2 mm. A ceramic-made material was
chosen to load additional potassium that would behave as a slag flux.

The crucible was milled down and subjected to XRD. Figure 4 shows the peak identi-
fication together with an overlapping picture of the ceramic container. According to the
Rietveld inference, mullite represents 72.9 wt%, followed by free Al,O3 and SiO;. The
crucible carries potassium in the form of mica and microcline, where their relative mass
contents are 2.48% and 4.42%, respectively. The actual interaction of ceramic potassium
with the loaded material in the crucible during roasting will be presented later. The filter
for relative intensity was 3%, and the weaker peaks are not labelled.
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Mineral phase Mineral formula cop Rietveld mass fraction

Corundum Al203 €od9001587 8.68%
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]
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Quartz Sio2 cod9008469 0.84%

Figure 4. XRD peak identification of the ceramic crucible (X? = 1.17).

Next, the crucible powder was subjected to SEM-EDX at UPM to evaluate its
potassium content. Figure 5 shows two subplots (a and b) of the ceramic powder at
1101 x magnification. Figure 5a shows a secondary electron-based microscopic image,
and Figure 5 shows the dispersion of potassium throughout the powder. Based on this
observation, the ceramic material will dope the container’s potassium content, which will
act as a flux when heated.

The loaded container was introduced in the furnace to undergo the heating ramps.
Table 5 compiles the information from the test. The crucible was placed inside the furnace
with no external assistance for mixing.

Table 5. Roasting test conditions.

# ID Crucibles Reagents Load Mixing
. . LizO-A203 . (Si02)4 0.5 g
1 Roasting Ceramic Ca0-CO, 25¢ No

#implied that there is a listing of one integer per experiment.
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Figure 5. Microscopic picture at 1101 x magnification obtained by SEM-EDX: secondary electrons
(a) and K mapping (b).

After completing the operation, the clinker was subjected to XRD analysis. Figure 6
shows the identification of the peaks in the resulting diffractogram, together with the
reference patterns and inferred Rietveld mass fractions. Figure 6 indicates the presence
of Li,O-Si0, and K,O-Al,O3 in the clinker, with mass fractions of 6.34% and 15.87%,
respectively. The filter for relative intensity was 5%, where the weaker peaks were
not labelled.

26 (°)
20 40 60 80 100
1 1 1 1 L
Intensity Threshold: 5.0%
175 A
150 A
125
100 A
5
75 A
|
1
50 A
25 A
0
Key Mineral phase Mineral formula COD Rietveld mass fraction
1 Calcite Ca0.Co2 cod9000967 37.10%
2 Larnite (Ca0)2.5i02 €0d9005848 9.73%
3 Lithium metasilicate Li20.Si02 cod1572506 6.34%
4 Portlandite Ca0.H20 €0d9000093 18.12%
5 Potassium aluminate K20.AI1203 c0d1526660 15.87%
6 Quartz Si02 cod9008469 3.68%

Figure 6. XRD peak identification of the clinker (X% =2.03).

Back in 2019, literature claimed that spodumene is the only aluminosilicate that roasts
to LiO-Al,O3, while the rest of the minerals pass through [14]. Recently, in 2025, an
industrial spodumene concentrate was subjected to thermal studies—thermogravimetric
analysis, differential thermal analysis, and differential scanning calorimetry—to conclude
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that potassium-rich micas melt and encapsulate spodumene crystals below 950 °C [41].
Based on this work and our XRD assessment, our hypothesis was that potassium acts as
a flux and melts around spodumene. Microstructural characterization by SEM-EDX is
presented later when reporting the results of leaching. As a result of the lack of contact
between lithium aluminosilicate and the alkaline reductant, spodumene gets thermally
cracked instead of chemically reduced. On the other hand, potassium in microcline is
reduced to potassium aluminate that behaves as a flux. Mass transfer is limited by static
solid-state diffusion. Lithium would remain bound to silica as LiO-5iO,. Thermal cracking
and alkaline reduction for the two aluminosilicates are listed in Equations (3)—(6).

LizO-Ale3-(SiOz)4 — LizOSiOg + A1203'8102 +2 SiOz (3)

LizO-Aleg-(SiOz)4 +8 CaO~COz — LizO'A1203 +4 (CaO)2~SiOz +8 COQT (4)
KzO'Alzog-(SiOZ)(, — Kz(}(SiOz)z + Ale3-SiOz + 3 S5i0; (5)
KzO'A1203'(SiOZ)6 + 12 CaO-CO, — KQO'Alzog, +6 (CaO)2'5102 +12 COQT (6)

Equations (7) and (8) integrate both routes for 1 mol of aluminosilicate in the form
of two compound reactions, where o and 3 are the cracked fractions ranging from 0,
corresponding to a 100% alkaline reduction, to 1, corresponding to a 100% thermal cracking.
The fractions reduced to aluminates unfold as (1 — ) and (1 — ).

LizO'A1203'(SiOZ)4 + (8 — 40() CaO-C02 — X LizOSiOz + x Aleg'SiOZ + (7)
(1 — «) LipO-ALO; + (4 — 20) (Ca0),-SiO; + (8 — 4x) COpT
KQO-A1203'(5102)6 + (12 — 6[3) Ca0O-CO, — Y KzO-(SiOz)z +p3 Ale3~SiOz +

(1 — B) KyO-AL,O3 + (6 — 3B) (Ca0),-SiO, + (12 — 63) CO, ®)

The compound Gibbs free energy for Equations (8) and (9) (AG®) was calculated
by weighting the molar Gibbs values of the species for alpha and beta cracked fractions
between 0 and 1 that determine the stoichiometric coefficients. In the case of calcium, the
Gibbs free energy for total cracking corresponds to Equation (4), while for total reduction
it corresponds to Equation (5). Intermediate situations correspond to a linear combina-
tion of these two contributions for each of the temperatures scanned. The objective was
to evaluate trends in the compound Gibbs free energy for increasing temperatures and
cracked fractions.

Figure 7 shows that the most thermodynamically favored reaction is high-temperature
roasting, where AG® has a lower value for a smaller cracked fraction (towards the top left
of each subplot). The co-occurrence of thermal cracking implies a mathematically reactive
system. The detected lithium metasilicate is therefore an intermediate reaction product, due
to poor contact of spodumene with CaO. To fight the occurrence of mass transfer-limited
products, it is advisable to remove potassium at the concentration stage and to improve
energy transfer by shifting to a rotary kiln or a fluidized bed reactor [41].

3.3. Leaching Test

The clinker was cooled down and stored. Later, a fraction of 0.94 g was recalcined to
restore CaO reactivity and subjected to leaching with ultrapure water. Table 6 compiles
the conditions and results of this test. The test was interrupted after 20 min, when 90% of
the liquid volume had evaporated. In view of the evaporation of the aqueous medium,
the operation should be carried out in a closed container and the temperature measured
with an internal probe. Li;O measurements using ICP-OES resulted in a compound yield
of 8.02 wt%. This means that from 2.5 g of jewelry-grade spodumene, this metallurgical
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processing would recover 15.96 mg of Li,O. Deviations from previously reported yields
can be explained by the loading of solids without prior pressing at the top of the proposed
potassium reaction and encapsulation mechanism.

K>0-Al>,03:(Si03)6 split

Li20'A|203'(Si02)4 Sp|it

1000 1°°
. ok ;
go{
o o
S 6001
= e
3 ]
[
o e
s
F a0
0.2 — 7\\\
200 1
04
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
a B

T T T T T T T T T T T T T
-1.2 -11 -1.0 -09 -0.8 -0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0 0.1 02 03 04 05 06 07 08 09 10 11 12

AG ° (MJ/mol-aluminosilicate)

Figure 7. Compound Gibbs free energy (AG®) of the reactions listed in Equations (8) and (9) as a
function of temperature and cracked fractions,  and f3.

Table 6. Leaching test conditions.

T, t, Mixing, Compound Yield,
# ID Reagents Load °C min rpm Wt% LiO
. Clinker 09%¢g o
2 Leaching HLO() 2354 g 90 20 300 8.02%

The leachate was then filtered and subjected to XRD analysis. Figure 8 shows the
peak identification. The presence of CaO-CO; also indicates the carbonation of calcium
hydroxide prior to the XRD test. The filter for relative intensity was 3%, where the weaker
peaks were not labelled.

Equations (9) and (10) propose the competitive dissolution pathways observed
for lithium metasilicate and potassium aluminate. While Li;O-5i0O; is virtually insol-

uble in neutral and cold water [1], potassium aluminate has a large solubility constant
of about 100 [42].

Li20'8i02 + HQO +2 CaO — Li20'H2O + (CaO)z'SiOZ (9)

KzO-Aleg + HQO + CaO — KonzO + CaO-Ale3 (10)

The composition of the resulting liquor was characterized by ICP-OES. Table 7 shows
the aqueous displacements of each elemental oxide per gram of clinker. A mass ratio of
K>O over Li;O of 1.41 was based on these measurements.
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Key Mineral phase Mineral formula COD Rietveld mass fraction
1 Calcite Ca0.C0O2 cod9000967 20.48%
2 Calcium aluminate Ca0.AI203 cod1528680 7.15%
3 Larnite (Ca0)2.5i02 €od9005848 4.29%
4 Lithium aluminate Li20.AI203 cod1008166 0.57%
5 lithiummetasilicate Li20.Si02 cod1572506 4.16%
6 Portlandite Ca0.H20 €0d9000093 39.19%
7 Potassium aluminate K20.AI203 cod1526660 10.08%
8 Quartz Si02 cod9008469 3.87%
9 Sodium aluminate Na20.AI203 cod4344913 2.48%
Figure 8. XRD peak identification of the leachate (X = 1.62).
Table 7. Leaching oxides masses.
Oxide A1203 CaO Kzo Lizo MgO Na20 P205 SiOz
Leached mass
<0.09 0.55 2.24 1.59 <0.08 <0.07 <0.11 <0.11

mg-oxide/g-clinker

Finally, the leachate residue was subjected to SEM-EDX at UCM. The conductivity of
the sample was improved by metallizing with gold. Figure 9a—d shows the solid residue
at 7500 x magnification: subplot (a) captures the microstructure, subplot (b) an elemental
mapping of Al-Si (b), subplot (c) an elemental mapping of Al-Si-Ca, and finally subplot (d)
an Al-Si-K mapping. A distinct region concentrating Al,O3 and SiO,, differentiated from
CaO, can be seen. In contrast, (d) shows potassium scattered throughout the sample due to
its interaction with the leaching medium in a bidirectional solubilization and solidification
reaction. Considering that the XRD measured lithium metasilicate and potassium aluminate
but not spodumene, added to the fact that the ICP-OES measured high potassium loads in
the liquid and the SEM-EDX showed the spatial concentration of aluminum and silicon
in the solid after leaching, we concluded that the spodumene was encapsulated within
a potassium glass that subsequently interacted with the aqueous medium. The fusion
phenomenon has already been described in an industrial spodumene concentrate with
traces of micas that underwent a crystallographic change at 950 °C [41].
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MAG: 7501x

HW: 20 kV

Figure 9. Microscope picture at 7500 x magnification obtained by SEM-EDX: secondary electrons (a),
Al-Si mapping (b), Al-Si-Ca mapping (c), and Al-Si-K mapping (d).

4. Conclusions

This work delved into the co-occurrence of thermal cracking of spodumene when
roasting with calcite at room pressure in the presence of potassium-rich minerals. The
hypothesis of encapsulation was tested against both referenced and hands-on analytical
chemistry: lithium metasilicate is surrounded by a potassium aluminate glass, which limits
lithium extraction efficiency. This might explain the limited lithium recovery of 8.02 wt%:
XRD not detecting leftover spodumene after roasting (1), together with ICP-OES indicating
potassium dominance while leaching (2), and an anomalous concentration of aluminum
and silicon when mapping with SEM-EDX (3). There are referenced works that heat up
an industrial spodumene concentrate containing potassium-rich micas in the absence of
alkali reductants. These authors conclude that micas melt and encapsulate spodumene, to
which this work extends to alkaline roasting with calcite and follow-up leaching. Thermal
cracking is an alternative pathway to previously reported works of atmospheric roasting of
spodumene with calcite. Thermodynamic analysis indicates that lithium metasilicate is an
incomplete reaction product. Furthermore, the high solubility of the potassium aluminate
glass causes the aqueous medium to take up labile K,O while hindering the dissolution
of lithium metasilicate, which is barely soluble in water. In order to increase the lithium
efficiency up to that reported in existing literature, it is advisable to remove potassium from
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industrial spodumene concentrate before roasting, as well as to improve contact during
operation through agitation in rotary kilns or fluidized bed reactors.
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