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route of lithium from a-
spodumene by dry chlorination†

Allen Yushark Fosu, a Ndue Kanari, a Danièle Bartier,a James Vaughan b

and Alexandre Chagnes *a

Processing spodumene for lithium is challenging as it requires a high temperature transformation of the

natural a-monoclinic form to b-tetragonal form, usually followed by acid baking and digestion. This

three-step extraction process requires significant heat energy, acid, process complexity and residence

time, leading to both operating and capital costs. An approach which helps to eliminate this challenge

will therefore be a milestone in processing spodumene. This study, thus, investigates a direct

chlorination of a-spodumene using calcium chloride followed by water leaching of the residue to

recover lithium, which reduces the energy requirement and number of unit operations. HSC Chemistry

software was used to simulate the process using both phases (a and b) of the mineral up to 1100 �C
prior to experimental investigation. The a-form was the only polymorph identified in residues after

leaching, suggesting that the extraction is directly from the a-phase. However, an initial formation of

a metastable b-form followed by a fast synthesis of lithium chloride from it is also suspected. Under

optimal conditions of calcium chloride/spodumene molar ratio of 2.0, and 1000 �C treatment for 60

minutes, almost 90 percent lithium chloride was extracted and 85 percent was recovered to the leach

solution with the remainder exiting with the off-gas. An apparent activation energy of about 122 �
6 kJ mol�1 was obtained at temperatures ranging from 800 to 950 �C during the process.
1. Introduction

Chlorination is gaining popularity in mineral processing due to
the advantages it presents for processing ores, concentrates and
end-of-life resources. The merits of this technique for metal
extraction stem from the high reactivity and selectivity of
chlorine and chlorinating agents to many metals at minimal
temperatures. The resulting metal chlorides/oxychlorides from
the process have considerable difference in boiling point which
makes management of impurities and product choices easier.
Chlorination agents are also readily available at reasonable
prices. The waste generated can easily be treated and disposed
off with little or no environmental impact compared to other
approaches.1–3 For instance, chlorinated waste unlike other
metallurgical wastes, may be easily neutralized with alkaline
reagents. These factors make chlorination attractive for treating
lean minerals and secondary materials as well as providing new
pathways for some refractory ores that do not respond well to
conventional approaches. Metal chlorides, Cl2 and HCl have
urces, F-54000 Nancy, France. E-mail:

rsity of Queensland, Brisbane, QLD 4072,

mation (ESI) available. See

1481
been used to treat ore types (silicates, oxides and sulphides) for
subsequent processing according to the reactions below:

M00
2SiO3 þM

0
Cl2/2M00ClþM

0
SiO3 (1)

M00
2SþM

0
Cl2/2M00ClþM

0
S (2)

M00
2OþM

0
Cl2/2M00ClþM

0
O (3)

M00
2Oþ Cl2/2M00Clþ 1

2
O2 (4)

M00
2Sþ Cl2/2M00Clþ S (5)

M00
2Oþ 2HCl/2M00ClþH2O (6)

M00
2Sþ 2HCl/2M00ClþH2S (7)

where M0 is a chlorine bearing metal used as chlorinating agent
and M00 is a monovalent metal of interest present in the ore.

Chlorination sometimes requires a reducing environment to
enhance the process. Due to this, carbochlorination of metal
oxides and silicates have been investigated by some
researchers,4,5 where the carbon or carbonaceous material acts
as reducing agent to enable or enhance reactions.

With the increasing demand for lithium, primarily due to the
evolution of electric and hybrid vehicles coupled with its
undersupply from Salar and brine, attention has been drawn to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Standard Gibbs energy changes as a function of temperature
for a to b transformation (eqn 8), reaction of spodumene with CaCl2 in
a-phase (eqn (9)) and b-phase (eqn (10)) (data from HSC Chemistry 5.1
software).
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extraction from pegmatite ores, secondary resources and to
a lesser extent, water produced from shale gas6,7 in order tomeet
the increasing demand. Investigations for processing petalite,8

zinnwaldite,9–13 lepidolite,14–18 spodumene19–25 and secondary
sources26–29 are well documented. Of all lithium bearing
minerals, spodumene (LiAlSi2O6) stands out as the one with
high economic value resulting from its relatively high lithium
content. The mineral occurs naturally as the a-monoclinic form
which is compact, making it refractory to chemical attack.
Consequently, the conventional approach to processing the
mineral requires phase transformation from the a to the b-form
which is crucial for opening up the mineral's crystalline struc-
ture enabling subsequent lithium extraction. The trans-
formation is a thermal process requiring temperatures above
1000 �C. Previous investigations30,31 have revealed two consec-
utive routes for the transition wherein the rst involves the
decay of the natural a-monoclinic phase to both g and b-phases.
The second is the decay of the metastable g-phase formed from
the previous decay to the nal b-phase. Fosu et al.32 demon-
strated the high temperature requirement for the two decay
processes based on the apparent activation energies for the
transformations. The acidic process which is currently the
industrial process for extracting the metal and its contemporary
studies require this inevitable phase transformation step which
is energy intensive, therefore increasing processing cost and
time. The obsolete alkaline process, which did not necessitate
the phase transformation, had inherent challenges including
high energy requirement for the decomposition of limestone
before calcination with a-spodumene. It also results in the
formation of dicalcium silicates which releases large amount of
heat and makes temperature control in the calcination stage
difficult.33 Thus, the phase transformation step stands out as an
expedient step in processing the mineral, the cost implication
and the time requirements notwithstanding. In an attempt to
eliminate this step, some hydrometallurgical treatments such
as employed by SiLeach® and LieNA® have been considered
from which promising results have been achieved. Song et al.,25

also by hydrometallurgical treatment using NaOH and CaO in
an autoclave, reported 93% leaching efficiency. However, their
approach requires high concentration of NaOH and special
equipment (autoclave) in addition to long processing time.
Owing to the inherent advantages of chlorination, it promises
an efficient approach for processing the mineral. Aer a thor-
ough review of literature by Fosu et al.34 on processes used so far
to recover the metal from spodumene, their thermodynamic
modelling highlighted chlorination as one of the promising
processes which has had the least of attention. In 1959, Peter-
son et al.35 patented the possible extraction of lithium from a-
spodumene using an alkali metal halide or their mixture
(specically, KCl and/or NaCl) in the presence of a refractory
material. The amount of refractory material required by this
approach was indicated to vary between 60 to 80 wt% of the
quantity of spodumene treated. This high quantity of refractory
material used results in a reduced amount of spodumene used
as feed reducing the efficiency of the process. During a study on
simulated pyrometallurgical slag from end-of-life lithium ion
battery by chlorination, Dang et al.36,37 reported interesting
© 2022 The Author(s). Published by the Royal Society of Chemistry
results. Studies by Barbosa et al.38,39 revealed the metal's
extraction from spodumene using CaCl2 and Cl2. Though they
reported a successful chlorination for high conversion, their
study was based on the calcined mineral (b-spodumene) which
does not eradicate the phase transformation problem. This
study investigates the direct baking of a-spodumene using
CaCl2, followed by aqueous leaching of the residue to recover
lithium. The success of this study will help to reduce the pro-
cessing cost and time, since the decrepitation step will be
avoided.

Most thermodynamic studies in literature on the roasting of
spodumene with reagents are performed with the b-phase. In
this study, a to b-phase transformation of the mineral, followed
by a comparative study of thermodynamic behaviour of both
phases with CaCl2 using HSC Soware is considered. The sug-
gested phase transformation and chemical equations of the
mineral in both phases with CaCl2 are given as:

a-LiAlSi2O6 / b-LiAlSi2O6 (8)

2a-LiAlSi2O6 + CaCl2 / 2LiCl + 2SiO2 + CaAl2Si2O8 (9)

2b-LiAlSi2O6 + CaCl2 / 2LiCl + 2SiO2 + CaAl2Si2O8 (10)

In Fig. 1, the Gibbs free energy change of the transformation
and the reaction of both polymorphs with CaCl2 (eqn (8)–(10))
as a function of temperature up to 1100 �C are plotted. It can be
observed that, the phase transformation is feasible aer 750 �C
but aer 927 �C (indicated by short dashes), the soware relies
on extrapolated data for the a-phase. This may be due to
unavailability of data for the a-phase above this temperature.
From our previous investigation,32 it was found that, treating
the a-phase at 925 �C did not complete the transformation.
Rather, a maximum of about 65% a-phase conversion was
RSC Adv., 2022, 12, 21468–21481 | 21469
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Fig. 2 Equilibrium amounts as a function of temperature for chlori-
nation of a-spodumene using CaCl2 (data from HSC Chemistry 5.1
software).
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achieved even aer 480 minutes treatment (the longest resi-
dence time of the study). Drawing insight from our studies on
the kinetics of phase transformation, it is likely that, the
extrapolation of data of the a-phase by HSC Soware is due to
the unavailability of data rather than completion of the trans-
formation. Roasting the mineral in the b-phase with CaCl2 is
spontaneous throughout the temperatures studied whilst the
direct roasting of a-phase is only feasible beyond 500 �C. This is
expected since the refractory a-phase needs to open up prior to
a feasible reaction with CaCl2. If the feed spodumene has
already been converted to the b-phase it is then feasible for
a reaction with CaCl2 throughout the wider range of operating
temperatures. Combining the above scenarios, one can infer
that, production of LiCl below 750 �C occurs strictly and directly
from the a-phase (eqn (9)). Above this temperature, however,
the phase transformation begins (according to HSC Soware)
and a mixture of both polymorphs may exist. LiCl can thus be
obtained from both phases (eqn (9) and (10)) which should lead
to higher lithium recovery. A transition point is observed
between 600 and 800 �C for both a and b-phase chlorination
(Fig. 1). We name this temperature range as the “reaction
initiation zone” where melting of CaCl2 and reaction with the
mineral begin.

A differential thermal analysis by both Barbosa et al.39 and
Dang et al.36 revealed interesting results in this temperature
range during their study on spodumene and simulated slag
respectively with CaCl2. They both observed two endothermic
peaks within this range where the low and high temperature
peaks were linked to the commencement of reaction and the
melting of CaCl2 respectively. Chemical thermodynamic
predictions have a downside of inability to give insight into the
21470 | RSC Adv., 2022, 12, 21468–21481
kinetics of processes. One may however, suspect that since the
change in the Gibbs free energy remains almost constant for the
b-phase aer 800 �C (Fig. 1), it may be more kinetically depen-
dant than thermodynamic. For the a-phase, chlorination may
be both thermodynamic and kinetic controlled since the Gibb's
free energy change decreases signicantly with increasing
temperature which conrms a strong dependence of a-phase
chlorination on the thermodynamics.

The equilibrium composition module of the soware was
further used to simulate the process. Fig. 2 is the simulation
showing the equilibrium composition at varying temperatures.
Anorthite (CaAl2Si2O8) and wollastonite (CaSiO3) are new pha-
ses synthesized at the end of the process with the former being
predominant (more than half of the composition of the later).
All the new phases, including lithium chloride can be said to be
obtained from the decomposition of spodumene since their
synthesis have a corresponding decrease in the quantity of
spodumene.
2. Materials and methods
2.1. Spodumene concentrate preparation

The sample used in this study is a spodumene concentrate
received from the Pilbara region of Western Australia aer
otation from a lithium–cesium–tantalum pegmatite ore. The
method of production and characterization (X-ray diffraction
(XRD), Scanning Electron Microscope Energy Dispersive Spec-
troscopy (SEM-EDS), X-ray uorescence (XRF) microscopy and
Inductively Coupled plasma-Optical Emission Spectrometry
(ICP-OES)) is detailed in our previous work.32 Analytical grade
CaCl2 supplied by Sigma-Aldrich, France was used as chlorina-
tion agent.
2.2. Chlorination and leaching experiments

Direct chlorination of a-spodumene was performed using
a mixture of 5 g of the dry uncalcined spodumene concentrate
and anhydrous CaCl2. Alumina crucible was used as the reac-
tion vessel while heating in a Carbolite Gero electric furnace
which was conditioned as in earlier work.32 Chlorinated
samples were cooled to room temperature in a desiccator and
weighed before leaching tests.

Leaching was carried out with deionized water at ambient
temperature, solid/liquid ratio of 50 g L�1 and agitated using
a Gerhardt laboratory thermoshake. The solid and liquid phases
were separated with a 3–16 L Sigma Laboratory Centrifuge
operating at 3000 rpm for 2 minutes. Leached residues were
washed thoroughly with distilled water and dried at room
temperature for further analysis. The leached liquor obtained
was analyzed for lithium and other metals using the Microwave
Plasma Atomic Emission Spectrophotometer (4210 MP-AES)
manufactured by Agilent Technologies. Percent lithium
recovery (%Li) was calculated as:

% Li ¼ Amount of lithium recovered in solution

Amount of lithium in concentrate
� 100 (11)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of spodumene concentrate.

Fig. 4 Volume distribution and cumulative passing of spodumene
concentrate.
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Extraction efficiencies achieved was obtained by residual
lithium determination, followed by mass balance calculation.
Probing into the reaction mechanism, the leached residues
were analyzed for their physicochemical alterations using SEM-
EDS. Methods of sample preparation for XRD and SEM-EDS
were previously detailed by Fosu et al.32
3. Results and discussion
3.1 Characterization of raw materials

Mineralogical identication and semi-quantitative analyses
were carried out using the EVA© soware coupled with the
PDF2 database. The XRD diagram pattern of the raw spodu-
mene concentrate (Fig. 3) shows the feed is predominantly a-
spodumene (about 60%) with quartz, albite, mica and amphi-
boles as associated gangue minerals. Chemical composition is
also provided in Table 1 with lithium accounting for 2.14 wt%
whilst particle size analysis shows the d50 to be 57 mm (Fig. 4).
Detailed characterization of the concentrate as well as its
thermal transformations can be found in Fosu et al.32
Fig. 5 Percent lithium recovery obtained as a function of CaCl2/
spodumene molar ratio for samples treated at 900 �C for 60 minutes.
3.2 Chlorination of a-spodumene concentrate

3.2.1 Effect of CaCl2/spodumene molar ratio. The effect of
CaCl2/spodumene molar ratio (MR) on lithium recovery was
studied in the range of 1.0 to 2.25, at 900 �C for 60 minutes
residence time; the results are presented in Fig. 5. Lithium
recovery increases with increasing molar ratio until it plateaus
aer MR¼ 2.0. Previous studies21,36,40 have reported a decreased
recovery for gaseous chlorination agents aer the optimum ow
rate is achieved with several explanations proposed by Bidaye
et al.41 for the observation. A MR of 2.0 was selected as the
optimum for further investigation since there was no signicant
increase in the amount of lithium recovered aer that.
Table 1 Chemical composition of concentrate determined by XRF and

Major Al2O3 CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O

(wt%) 20.79 1.72 0.03 4.29 1.26 1.30 0.32 1.14
(ppm)

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2.2 Effect of temperature. Chlorination was performed at
60 minutes residence time and MR of 2.0 in order to optimize
the temperature. During the simulation using the equilibrium
composition module of HSC Soware (Fig. 2), it was found that
lithium chloride in the liquid phase attains a maximum
ICP-OES

P2O5 SO3 SiO2 TiO2 Li Cs Rb Ta Nb Sn

0.33 0.15 61.31 0.10 2.14
116 1033 202 180 140

RSC Adv., 2022, 12, 21468–21481 | 21471
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Fig. 6 (a) Percent lithium recovery versus temperature at CaCl2/spodumene molar ratio of 2.0 and 60 min residence time; (b) vapor pressure of
lithium chloride versus temperature.

Table 2 Mass balance comparison of percent lithium recovery and
extraction at different temperature

Temperature,
�C

Residual lithium
in residues wt% Recovery% Extraction%

900 1.15 45.3 46.3
950 0.50 79.1 76.6
1000 0.23 83.5 89.3
1050 0.32 64.3 85.1

Fig. 7 Arrhenius diagram for lithium recovery during chlorination of
spodumene concentrate between 800 and 950 �C, residence time ¼
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concentration aer 600 �C. Based on this, temperatures ranging
from 700 to 1050 �C at 50 �C intervals were selected for the
chlorination and results are presented in Fig. 6a. Recovery
increases with increasing temperature until it peaks at 1000 �C.
From 700 to 800 �C which falls within the initiation zone of the
process, the lowest quantity of LiCl (about 17%) is produced.
This is expected since CaCl2 (with melting point around 770 �C)
starts melting to initiate reaction with spodumene to yield
products. The range of this temperature however, may not be
sufficient enough to provide appropriate conditions for appre-
ciable recovery. Aer 800 �C, a sharp increase in recovery is
observed until 1000 �C. In our previous studies,32 it was estab-
lished that, spodumene when heated gains minor cracks which
become prominent with increasing temperature until it disin-
tegrates. 1000 �C was indicated as the temperature where
sufficient disintegration is attainable but above it, melting and
agglomeration occurs. Thus, increasing temperature has
a remarkable effect on the opening of the mineral for more
lithium atoms to interact with molten CaCl2. This leads to the
production of more LiCl until it peaks at 1000 �C. Aer 1000 �C
(1050 �C), a decline in recovery is observed. This may be
attributed to two factors, either melting and agglomeration of
spodumene with impurities or the evaporation of LiCl from the
reaction medium as it is formed. It is possible also that, both
mechanisms all contribute to the decline. A mass balance was
21472 | RSC Adv., 2022, 12, 21468–21481
performed on the leached residues in order to compare lithium
recovery achieved and extraction efficiency and also to investi-
gate the factor(s) responsible for the decline in recovery. These
results are presented in Table 2. Residual lithium in residues is
observed to decrease with increasing temperature with a corre-
sponding increase in both recovery and extraction efficiency up
to 1000 �C. Beyond 1000 �C, there is an increase in residual
lithium. This may be attributed to melting and agglomeration
which locks up some lithium atoms within the agglomerated
matter, hence, preventing their access by CaCl2 and subsequent
extraction.

Recovery and extraction efficiency are comparable up to
1000 �C aer which about 20% higher extraction was observed
60 minutes, CaCl2/spodumene ¼ 2.0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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than recovery (Table 2). The difference may be linked to the
evaporation of LiCl as well as melting and agglomeration of
materials suspected earlier. Previous studies40 have conrmed
Fig. 8 SEM photomicrographs showingmorphological changes of spodu
(C) 850 �C, (D) 950 �C, (E) 1000 �C, (F) 1050 �C and their correspondin
structures appearing at the peripheries of spodumene grains during trea

© 2022 The Author(s). Published by the Royal Society of Chemistry
formation and/or evaporation of lithium chloride at 1000 �C
and above. They suggested the effect of vapor pressure evolution
with temperature as a possible cause of the observation. A plot
mene during 60min and MR¼ 1.75 treatment at (A) 750 �C, (B) 800 �C,
g spot magnification (A1), (B1), (C1), (D1), (E1) and (F1); (G) fibrous-like
tment.
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Table 3 Elemental composition (EDS data) of sections of spodumene grain during chlorination

Elements

Spot “1” Spot “2” Spot “3” Spot “4” Spot “5”

awt% aat% wt% at% wt% at% wt% at% awt% at%

Al 14.38 11.53 16.68 13.39 6.33 5.60
Si 30.50 23.48 22.02 16.97 24.29 19.83 48.27 33.33 13.52 11.50
Cl 0.39 0.24 14.57 9.82
Ca 13.22 7.14 35.41 20.25 29.65 17.68
Fe 0.77 0.30 0.74 0.29 1.76 0.75
Na 0.26 0.25
Mg 2.25 2.21
O 47.87 64.70 45.61 61.72 41.81 59.92 54.99 66.67 35.10 52.43
Total 93.52 98.92 101.5 103.3 103.2

a wt% and at% represent mass and atomic percentage, respectively.
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of changing vapor pressure of LiCl with temperature is shown in
Fig. 6b. It increases sharply above 950 �C, where lithium chlo-
ride can volatilize and be lost to the gas phase. We suspect also,
the possible formation of CaCl2/LiCl, KCl/LiCl or CaCl2/LiCl/KCl
eutectic mixtures, which can result in the evaporation of LiCl at
relatively low temperature. It can therefore be inferred that,
both phenomena (melting and agglomeration and LiCl evapo-
ration) play a role in the decline of lithium recovery.

The Arrhenius diagram for the chlorination process from
800 to 950 �C resulted in an apparent activation energy of 122 �
6 kJ mol�1 (Fig. 7).

3.2.2.1 SEM-EDS investigation. To conrm the supposed
phenomena, SEM-EDS analysis was performed on leached
residues and results are presented in Fig. 8. Though the evap-
oration effect could not be established by this approach, a clear
melting and agglomeration which could hinder lithium
Fig. 9 XRD pattern of evolving phases as a function of temperature at 6

21474 | RSC Adv., 2022, 12, 21468–21481
extraction is observed in Fig. 8F (treatment at 1050 �C) but it did
not occur at lower temperatures. It is also clear that, CaCl2
selectively attacks spodumene grains at the peripheries at lower
temperatures, decolorizing its dark color to several shades of
grey. Thus, aer decolorizing the exterior portions of spodu-
mene grains, it gradually attacks the internal parts by forming
channels through them at increasing temperature. Details of
spodumene grain remains in leached residue at 750, 800, 850,
950, 1000, and 1050 �C treatments are shown in Fig. 8A1–F1,
respectively.

Increasing temperature is observed to create more channels
in spodumene grains, leading to increased reaction area and
recovery. Thus, the recovery or extraction appears to depend on
the degree of access of the molten CaCl2 to the spodumene
grains. It can then be supposed that, the process is diffusion
controlled rather than chemical reaction controlled. The
0 minutes treatment and MR ¼ 2.0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 XRD semi-quantitative analyses of temperature at 60 minutes
residence and MR of CaCl2/spodumene of 2.0.

Fig. 11 Evolution of the lithium recovery as a function of residence
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different colorations due to the chlorination of spodumene
were assigned “1”, “2” and “3” and identied as spodumene,
calcium aluminosilicate (CAS) and calcium silicate, respectively.
A representative composition of the different portions are
shown in Table 3. It is clear that, the internal portions of
spodumene grain (“1”), which were unaffected by CaCl2, still
maintained their identity. It is an aluminosilicate with Si/Al ¼
2.0 which conrms its identity. The total wt% of this portion is
approximately 94 and the difference may be attributed to
lithium which could not be identied by EDS. Iron, the usual
impurity associated with it, is also identied at relatively low
concentrations. The next portion from the unaffected spodu-
mene (“2”) is dark grey area and identied as CAS. There is
varying concentration of the constituent elements of this
portion which suggests that, different minerals of CAS may be
present. The portion “3”, which is light grey coloured (the
external part of the spodumene), was revealed as calcium sili-
cate with approximate Ca/Si and O/Si of 1.0 and 3.0, respec-
tively. Quartz, which forms a signicant portion of the
concentrate, is identied at several portions of the SEM photo
as “4” with O/Si ¼ 2.0. EDS again identied a type of CAS con-
taining a signicant amount of chlorine. Magnesium and iron
are found in close association with these portions which makes
it light coloured or whitish compared to all the other portions
identied. We indicate this portion as “5” and call it “calcium
aluminosilicate chloride” (CASCl) for the sake of this study. In
Fig. 8F and F1 where melting and agglomeration was observed,
quartz, CAS and CASCl were found fused in the agglomerated
mater which conrms melting that occurred. EDS could
however, not identify the specic type of mineral giving rise to
these observations. The standard deviations of atomic percent
© 2022 The Author(s). Published by the Royal Society of Chemistry
of the different portions identied and the raw data including
the spectra generated by SEM-EDS is given in Tables S1–S10†
and Fig. S1–S5 of ESI.†

A closer look at the edges of spodumene grains in Fig. 8G
reveals the formation of brous-like structures, which gradually
eats into the internal parts suggesting again, an initial attack of
CaCl2 at the peripheries of the mineral before the interior
portions.

3.2.2.2 XRD investigation. In addition to the SEM approach,
different leached residues obtained aer chlorination at 60
minutes residence time and MR of 2.0 were studied by XRD
(Fig. 9). The a-spodumene is observed up to 950 �C but at
1000 �C and beyond, it disappeared. From the rst treatment at
800 �C the chemical composition of the plagioclases shows
a chemical evolution towards the calcium pole. Plagioclases
corresponds to the CAS identied by SEM-EDS. From 900 �C
only anorthite is identied (Fig. 9), moreover its content
increases with temperature, reaching about 70% in the end at
1050 �C (Fig. 10). Diopside appears at 800 �C and persists
throughout the treatments.

Wollastonite appears from 900 �C and like diopside, can be
identied until the end of the treatment. Wollastonite is linked
to the calcium silicate identied by EDS. Wadalite (Ca6(-
Al,Fe,Mg)5Si2O16Cl3) was also identied by XRD but due to its
comparatively small concentration and for clarity of presenta-
tion, it was not considered in XRD diagram. In Fig. 10, its
concentration (< 4%) is observed. It corresponds to CASCl which
was identied by EDS.

A thermal inuence can therefore be observed on the
mineralogical assemblages. Spodumene persists up to 1000 �C
and its concentration shows a continuous decrease with
increasing temperature. As the temperature rises, the spodu-
mene breaks down to interact with the molten calcium chloride.
time for samples treated at 1000 �C and MR ¼ 2.0.

RSC Adv., 2022, 12, 21468–21481 | 21475
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The decrease in spodumene is also related to anorthite forma-
tion (Fig. 10) and obviously to the lithium recovery (Fig. 6a).

It is worth noting that, only the a-form of spodumene was
identied in the residue. Two pathways may therefore be
possible for the extraction; (1) directly from the a-phase or (2) an
initial a to b-phase conversion followed by a quick in situ
lithium chloride formation due to the presence of calcium
chloride (2a-spodumene / 2b-LiAlSi2O6 + CaCl2 / 2LiCl +
2SiO2 + CaAl2Si2O8).
3.3 Effect of residence time

To investigate the kinetics, chlorination was performed atMR of
2.0, 1000 �C temperature and residence time from 30 to 120
minutes. The result is presented in Fig. 11. Recovery increases
Fig. 12 SEM photomicrographs showing morphological changes of spod
and (D) 120 min; (E) and (F) magnification at A1 and C1 respectively.

21476 | RSC Adv., 2022, 12, 21468–21481
sharply from 30 minutes and peaks at 60 minutes, achieving
about 85% recovery. A decline is observed aerwards such that,
at 120 minutes, about 5% lithium chloride was lost. The decline
is primarily attributed to the evaporation of lithium chloride.
Both temperature and time are thus, indicated as the most
sensitive parameters contributing to lithium extraction by this
process as suggested earlier.

3.3.1 SEM-EDS investigation. Fig. 12 shows the
morphology of leached residues arising from section 3.3 as
revealed by SEM-EDS. Fig. 12A (treatment for 30 minutes)
reveals clear portions of dark grey colour corresponding to
spodumene. A zoom in at A1 (Fig. 12A1) conrms spodumene
(“1”) by EDS at the internal portions of the grain. Two major
phases (dark and light grey) are observed and identied as CAS
umene during 1000 �C treatment for (A) 30 min, (B) 60 min, (C) 90 min

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 XRD pattern of evolving phases as a function of residence time
at 1000 �C and CaCl2/spodumene of 2.0.
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(“2”) and calcium silicate or wollastonite (“3”) aer 30 minutes
treatments (Fig. 12B–D). Wollastonite is oen found attached to
the CAS phase at the exterior parts. Observation also shows that,
only few CAS grains had wollastonite phase associated with
them which gives an indication that, it may be present in small
quantity. It may also imply that, both phases evolved concur-
rently from a mineral in the concentrate and a particular
condition is responsible for their segregation into the different
phases. There was no observed melting and agglomeration at
Fig. 14 Concentration of evolving phases as a function of residence
time at 1000 �C and CaCl2/spodumene of 2.0.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the various residence time during the treatment at 1000 �C
suggesting that, temperature is the main factor responsible for
this effect rather than time. A detailed look at a portion in Fig.
12C is shown in Fig. 12C1. It reveals a uniform brous-like
structure. This may be attributed to the percolation of molten
calcium chloride through grains, enabling reaction and subse-
quent lithium extraction which renders the grains brous and
porous. EDS analysis reveals that, the entire grain is composed
of CAS (“2”). CAS (anorthite) and calcium silicate (wollastonite)
are the predominant phases observed from 60 minutes onward
according to EDS investigation. It is therefore a conrmation
that, they are the major phases at the end of the process as
revealed by XRD.

3.3.2 XRD analysis. XRD was used to access the mineral-
ogical evolution in leached residues as a function of residence
time. XRD diagrams and the semi-quantitative estimation are
display in Fig. 13 and 14 respectively. Spodumene is observed
only in residue treated for 30 minutes which conrms SEM-EDS
results in Fig. 12A1. Anorthite is the predominant new phase
throughout with minor diopside and wollastonite. In Fig. 14,
the anorthite concentration is signicantly higher than
wollastonite which conrms earlier observation. It increases
slightly at the beginning to reach a plateau at 90 minutes. There
is no major and signicant change in the concentration of the
other minerals (quartz, wollastonite, diopside and wadalite).

Table 4 is a mass balance to compare the percent lithium
recovered in solution and extraction efficiency at varying resi-
dence time. Almost all extracted lithium from the concentrate
was recovered in solution at 30 and 60 minutes residence time.
Aerwards, the extraction exceeded recovery. Since no melting
and agglomeration was observed, the difference may be attrib-
uted to the evaporation of lithium chloride aer its formation
and allowing it to stay in the furnace. A maximum of 89%
extraction was achieved during 120 minutes of treatment.
Spodumene was not identied in residues obtained beyond the
optimal values of the two critical conditions identied. Tables 2
and 4, nonetheless reveal the presence of residual lithium
beyond these conditions. This suggests a possibility that, the
lithium might be in another phase rather than spodumene
which has not been conrmed by this study.

3.4 Mechanisms for phase evolution

Major gangue minerals in the concentrate are mica, alkali
feldspar, amphibole, albite and quartz. These minerals interact
with each other or respond differently with temperature and the
chlorinating agent (calcium chloride). Decrepitation of mica
species have been studied extensively by Hutchison.42 He
Table 4 Mass balance comparison of percent lithium recoveries and
extraction at 1000 �C and different residence time

Time (min) Residual lithium wt% Recovery% Extraction%

30 0.37 82.3 82.7
60 0.28 84.8 86.9
90 0.25 80.4 88.3
120 0.24 79.5 88.8

RSC Adv., 2022, 12, 21468–21481 | 21477
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discovered the decomposition to begin around 300 �C (305 to
340 �C). There is a foreknowledge that under pressure, the
decomposition of muscovite43,44 and biotite,45,46 (the two mica
species identied in the spodumene concentrate) form K-
feldspar as shown from eqn (12)–(15). The formation is said
to be an ionic exchange process44 which is similar to observa-
tion in our previous study.32

KAl3Si3O10(OH)2 + SiO2 / [KAlSi3O8]melt + Al2SiO5

+ H2O(g). (12)

KFe3AlSi3O10(OH)2 + 3SiO2 / [KAlSi3O8]melt + 3FeSiO3

+ H2O(g) (13)

KAl3Si3O10(OH)2 / [KAlSi3O8]melt + Al2O3 + H2O(g) (14)

KFe3AlSi3O10(OH)2 / [KAlSi3O8]melt + 3FeO + H2O(g) (15)

Alkali feldspars including K-feldspar synthesized from mica
transform to anorthite by replacing alkali metals with calcium
atoms in their monoclinic crystal structure of the feldspar.47

Wollastonite, quartz and alkali metal chlorides alongside the
synthesized anorthite are products expected at the end of the
process (eqn (16) and 17).

CaCl2 + 2NaAlSi3O8 / CaAl2Si2O8 + 4SiO2 + 2NaCl (16)

CaCl2 + 2KAlSi3O8 (M) / CaAl2Si2O8 + 4SiO2 + 2KCl (17)

Amphiboles transform to their respective pyroxenes and
quartz through topotactical dehydration decomposition at
temperatures above 600 �C.48–50 The transformation is pseudo-
polymorphic because it occurs at a xed temperature for
a given pressure. There is also a close resemblance of the
resultant products to the reactant which is typical of poly-
morphic transitions.50 Using tremolite (the amphibole
Fig. 15 The standard Gibbs energy changes for phase transformation
of gangue minerals in concentrate in oxygen deficient environment
(reactions (12)–(19)) versus temperature (data from the HSC Chemistry
5.1 Software).

21478 | RSC Adv., 2022, 12, 21468–21481
considered in this study), the decomposition gives rise to
diopside and enstatite) (eqn (18)) at about 740 �C according to
Xu et al.49

Ca2Mg5Si8O22(OH)2 / 2CaMgSi2O6 + 3MgSiO3 + SiO2

+ H2O(g) (18)

CaAl2Si2O8 / CaSiO3 + Al2SiO5 (19)

HSC Chemistry soware was used to determine the feasi-
bility of phases evolving and predict the inuence of tempera-
ture on products formation. Gibbs free energy changes for the
formation of products in eqn (12)–(19) is plotted as a function of
temperature in Fig. 15. All the reactions are feasible either
throughout or at a point within the operating temperatures with
the exception of the decomposition of anorthite (eqn (19)).

The micas have similar feasibility which starts aer 300 �C
and increase with temperature to form K-feldspar which
conrms earlier study.42 Alkali feldspars also have similar
chemical reactivity to produce the same products (anorthite and
quartz) in addition to their respective alkali metal chlorides but
their thermodynamic behaviour is somewhat different. Specif-
ically, K-feldspar (eqn (17)) is feasible throughout but the
feasibility of albite (eqn (16)) is only up to 927 �C. K-feldspars
(synthesized or originally present in the concentrate) end up
forming anorthite as the prominent new phase at the end of the
process. Furthermore, anorthite is favorably synthesized from
the interaction of spodumene and calcium chloride (eqn (9) and
(10)). That is, HSC conrms that, anorthite is a major mineral in
leached residues. This is because it is a product from a feasible
reaction for the decomposition of spodumene (the major
component of the concentrate) as well as other minerals which
are present in a fairly high amount. The decomposition of
anorthite to other components was investigated as modeled by
Fig. 16 The standard Gibbs energy changes for phase transformation
of gangue minerals in concentrate in oxidizing environment (reactions
(20)–(25)) versus temperature (data from the HSC Chemistry 5.1
Software).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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eqn (19) but it was found not to be possible in Fig. 15. It is
suspected that, sodium and potassium which may be found in
the leached liquor is obtained principally from eqn (16) and
(17). The Gibbs free energy change for the decomposition of
tremolite (amphibole) in eqn (18) is negative aer 527 �C.
However, it is an extrapolated data aer 527 �C which may be
due to either lack of data for tremolite in the soware or its
breaks down beyond this temperature. Drawing inference from
earlier work,50 we attribute this to its pseudo-polymorphic
decomposition to diopside and enstatite. Extrapolation of
data is also observed for albite and spodumene at 927 �C as well
as annite at 727 �C.

The effect of oxygen concentration in the process environ-
ment on products formation from individual minerals was
investigated using the HSC soware. Model equations for mica,
alkali feldspars, amphibole and albite in the oxidizing atmo-
sphere are presented in eqn (20)–(25). The Gibbs free energy
changes for product formation is presented in Fig. 16. With the
exception of annite decomposition (eqn (20)), the feasibility of
all the reactions are primarily impossible but by manipulating
the oxygen concentration, feasibility can be achieved to some
extent in the alkali feldspars.

2KFe3AlSi3O10(OH)2 + O2(g) / 2[KAlSi3O8]melt + 2Fe3O4

+ 2H2O(g) (20)

2NaAlSi3O8 (A) + 2CaCl2 + 0.5O2(g) / 2NaCl + CaAl2Si2O8

+ 3SiO2 + CaSiO3 + Cl2(g) (21)

2KAlSi3O8 (M) + 2CaCl2 + 0.5O2(g) / 2KCl + CaAl2Si2O8

+ 3SiO2 + CaSiO3 + Cl2(g) (22)

2NaAlSi3O8 (A) + 3CaCl2 + O2(g) / 2NaCl + CaAl2Si2O8

+ 2SiO2 + 2CaSiO3 + 2Cl2(g) (23)

2KAlSi3O8 (M) + 3CaCl2 + O2(g) / 2KCl + CaAl2Si2O8 + 2SiO2

+ 2CaSiO3 + 2Cl2(g) (24)

2aLiAlSi2O6 + 3CaCl2 + O2(g) / 2LiCl + CaAl2Si2O8 + 2CaSiO3

+ 2Cl2(g) (25)

Oxidizing reactions for alkali feldspars occurring in half
a mole of oxygen (eqn (21) and (22)) are not feasible but by
doubling it (eqn (23) and (24)), the Gibbs free energy achieve
some level of negativity (though not high). The resulting phases
are anorthite and calcium silicate (wollastonite, which is iden-
tied by XRD) and the release of chlorine gas. Thus, anorthite
formation is highly suspected by the soware which conrms
XRD results. From this observation, wollastonite can be
a possible product in the residue depending on the oxygen
concentration during treatment only if HSC Soware predic-
tions are valid. Spodumene feasibility is also observed to be
affected by oxygen concentration such that, it is non-
spontaneous in oxidizing atmosphere (eqn (25) and Fig. 16)
but spontaneous in oxygen decient atmosphere (eqn (9))
depending on the temperature. In general, the process feasi-
bility is high in oxygen decient environment than oxidizing.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.5 Correlating XRD results, HSC soware predictions and
reaction mechanisms

HSC soware predicts anorthite as the predominant new phase
at the end of the process, arising primarily from spodumene,
mica and alkali feldspar decomposition in the presence of
calcium chloride. Amphibole and mica persist only up to 850 �C
aer which they disappear from XRD spectra of leached residue.
This implies that, aer 850 �C, their transformation to other
phases is complete which is in agreement with observation by
ref. 50 and 42. As indicated earlier, the decomposition of mica
and amphibole basically form K-feldspar melt and pyroxenes
respectively. The appearance of diopside aer 850 �C may be
linked to the decomposition of tremolite, though enstatite (its
corresponding pyroxene during decomposition) was not iden-
tied, probably it transformed further to another phase. K-
feldspar may evolve from mica decomposition and its feasi-
bility is conrmed by HSC soware but it was not identied in
any of the residues. This suggests that, it appears as a meta-
stable phase and hence, quickly transforms to anorthite in the
presence of calcium chloride. According to ref. 51, the decom-
position of K-feldspars in the presence of calcium chloride
begins around 600 �C. Potassium chloride and anorthite are the
resulting products such that at 900 �C, the optimum extraction
is achieved. This identied temperature range falls within the
operating temperatures of the study. Therefore, the absence of
K-feldspar in the residue (XRD spectra) may be attributed to its
fast conversion to anorthite in the course of the process. Eqn
(19) suggests that, wollastonite may evolve from the decompo-
sition of anorthite or the chlorination of alkali feldspar in an
oxidizing atmosphere (eqn (21)–(25)). Since HSC Soware
predicts eqn (19) to be nonspontaneous, the close association of
wollastonite with CAS (as revealed in Fig. 12) may lead to the
conclusion that, the decomposition of alkali feldspars is
responsible for the synthesis of both phases and a limiting
oxidizing atmosphere is a prerequisite for the synthesis.
4. Conclusion

Investigation into the pyrometallurgical synthesis of lithium
chloride directly from a-spodumene followed by water leaching
was conducted. Though MR has inuence on lithium recovery,
temperature and time are the major factors which, if are not
regulated leads to evaporation of lithium chloride. Lithium
recovery to leach solution generally increases with all investi-
gated parameters, which are MR, temperature and time until
they peak at 2.0, 1000 �C and 60 minutes respectively. These
optimal conditions led to about 90 percent lithium extraction
but 85 percent was recovered to solution with the remainder
exiting via the gas phase. In a process, this gas phase lithium
could be also recovered by leaching the gas treatment dust.
Though recovery plateaus aer MR of 2.0, evaporation coupled
with melting and agglomeration occurs aer 1000 �C, which in
addition, leads to a decrease in recovery. XRD results conrmed
HSC soware and SEM-EDS predictions which reveals anorthite
as predominant phases (accounting for about 70 percent)
alongside quartz, wollastonite and diopside as minor phases.
RSC Adv., 2022, 12, 21468–21481 | 21479
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Predictions by HSC soware are in good agreement with
experimental observation. Spodumene identied in leached
residue is in the a-form with no identication of the b-form.
This suggests that, the extraction of lithium chloride is directly
from the a-phase. A possible transformation of a-spodumene
into b-spodumene followed by a fast synthesis of lithium chlo-
ride from b-spodumene (2a-spodumene/ 2b-LiAlSi2O6 + CaCl2
/ 2LiCl + 2SiO2 + CaAl2Si2O8) may also occur. However, we
treat this as tentative at this stage. The relatively low apparent
activation energy of 122 � 6 kJ mol�1 obtained could suggest
diffusion of calcium chloride as the rate limiting step of the
process.
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