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ABSTRACT

Lithium is a major component of Li-ion batteries, used in the manufacture of many
portable electronic devices. The energy transition is driving the shift from thermal to electric
and hybrid vehicles, which relies mainly on the use of Li-ion batteries for reversible energy
storage. The development of electric vehicles based on lithium-ion technology is
responsible for a record demand for lithium salt (mainly lithium carbonate and hydroxide).

Spodumene is the main source of lithium from ores. Its processing requires a phase
transformation from o-form to B-form, followed by roasting leading to the formation of a
lithium salt after a leaching, purification, and recovery steps. In this thesis, spodumene
concentrate from the Pilbara region of Western Australia was characterized for thermal and
hydrometallurgical processing.

Heat treatment is responsible for the formation of cracks in the grains which become
more noticeable with increasing temperature. Disintegration of the material, melting and
agglomeration with minerals contained in the gangue have also been observed by increasing
the temperature up to 1050 °C. Apparent activation energies of 655+20 kJ mol? was
calculated for the transformation of a-spodumene which confirms a strong temperature
dependence for polymorphic transformations of spodumene.

Subsequently, we investigated an alternative route to conventional methods (sulphuric
acid process) to treat the spodumene concentrate with the aim of reducing the high energy
consumption of the phase transformation and sulphate roasting steps. This was achieved by
direct chlorination of a-spodumene with calcium chloride, followed by water leaching of
the residue to recover lithium chloride.

Analysis of the residue obtained after leaching indicated that the a-form was the only
polymorph present, suggesting that extraction occurs directly from the a-phase. Under
optimal conditions, heat treatment at 1000 °C for 60 minutes of the spodumene concentrate
in the presence of calcium chloride at a calcium chloride/spodumene molar ratio of 2.0 is
required to extract nearly 90% of lithium and recover 85% in the leach liquor. An apparent
activation energy of about 122+6 kJ mol™ was calculated for temperatures ranging from 800
to 950 °C.

The liquor obtained after leaching was purified by ion exchange and solvent extraction
to recover lithium chloride of sufficient purity for consideration as a precursor in the

production of lithium-ion battery materials.
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INTRODUCTION

Lithium is the first and lightest metal on the periodic table. It is a member of the alkali
metals with atomic number, mass number and atomic radius of 3, 9.641 gmol™* and 0.155
nm respectively. Isotopes ranging from “Li to *2Li have been indicated but ®Li and “Li with
abundances 7.5 and 92.5% are known to be naturally stable [1, 2]. Lithium is normally found
combined with other elements as a salt or mineral instead of its native form. It is extracted
industrially from brine or minerals as a salt of chlorine, carbonate, or hydroxide. It is silvery-
white in colour with concentration of about 0.007% in the earth crust [3]. It has a density of
0.534 gcm™ and melts and boils respectively at 180.5 °C and 1342 °C. Though it is very soft
with a value of 0.6 on the Mohs scale it is harder than sodium and carbon. Its standard
reduction potential is about -3.03 VV when measured with reference to the standard hydrogen
electrode (SHE); making it one of the most electropositive metals with incredible
electrochemical properties. Its specific heat capacity of 3.56 Jg* K at 25 °C makes it the
highest for all solid elements, which in addition to the low redox potential makes it an
interesting substance. It is therefore very attractive to the battery industry [3, 4] where it
serves as the anode of metal-lithium primary battery. Its ionisation energy is indicated as
519 kJ.molt. Among other uses of the metal include lubricating and heat transfer purposes,
as bases and nucleophilic agents in chemical industries and as a mood-stabilizer in the
medical field [5].

Lithium is obtained from two main sources: Salar/brine and pegmatite ores. Around
50% of the global lithium is obtained from Salar or brine though its content in these sources
is relatively lower (about 200 to 700 ppm) compared to ores [6, 7]. It is believed that brines
are formed in the Andes by the washing of soluble lithium salts contained in volcanic ash
into endorheic reservoirs [8]. If this phenomenon occurs in arid or a high-altitude
environment where an inverse correlation exists between altitude and atmospheric pressure,
a high rate of evaporation of water from the brine occurs, leaving behind dry bed commonly
called Salars. The climatic conditions of Argentina, Bolivia and Chile (usually called the
Lithium Triangle) promotes the formation of Salars making them host a significant portion
of the global lithium reserves [4]. Some well-known Salars in this region are Salar de Uyuni,
Salar de Atacama and Salar de Muerto Hombre. Brine deposits also occur significantly in
the US, China, India and Canada.

Processing brine for lithium is done by pumping the brine into evaporation ponds to

evaporate, taking over a year to concentrate the metal. The recovery of lithium from the
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concentrated brine is achieved by crystallisation and precipitation of calcium and
magnesium chloride among others using calcium carbonate. Lithium chloride can then be
converted into its carbonate using sodium carbonate as precipitant after purification stages
to remove boron and remaining impurities. The process is less expensive, but the
management of impurities and the longer processing time required are its downside.

Geothermally hot waters have also been indicated to contain lithium with
concentration ranging from 0.1 to about 500 ppm [4]. If the temperature of the water is
sufficiently high, it enhances the leaching of lithium from weathered rocks and volcanic
activities leading to the formation of geothermal brines. Extraction of lithium from this
source is mainly by membrane filtration, ion-exchange or precipitation. Some waste
products obtained from oil extraction processes may also be a rich source of lithium up to
about 700 ppm. These are called oilfield brines. Lithium recovery from this source may be
expensive due to the depth (more than 2 km) which the brine needs to be pumped before it
gets to the earth surface. Attempts have also been made to recover the metal from the sea
irrespective of its low concentration (about 0.17 ppm) [3]. This is achieved predominantly
by electrodialysis or inorganic cation exchangers which has high selectivity for lithium
regardless of the presence of group one and two metal ions [9-12]. The economics however,
may not favour the metal’s recovery from sea water looking at the volume of water which
must be processed and the quantity of the metal that will be obtained from it in comparison
with other sources of the metal.

Pegmatites are coarse-grained rock type that host several masses of lithium-bearing
minerals as well as rare earth elements which are selectively and economically mined with
simple mining techniques. This lithium deposit may be categorised into three: the NYF type
which is composed of niobium, yttrium and fluorine; the LCT type which is made up of
lithium, caesium and tantalum; and lastly the NYF+LCT mixed type [13]. The lithium
minerals (spodumene, petalite, lepidolite, etc) and other concomitant minerals (columbite-
tantalite, cassiterite, pollucite, muscovite, albite, quartz, feldspar) are commonly found
associated with LCT pegmatite. The close association of lithium with pegmatites is due to
its high solubility which makes it concentrated in latter stage of cooling magma and
associated aqueous liquids where pegmatites are formed. Close to 145 lithium-bearing
minerals including clays have been indicated of which about 25 are known to contain more
than 2% Li,0O [4, 8]. Amongst the lithium bearing minerals, spodumene stands out as the

most attractive for industrial extraction of lithium.
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The commercialised process for beneficiating spodumene requires transforming it
from a- to the B-phase at elevated temperatures. This is followed by acid roasting (or baking
around 250 °C) of the activated form and a downstream processing to recover lithium. This
process has inherent challenges which are discussed in the next chapter. New and improved
technologies which seeks to resolve these challenges have been on the increase owing to the
high demand of the metal in the last decade. This study therefore seeks to develop a complete
and novel process for extracting lithium from the mineral where some of the challenges
encountered in the conventional process are resolved.

Literature reviewed on the state-of-the-art revealed that one major challenge
encountered in all processing routes of the mineral is the phase transformation. It is done at
very high temperatures and requires appreciably longer time which makes it energy
intensive with increased cost of production as well as prolonging the time. It was also
realised that chlorine metallurgy is not very developed in the processing and recovery of the
metal from spodumene though it has some advantages, particularly, its high efficiency at
moderate operating temperatures which can be harnessed. This led to the investigation as to
whether direct chlorination of a-spodumene can lead to the extraction of lithium at a reduced
temperature, thereby mitigating the energy requirements in the phase transformation and the
roasting step as well as the time requirement. Thus, the main focus of this thesis is to create
knowledge and ascertain the technical feasibility for sustainable extraction of lithium
through direct chlorination of a-spodumene.

To achieve this, spodumene concentrate obtained from the Pilbara region of Western
Australia was characterised to ascertain its physical, chemical and mineralogical properties
followed by investigation into its polymorphic phase transition. Several chlorine salts were
explored for their ability to extract lithium from the uncalcined mineral by performing
thermodynamic calculations using HSC Chemistry® 5.1. Chlorination roasting experiments
with selected salt(s) were performed to optimize process parameters.

Chlorinated residues obtained were leached followed by investigation into
technologies to purify the leached liquor to obtain lithium salt of high purity. Explored
technologies include selective crystallisation of calcium chloride from leach liquor, ion
exchange and solvent extraction

This manuscript is organised into five main chapters. In the first chapter, literature on
the methods of processing lithium-bearing mineral particularly spodumene are reviewed.
Thermodynamic modelling was performed on data obtained in literature for processing

spodumene in order to gain more insight of the processes. In chapter 2, instrumentation and
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analytical techniques used in the study is described. Spodumene sample used for the study
was characterised in Chapter 3. Its transformational characteristics upon thermal treatment
was examined with respect to morphology, polymorphic transformation and its thermal
requirements. The fourth chapter is dedicated to studying and selection of suitable
chlorinating agents based on thermochemical calculations performed with the HSC
Software. Information on experimental investigations to extract lithium as a chloride with
optimised conditions is also found in this chapter. The last chapter looks at purifying the
leach liquor to recover the lithium.
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CHAPTER 1: Literature Review

1.1 Lithium
1.1.1 Global demand, market, reserves and resources.

Lithium is a currently a very hot commodity which has widespread application
resulting from its properties enumerated in the previous section. It is undergoing rigorous
investigations to meet worldwide stable supply as it is now considered a critical metal by
many countries. The fuel combustion transportation system has been found as a major
contributor to greenhouse emissions, particularly, CO.. In the European Union alone, it is
estimated to contribute around 27% of the global emission [1]. To curb this and achieve a
net zero emission, there is an ongoing revolution to replace the traditional combustion fuel
vehicles and other energy generating systems partially or wholly with clean technologies.
This initiative if successful is expected to reduce the emission with a subsequent reduction
in global warming.

The International Energy Agency (IEA) estimated the quantities of the metals needed
by each clean energy technology sector to achieving the Paris Agreement [2]. It was
revealed that, about six-fold as much as the metals used in 2020 is needed to make this goal
a reality; the quantity required for electric vehicles (EVs) and batteries being significantly
higher than all other technologies (Figure 1.1) [2]. They predicted the percentage demand
of each metal toward the energy transition and presented their findings in Figure 1.2.
Included is their Stated Policies Scenario (STEPS) which is an indicator of the direction of
the energy system by sector analysis according to current policies and announcement. The
figure reveals that, as high as 90% of lithium will be needed in 2040 compared to nickel and
cobalt (60 to 70%), Rare Earth Elements (REEs) and copper (40%) [2, 3]. Elsewhere, about
27 fold as much as recorded in 2012 is predicted as the demand by 2050 where fairly high
quantity of vehicle fleet are expected to be electrically powered to meet the decarbonisation
agenda [4-6].

It is said that a classical EV needs approximately six times more lithium than that
required for the same conventional type of vehicle during manufacture [2]. Several
uncertainties surround the prediction of the future quantum of EVs due to the rapid rate of

manufacture.
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Figure 1.1: Contributions of clean energy technologies to achieve Net Zero by 2050;
Sustainable Development Scenario (SDS) is an indicator of the expected demand in
2040 if this goal must be achieved by 2050 [2].

For instance, Bloomberg New Energy Finance’s 2030 projection of the electro-automobile
demand exceeded their previous one by 40% [7-9]. Elsewhere, a yearly growth of forty-two
new EVs manufactured for every thousand people in 2100 (about 630 million units) which
though, corresponds to hundred percent penetration by the year 2087 [10], it may not be
able to meet the global target. Taking the EU into consideration, Simon et al. [1] predicted
that, depending on the brand of vehicle and battery, an optimum of 9.5 million penetration
which is just a small quantity (about 30%) of what is needed for 2030.

Despite the predicted EV shortages, studies have revealed abundance of lithium
reserves to match up with the rapid growing market demands except for a temporal shortage
which can occur [10, 11]. Gruber et al. [10] predicted a minimum and maximum lithium
demands of 12 and 20 million tonnes (Mt) respectively between 2010 and 2100.
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Figure 1.2: Demand of critical metals since 2010 and the projected demand to achieve
SDS by 2040. [2].

They also predicted 39 Mt as the highest global resource and 19 Mt as the lowest global
recoverable lithium which when compared with the demand confirms no danger of lithium
scarcity for the growing market. In their analysis they argue that, though the maximum
demand (20 Mt) is higher than the lower recoverable lithium, it is securely lower than the
upper limit resource (39 Mt) and since there is the likelihood of obtaining higher recoveries
from the lower recoverable lithium (19 Mt), there seem to be no danger of shortage [10].
The only challenge lies in the relatively longer time required for setting up of new mines
and refineries to cater for the sharp market demand. It has been revealed that an average of
16 years is required from the start of mining projects until the first production [2]; thus, there
can be a shortage due to this lagging time should there be a sharp rise in demand.

USGS indicated a 33% rise in lithium consumption in 2021 when it increased from
70,000 tonnes in 2020 to 93,000 tonnes whilst production rose by approximately 21% from
82,500 to 100,000 tonnes likely due to the number EVs that penetrated [12]. This is
confirmed by the 2022 IEA report which revealed a doubled sales of EVs in 2021 with a
total number of 6.6 million which was even predicted to go beyond 10 million in 2022 [3].
The IEA “blue map scenario” for the different EVs predicts annual sales of 14, 62, 47 and
34 million by 2050 respectively for the hybrid, plug-in hybrid, battery, and fuel cell types
[13, 14]. A change over in manufacture and sales of these vehicle fleet to another is also
expected such that, the battery type will dominate with 104 million sales followed by the
plug-in type with 20 million; the hybrid type will be reduced to as low as 6 million whilst

the fuel cell type may not be in existence.
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Predicting lithium quantities required in the EVs is marked with a lot of reservations

since their development is still ongoing alongside the possible different battery chemistries

among other factors. This makes it difficult to predict the quantities of the metal required

by a particular vehicle type since the different battery chemistries require different quantities

of lithium (material intensity) for every battery energy. This has resulted in varying figures

ranging from 50 to 562 g/kWh reported in literature (Table 1.1). That notwithstanding,
Speirs et al. [5] after their careful analysis arrived at 190 to 380 g/kWh as the ideal. The

IEA’s prediction of annual sales of plug-in hybrid electric vehicle (PHEV) and battery

electric vehicle (BEV) were used to determine the annual lithium demand since these

vehicle types contain the highest battery size as well as the suspicion that they will be the

dominant on the market compared to hybrid electric vehicles (HEVs) and fuel cell vehicles

(FCVs).

Table 1.1: Reported amount of Li>COs required for each KW h of EV battery [5].

Source

Vehicle application

Mat. Int.* (kgLi/kwWh)

Chemetall GmbH

Meridian International Research
Meridian International Research
Kushnir and Sanden
Rade and Andersson

Argonne National Laboratory

Gruber et al. [10]
Evans

Evans cited by Reuters
Engel

Fraunhofer ISI

Dundee Capital Markets

National Renewable Energy Laboratory

BEV (25 kW h)
PHEV (16 kW h)
HEV (1 KW h)

Average for four
chemistries

Li-ion (Mn)

Li-ion (Ni)

Li-ion (Co)

HEV4 (1.2 kW h)
PHEV20 (6 kW h)
PHEV40 (12 KW h)
EV100 (30 kW h)
Li-ion (Co, Mn, Ni)

Chevrolet Volt (16 kW h)

LiCoO;
LiFePO4

HEV (1.7 KW h)
PHEV12 (5.6 KW h)
PHEV35 (17.5 KW h)
BEV75 (29.5 KW h)
BEV150 (67 KW h)

0.165
0.176
0.375
0.300
0.563
0.160
0.140

0.308
0.244
0.246
0.246
0.114
0.113
0.158
0.050
0.180
0.120
0.080
0.100
0.108
0.110
0.112
0.112

Mat. Int.* represents Material Intensity
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Finally, they arrived at 268 and 989 kt as the upper limit annual demand of the metal for the
2030 and 2050 “blue map market” respectively as well as 47.2 and 184 kt for the
corresponding lower limits. Another source has predicted 2 Mt of lithium carbonate
equivalence (LCE) demand (1.7 and 0.3 Mt respectively for battery and other demand) by
2030 which is four times of what they predicted for 2020 [7].

The supply of lithium to the market is determined by its availability (resource and
reserve) and production, either from primary or secondary sources. Some researchers [10,
11, 15, 16] have estimated the global availability but leads to varying estimations which
makes predicting the market supply very challenging. It is said that in 2009, the difference
in the estimations between the lowest and the highest value was huge (around 700%) [5]. A
source predicted an approximate supply of 1.7 Mt by 2027 (Figure 1.3) which will require
an extra 500 to 1000 kt production if the sales of EV evolve as predicted in the current
decade [7].

Geologist classifies the amount of the substance of interest (mineral, element, or fuel)
into resource and reserve. Resource is the estimated quantity of potentially recoverable
material occurring naturally in the earth crust based on theoretical knowledge whilst reserve
is the amount of the resource that can be currently exploited with reference to available
technology and socioeconomic conditions. Yaksic and Tilton [11] classified resources of
lithium as minerals, brines, clays and seawater but reserve was only limited to minerals and
brines.

3000
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Lithium supply and demand (kt)
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2016 2017 2018 2019 2020e 2021e 2022e 2023e 2024e 2025e 2026e 2027e 2028e 2029e 2030e

W Base case Probable [] Possible s Demand

Figure 1.3: Stability demand and supply balance of lithium. “e” means expected [7].
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They simplified their classifications and possible products obtainable from them alongside
their uses in Figure 1.4 [11]. They also revealed that at increased price of the metal, some
resources may qualify as reserves such that the recovery of the metal from seawater will be
possible if the price falls within seven to ten dollar a pound. Should this be possible, about
44.8 billion tonnes of lithium from seawater can be recovered. This accounts for 20% of the

total metal in seawater at its extremely low concentration (about 0.17 mg/L) [5, 11, 17].

Lithium

Resources Minerals Brines Clays Sea Water
1 v
Lithium Brines
Reserves Minerals
w
Lithium Chloride L I—' Lithium chloride
Lithium  Concentrates L l
Products Lithium Carbonate o
l Lithium Metal
v
Lithium Hydroxide l
Butyl Lithium
v l
v inpim
i zélum ) Casti Synthetic Rubber,
Gl_azes and Gfeas:cs= Lubricants, ontinuous Casting Polymers and Organic
Frits Batteries and Powder, Secondary Derivates
Major Inorganic Derivates Batteries,
Applications il Pharmaceuticals, Pharmaceuticals
.. Glazes and Frits And Primary +—
Dehumidifier Systems Batteries

Figure 1.4: Classification of lithium resource and reserve in deposits, their recoverable
products and uses [11].

The exploration of the metal is still at the infantile stage and new deposits either as
resource or reserve are constantly being discovered which results in changing estimation of
the available lithium over time. USGS therefore, constantly updates their records to account
for the changes, revealing as high as 48 and 8 Mt as the resource and reserve difference
between 2015 and 2021 respectively [12, 18]. Figure 1.5 indicates the estimates as at 2022
according to USGS survey where Bolivia followed by Argentina host the world’s largest
resource at 21 and 19 Mt respectively. Though Chile places third globally in metal’s
resource, it has the largest known reserve followed by Australia at 9.2 and 5.7 Mt
respectively, leaving Bolivia with no significantly known reserve even at her highest

resource estimated.
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Figure 1.5: Current estimation (as at 2022) of global lithium resource and reserve.
Data from USGS. “e” means expected [12].

Estimation of the annual production is faced with some difficulties as some companies
consider the information proprietary. A typical example is the withholding of these data by
industries in the United States (US). In Figure 1.6, the yearly production by country (except
US), consumption and price from 2015 to 2021 is presented. Australia has been the largest
producer throughout the years studied. Since the country’s source of production is
spodumene, it can be inferred that, production from minerals exceeds that of brine for the

years considered even though brine hosts the major resource and reserves.
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Figure 1.6: Lithium production, consumption, and price from 2015 to 2021. Data from
[19].
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This may be attributed in part to the longer processing time required for extraction from
brine and in part to less effort to maximise extraction from this source. Chile (production
from brine) follows as the second whilst China places third with a mixed production from
both minerals and brine. Yaksic and Tilton [11] sourced information from industries and
other places and presented the cost of production from some brine and pegmatite deposits
around the globe in a summary found in Table 1.2 and 1.3 respectively. Other salient
information such as the grade or concentration and the magnesium to lithium ratio were also
indicated. It is observed that though the magnesium to lithium ratio to some extent
determines the ease of processing brine, there is no correlation between it and the production
cost. The Atacama deposit in Chile produced the metal at the lowest cost between 0.70 to
1.00 dollars per pound; Australia and Zimbabwe deposit contain the highest concentration
of lithium with their cost of production within the ranges 1.20 to 1.50 and 1.30 to 1.80 dollar
per pound respectively.

Despite Bolivia hosting the world’s largest resource of 21 Mt, USGS does not indicate
any production for the years under consideration but a source [20] has however, indicated
1400 tonnes of production since 2018. The low production in the country is attributed to the
restrictions of the mineral law of the country that makes the country to enjoy monopoly of
the metal’s production in the country. This prevents the participation of foreign companies
in the production for enhanced exploitation and maximization of the abundant resource
found in the country [20].

Production is seen to increase annually from 2015 until 2018 after which a decline was
observed in 2019 and 2020 due to excess production over consumption and consequently,
decreasing the price as observed (Figure 1.6). Afterwards, the metal saw increased
production after the pandemic (2020) to meet the surging demand and price which has led
to increased establishment and expansion of lithium mines and refineries worldwide.

Figure 1.7 presents the historic price of the metal since 1970, the predicted price from
2021 to 2040 roadmap to enable the attainment of net zero emission and the uncertainty
band. It is observed that, the post-pandemic price increase is likely to persist and even be
exorbitantly high for a longer period to the extent of affecting the time limits set for the

transition to green technology [21].
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Table 1.2: Characteristics of some brine deposits and their production costs [11].

Deposit Country Grade (%Li)  Mg/Li Ratios  Production cost*
Atacama Chile 0.15 6.4 0.70-1.00
DXC China (Tibet) 0.04-0.05 0.22 1.00-1.20
Zhabuye China (Tibet) 0.05-0.1 0.001 1.00-1.20
Taijinaier China 0.03 34 1.10-1.30
Hombre Muerto Argentina 0.06 1.37 1.10-1.30
Olaroz Argentina 0.09 2 1.10-1.30
Silver Peak USA 0.023 1.5 1.10-1.30
Rincon Argentina 0.04 8.5 1.20-1.50
Maricunga Chile 0.092 8 1.20-1.50
Uyuni Bolivia 0.04 19 1.30-1.80
Searles Lake USA 0.0065 125 2.00-2.50
Salton Sea USA 0.022 1.3 2.20-2.80
Great Salt Lake USA 0.004 250 2.20-2.80
Dead sea Israel-Jordan 0.002 2,000 2.40-3.00
Smackover USA 0.0386/0.0365 20 5.00-6.40
Oceans n/a 0.000017 n/a 7.00-10.00

Production cost* in dollars per pound; n/a is “not applicable”.

Table 1.3: Some pegmatite deposits and their cost of production [11].

Deposit Country Grade (%Li)  Production cost*
Greenbushes Australia 1.36 1.20-1.50
Masvingo (Bikita)  Zimbabwe 1.4 1.30-1.80
Bernic Lake Canada 1.28 1.30-1.80
Cherryville USA 0.68 1.30-1.80
Barroso-Alvao Portugal 0.37-0.77 1.40-2.00
Covas de Barroso Portugal 0.72 1.40-2.00
Gajika China n/d 1.40-2.00
Maerkang China n/d 1.40-2.00
Brazil Brazil n/d 1.50-2.00
Separation Rapids ~ Canada 0.62 1.80-2.20
Quebec Canada 0.53 1.90-2.30
Jaijika China 0.59 1.90-2.30
Qaidam Basin China n/d 1.50-2.50
Kings Mountain USA 0.69 2.00-2.50
Etikinskoe Russia 0.23-0.79 2.10-2.70
Namibia Namibia n/d 2.20-2.80
Manono-Kitololo Zaire 0.58 2.40-3.00
Bougouni Area Mali 1.4 2.40-3.00
Yellowknife Canada 0.66 2.50-3.00
McDermitt USA 0.24-0.53 3.50-4.70
North Carolina USA n/d 3.50-4.70
Russian pegmatites  Russia n/d 3.50-4.70

Production cost* in dollars per pound; n/d is “no data are available”.
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Figure 1.7: Historic and future price of lithium [21].

1.2 Lithium Minerals

As indicated earlier, lithium is found in about 145 minerals of pegmatite or
sedimentary origin but only a handful have economic importance. Pegmatite containing the
metal are spodumene (LiAISi2Og), petalite (LiAlSi4O10) lepidolite
[KLi2AI(AlSi)3010(F,0H)2], amblygonite [(Li,Na)AIPO4(F,0H)], eucryptite (LiAISiOa)
and zinnwaldite [KLiFeAl(AlSizO10)(OH,F).]. Presently, the extraction of lithium from
minerals is almost solely obtained from spodumene. Clay and lacustrine evaporites are the
sedimentary sources of lithium. Clayey source of lithium is hectorite
[Nao3(Mg,Li)3Siz010(OH)2] and jadarite [LiNaSiBsO7(OH)]. Hectorite (deposits found in
Hector, California) is a magnesium silicate of the smectite family with trioctahedral crystal
structure where there is a partial substitution of magnesium for lithium [22, 23].
Concentration of lithium ranging from 0.2 to 2wt% have been reported [24]. Jadarite is a
carbonate and micaceous aggregated matter found in Jadar Basin of Serbia as a result of the
sedimentation remains of evaporation (evaporite) of intermontane lakes. It also contains
significant amount of boron (about 47.2% of B20Os) which can be economically extracted
alongside lithium [25]. The grade of lithium in these minerals with some characteristics are
given in Table 1.4. Major lithium minerals encountered and their global distribution is

shown in Figure 1.8.
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Table 1.4: Characteristics of some Li-bearing pegmatite and clay minerals [26, 27].

T T T 3
Deposit Mineral Formula % LioO Hardness* Density/gcm
Pegmatites  Lepidolite K(Li,Al)3(Si,Al)4010(F,0H), 7.7 2.5-3.0 2.8-2.9

Zinnwaldite  KLiFe?*Al(AlSis)On(F,OH), 342 3540  29-3.0

Spodumene LiAlSi;Og 8.03 6.5-70 3.1-3.2

Eurcyptite LiAISiO4 11.86 6.50 2.6-2.7

Petalite LiAISi4O10 4.5 6.0-6.5 24-25

Amblygonite  (Li,Na)AI(PO4)(F,OH) 7.4 5.5-6.0 3.0-3.1

Sedimentary Jadarite LiNaB3SiO7(OH) 7.28 4.0-5.0 2.50
rocks Hectorite Nao.3(Mg,Li)3Sis010(OH): 1.17 1.0-2.0 2.50
Hardness* represented on the Mohs Scale.
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Figure 1.8: Global distribution of major lithium minerals [26].

1.2.1 Spodumene

The name of the mineral originates from the Greek connotation of “burnt to ashes”
(spodumenos) signifying its white-grey colour when pulverised. It is among the minerals
usually hosted in pegmatites. It has a high lithium concentration (3.73% Li or 8wt% Li.0
equivalent in a pure sample) and commonly distributed in a host of deposits around the
globe compared to other minerals (Figure 1.8) [16, 26]. This and other factors including the
high lithium content makes it the most attractive and largely explored for lithium. It is
believed to be first pegmatite to solidify from magmatic eruption due to its higher boiling
point (about 1423 °C at atmospheric conditions) [16]. Its colour can vary from white to dark
green depending on the iron concentration and ranked 6.5 to 7.0 on the Mohs scale; making
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it the hardest among the minerals (Table 1.4). There are three categories: Secondary,
Primary and Zonal, and Primary and Unzonal (otherwise called phenocrystic) [16]. The first
two have low iron content which makes them white coloured (Figure 1.9a) with high lithium
concentration whilst the latter is low grade, has high iron concentration and is greenish. The
Secondary is said to be synthesised from the decomposition of petalite as LiAlSisO10 —
LiAISi2Os + 2SiO2 [16]. The mineral sometimes appears in a crystal form (Figure 1.9b)
which is prized by gemologist.

It is a clinopyroxene and occurs naturally as a-monoclinic polymorph. It is
characterised by [SiO4] tetrahedral structure of quartz where portions of the Si** is replaced
with A" to form octahedral [AlOg] coordination. Electrical neutrality is then achieved by
the addition of cations with suitable charge density like lithium (or sodium) through
coulombic force of attraction. Lithium and aluminium therefore sit at the M2 and M1
octahedral sites respectively, whilst silicon is hosted at the middle of the tetrahedron. The
octahedral parts through the sharing of common oxygen atoms, bridge to form chains. The
octahedral chains are arranged parallel to Si in the tetrahedron through a strong O-Si-O

ionic bond with the Li and Al atoms.

1 =

,.. £ f g /

(@) (b)
Figure 1.9: Photograph of (a) high grade spodumene ore showing the direction of
cleavage [28]; (b) spodumene crystal.

Lithium therefore bonds with six atoms of oxygen: with a pair of oxygen atoms having a
definite Li—O bond length of 2.120, 2.267 and 2.281 A [29]. Its original space group is C2/c
but at pressures of around 3.2 GPa, it may change to P21/c upon reversible transition [30—
32] and assumes cell parameters of a = 9.471 A, b =8.400 A, c =5.223 A, o=y =90.0
degrees and f = 110.2 degrees.
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B-spodumene, another polymorph of the mineral consists of two separate tetrahedron
structures which are joined in a three-dimensional form with their central parts hosting
aluminium or silicon [33]. Lithium in this phase is located between the cavity of five-
member rings, formed by the individual tetrahedron. Zeolite-like channels created from the
five member rings run parallel to the (100) or (010) planes [34]. The zeolite-like channels
which are parallel to the a and b axis are larger and account for the tremendous ion-exchange
capacity of f-spodumene during roasting [34]. It has the space group P432:2 with cell
parameters a =b = 7.534 A and ¢ = 9.158 A [33].

An intermediary metastable y-phase which transforms to the B-phase upon continuous
heating has also been identified. It has a hexagonal symmetry where Si and Al sit at the
middle of the tetrahedrons. This polymorph of the mineral starts appearing between 700 and
900 °C during the thermal process. Thus the mineral has three polymeric phases depending
on the temperature. Figure 1.10 shows the crystal structure of the various phases with the
various colours red, yellow, blue and green representing oxygen, silicon, aluminium and

lithium respectively.
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Figure 1.10: Crystal structure of (a) a- (b) B- and (c) y-spodumene [35].

Spodumene deposits are found at Greenbushes, Bikita, Minas Gerais, the Chita
Region, Ontario and Manitoba, and North Carolina located in Australia, Zimbabwe, Brazil,
Russia, Canada and the United States respectively. The gangue minerals (muscovite, albite,
quartz and feldspar) are often by-products of spodumene concentrate which are normally
used to offset some of the cost during beneficiation. Though the mineral is the most explored
and economically important of the lithium bearing aluminosilicates, the cost of processing
is relatively high compared to brine but the surging demand and price of lithium makes it a
viable source of the metal. About half of the lithium produced is now obtained from ores

with a significant portion coming from spodumene.
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1.2.2 Petalite

Petalite (LiAlISi4O10) like spodumene is a monoclinic aluminosilicate. Its name
originates from the Greek word “petalion” which means leaf or blade in reference to its
basal cleavage. Its space group is P2/a with lattice parameters a = 11.737 Ab=5.171 A ¢
=7.630 A B= 112.54° at room temperature and Z = 2. It has two cleavage planes; a perfect
and a poor one in the (001) and (201) planes respectively which are 114° apart [16, 36]. It
is said to have a three-dimensional crystal structure framework in which lithium, silicon and
aluminium are coordinated with four atoms of oxygen at the corners of the tetrahedron
(Figure 1.11). It is considered as phyllosilicate mineral due to the layered [SisO10] which
are parallel to the (001) plane connecting the LiO4 and AlO4 network [37, 38]. Contrary to
the common feature of other aluminosilicates with (AlO4)°* coordination, its iron content is
negligible [16, 39]. Table 1.5 is a typical elemental composition (in their oxide) of petalite
with lithium and iron oxide concentration of 4.45 and 0.008 wt%.

Table 1.5: The mineralogical composition of petalite [36]
Element SiO2z Al:Os Fe:0s MgO CaO LizO Na:O K:0 H:00 LOI

% 7780 1641 0.008 0.038 0.018 445 0.048 0.076 0.08 1.72

Figure 1.11: crystal structure of petalite [37].

The colour may vary from yellow to grey or white depending on the gangue associations. A
sample photograph of the mineral is shown in Figure 1.12. Aside being a lithium source, the

mineral has its use in the manufacture of glasses such as the screens of cell phones or can
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be used as a component of flux due to its resistance to heat [40]. Deposits are located in

Canada, Zimbabwe, Brazil, Russia, Namibia, Finland, USA, Sweeden, etc.

Figure 1.12: Photograph of petalite.

1.2.3 Lepidolite

Lepidolite represented by the general formular K(Li,Al)3(Si,Al)4010(F,OH)2 is a rare
type of micaceous aluminosilicate which forms a solid solution ranging from the
polylithionite KLi2Al(Si2O10)(F,OH) to trilithionite K(Li1sAl15)(AlSiz010)(F,0OH)2 end
members. It is also monoclinic whose space group is C2/m (1M) with lattice parameters a
=5.209(2) A b =9.011(5) A ¢ = 10.149(5) A B=100.77(4)° at room temperature and Z = 2.
It has a single perfect cleavage in the (001) direction [41]. It is said to be a derivative of
either muscovite (KAI2(AlSizO10)(F,0H).) or siderophyllite (KFe?*2Al(Al2Si2)O10(F,0H)2)
which has high lithium content. Thus, muscovite or siderophyllite may be “lithanated” by
the progressive replacement of aluminium or iron with lithium in their octahedral framework
(Figure 1.13). This rearrangement results in an increased occupancy of the tetrahedron. In
muscovite, the replacement of aluminium with lithium may be 3:1 (three Li* replacing one
octahedral AI**) whilst in siderophyllite, it is usually 2:1.5 (two Li* replacing about one and
half Fe2*) [42]. It is worth noting that, the amount of lithium that replaces the octahedral site
atoms in siderophyllite categorises its derivatives into lithian siderophylite, protolithionite,
zinnwaldite and lepidolite. Lithian siderophylite has less than 0.25 of its octahedral sites

occupied by Li*; protolithionite has between 0.25and 0.75 occupied; zinnwaldite between
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0.75 to 1.25; and lepidolite more than 1.25 sites occupied by Li* [42]. Thus the high
replacement of lithium in the last two explains why they are both explored for lithium to
some extent. Lepidolite has colour ranging from pink to purple depending on the
concentration of manganese associated with it. Caesium, rubidium and potassium are
usually associated with it which are extracted as by-products [16, 43]. Deposits are found in
Zimbabwe, Canada, Brazil, and Portugal. Figure 1.14 shows a photo of a sample of

lepidolite.
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Figure 1.14: Photograph of a sample of lepidolite.
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1.2.4 Amblygonite

It is the end member of a solid solution series of lithium aluminophosphate which is
rich in fluorine [LiAI(PO4)F]. Its corresponding end member called montebrasite is obtained
when all the fluorine atoms of amblygonite is replaced by hydroxyl ion which gives it the
formular [LiAI(PO4)(OH)]. It has the triclinic crystal structure where it crystallizes into the
space group ci with cell parameters a = 6.644(2) A b = 7.744(2) A ¢ = 6.910(1) A a =
90.35(2)° [45, 46]. It is said to be the primary phosphate that crystalizes out of LCT
pegmatite [47, 48]. It is composed of a framework of octahedral aluminate chain which
extends in the direction of the c-axis and coordinates at its corners with tetrahedral (POs).
Figure 1.15 shows the crystal structure of the mineral as viewed from two different planes.
The cavities or interstices arising from this coordination accommodates the lithium atoms
[45, 49, 50]. It has been revealed that most of the properties of the members of the series is
a function of the F/OH ratio [48]. It cleaves in all four planes with the perfect one occurring
in the (100) direction. Its typical elemental composition (wt%) as oxides is P2Os, 48.44;
Al203, 33.90; Li20, 10.12; F, 13.06; -O=F,, 5.50 [46]. Theoretical lithium concentration is
about 10.12% but commercially, it may be about 3.5-4.4% Li (7.5-9.5% Li20) [16].
Contrary to the current lithium industry, amblygonite and eucryptite were previously the
favourite and mostly explored for lithium due to easy processing through direct lixiviation
without roasting. Its rare occurrence resulted to the changeover to spodumene for lithium
extraction. It may vary from being colourless to other pale colours though it is generally
white or creamy (Figure 1.16). Deposits are found in Germany, Sweden, USA, Canada,
Australia, and Mozambique [16], [46].

(a) (b)
Figure 1.15: Crystal structures of amblygonite projected in (a) (100) and (b) (001)
planes [48].
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Figure 1.16: Sample photograph of amblygonite.

1.2.5 Eucryptite

It is a type of lithium aluminosilicate in LCT pegmatite with few deposits around the
globe. Considerably large deposit is found in Bikita, Zimbabwe. It is believed to be formed
through a hydrothermal and secondary magmatic crystallization after spodumene and
petalite. The elemental composition (in their oxide form) is SiO, 47.68; Al>O, 40.46 and
Li»O, 11.86 wt% which makes it the lithium mineral with the highest theoretical lithium
content, but LioO content ranging from 4.5-6.5wt% may be found in commercial
concentrates [16, 51]. Quartz is the mostly associated impurity which makes it difficult
differentiating it from the mineral because of their close resemblance to each other in
hardness, colour, specific gravity and magnetic properties. This makes physical separation
of the two minerals almost impossible [52]. The mineral is trigonally coordinated and said
to be a stuffed derivative of quartz where lithium is substituted for silicon but due to valence
compensation, it adds on aluminium to give it the LiAISiO4 formula and structure [52-54].
The framework of the mineral is composed of tetrahedral SiO4 and AlO4 which are linked
to each other at their corners with lithium ions sitting at the tetrahedral interstices (Figure
1.17) [55, 56]. It has a grey to white colour but may be brown when altered (Figure 1.18).
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Apart from its large deposit at Bikita, Zimbabwe, it can also be found at North Carolina at
the Kings Mountain (USA).

Figure 1.17: Crystal structure of eucryptite. The orange and light blue colours
represent SiO4 and AlO4 tetrahedral; purple and red colours represent Li and O atoms
respectively [56].

Figure 1.18: Photograph of eucryptite sample [57].
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1.2.6 Stability relationship of lithium aluminosilicates with temperature and pressure
Petalite has been observed to be metamorphosed to either spodumene or eucryptite in
some deposits though the practical occurrence during magmatic crystallization is challenged
by another school of thought [16, 39]. London [58] in his laboratory experiments however
confirmed this transformation. As indicated earlier [16, 39], spodumene due to its high
melting point crystallizes out first among the aluminosilicates (at pressures around 4kbar).
B-spodumene crystallizes out of it at higher temperatures, usually above 680 °C. As it cools
below 680 °C, the B-phase of the mineral transforms to petalite. The cooling continues such
that at 320 °C or below and at moderate to high pressures (between 4 to 1.6 kbar), the natural
a-form of spodumene forms from the cooling petalite (Figure 1.19). The transformation is
represented by Equation 1.1. However, at relatively low pressures, eucryptite rather than o-
spodumene is formed from the petalite (Equation 1.2). It can be inferred therefore that
pressure (the depth) determines the segregation of a-spodumene from eucryptite during their
formation. The stability of petalite is therefore located at the boundaries of B-spodumene at
high temperatures and all pressures; a-spodumene at lower temperatures and medium
pressures; and lastly, to eucryptite at low temperatures and pressures [16, 39]. It is can be
found also that the quartz content of the minerals is what differentiates them and these

minerals are thus, likely to be found as intergrowth with quartz as is usually observed.

. . . <680°C . . <320 °C; <4>1.5kbar . . .

B-LiAISi206+2Si0s —— LiAIlSisO10 a-LiAISi20s + 2SiO> (1.2)
. . <320°C; <1.5kbar . .

LiAISi4O10 LiAISiO4 + 3Si02 (1.2)
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Figure 1.19: Pressure-Temperature stability diagram for spodumene, petalite and
eucryptite [35].

1.3 Extraction of lithium from minerals

The extraction of lithium from minerals first demands the cleavage of their M-O
(where M=Al, Si, Li) bonds to make Li and/or the other metals accessible to lixiviants.
Literature reveals that almost all the commercial lithium minerals may be directly treated
(or baked) with reagents to directly process them except for spodumene which has
complications with direct baking in its natural form. Reagents comprising acids and/or their
mixtures (H2SO04, HF, HCI, H.SO4/HF) alkalis (NaOH, Ca(OH)>), salts (CaClz, Na2SOs,
K2SO4, CaF, NaCl, NH4Cl) and gas like Cl, have been used to etch the silicate bond of the
minerals to make them amenable for processing. Figure 1.20 illustrates the responsiveness
of some minerals to direct H.SO4 roasting and/or lithium extraction where there is
apparently, no lithium extraction from spodumene. The different minerals may, therefore,
be processed differently; some requiring pre-treatment to facilitate the baking and/or
leaching process. Others like amblygonite and eucryptite may be leached directly without
roasting/baking, and some, baking preceding leaching. This leads to different processing
routes for the different minerals though similar reagents are often used in almost all.
Conventionally, processing spodumene requires four steps: (1) pre-treatment to convert the

natural a-spodumene to B-spodumene (2) roasting B-spodumene with chemicals to form
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lithium salt (3) leaching of roasted residue to release lithium in aqueous solution and (4)

purification and recovery of lithium from leach liquor.
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Figure 1.20: Response of a-spodumene and lithium micas to lithium extraction by
sulphuric acid. Adapted from [59].

1.3.1 Pre-treatment of spodumene

Spodumene unlike other lithium minerals is not amenable to chemical treatment in its
natural form because of the strong forces which binds lithium in the polyhedron structure of
the mineral. Processing spodumene therefore requires an inevitable pre-treatment step
which is crucial for destroying the mineral's crystalline structure to liberate lithium for
chemical treatment. Though the obsolete alkaline process did not necessitate activation of
the mineral before processing, it had inherent challenges including high energy requirement
for the decomposition of limestone before calcination with a-spodumene. It also resulted in
the formation of dicalcium silicates which releases large amount of heat and makes
temperature control in the calcination stage difficult [60]. Pre-treatment to activate the
mineral is, therefore, an expedient step in processing the mineral, the cost and the time
requirements notwithstanding. This is achieved by two main procedures: mechanical or

thermal.

Mechanical Activation
Mechanical activation is the alteration of the physicochemical features of a material
to improve its responsiveness to further processes usually through grinding in a high energy
grinding mill. Several procedures such as lixiviation, annealing and calcination have been

known to improve after this technique [61-63]. The process imparts energy which destroys
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and/or deforms the crystal structure of the material leading to increased surface area and
provide highly reactive sites for chemical reactions [63, 64]. Increased recovery of metals
after mechanical activation of minerals in a ball mill have been reported [61], [64-66]. The
process if applied to lithium-bearing minerals can cause similar effect in the silicate
framework to increase reactivity and extraction. Promising result was reported by Setoudeh
et al. [65] when they applied it to petalite in the presence of Na;SOas. Its effect on lithium
recovery using lepidolite and a-spodumene have also been reported [62, 63, 65]. Some
studies on the latter have revealed the appearance of a- and B-phases in addition to the
metastable y-phase [67, 68]. Mechanical activation apart from deforming and weakening
the coulombic attractive forces, induces amorphization of the material [67, 68]. It has also
been suspected that, if the process is performed in aqueous media, the hydroxyl group of
water may bond with silicon after the Si-O cleavage to form silica gel (SiO2-H20) [62].
Rosales et al. [69] confirmed the release of the tightly bound lithium atoms in the crystal
lattice of a-spodumene when the technique was performed in situ during lixiviation where

significant quantity of lithium was reported in the leached solution.

Thermal Activation

Thermal activation otherwise called decrepitation is the change of the micro- and/or
crystal-structure of substances by subjecting them to heating at elevated temperatures. It has
been employed as pre-treatment technique for several minerals to open them up for further
investigation or facilitate their processing. The responsiveness of spodumene to chemical
processing is greatly enhanced by subjecting it to thermal treatment though, a process for
direct extraction of lithium from a-spodumene have been documented [59], [70-73]. It is
believed that, during this transformation process, there is a dislocation of A" in the a-
spodumene leading to a f-spodumene crystal structure with a comparably larger crystal
volume. This increases the mobility of lithium atoms and their access to reagents [74—76].
Thus, decrepitation leads to volumetric expansion and makes the mineral porous with an
increased surface area. The transformation has also been shown to improve comminution,
as PB-spodumene is relatively soft and flaky [30, 75, 77]. Recently, an intermediary
hexagonal metastable y-phase which is predicted to influence the extraction of lithium was
discovered during calcination. The thermal transformation like mechanical activation is now
understood to occur sequentially as a—y—f instead of the previously known a- to B-

transformation [35, 74, 75].
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Extensive study by researchers on the mineral’s behaviour to the thermal treatment
revealed interesting findings though with contradictions [29], [74-76], [78]. Dwyer [79]
advised that, it is essential for the process to be carried out below 1040 °C (the fusion
temperature of spodumene). Though the gangue associated with the mineral can adversely
affect downstream beneficiation processes, it is said to facilitate heat conduction leading to
efficient transformation since spodumene itself exhibits low thermal conductivity [30, 60].
The transformation commences around 800 °C and is complete by 1100 °C if conventional
heat is used but it has been reported to commence at about 634 °C by using microwave
heating [75, 78]. Peltosaari et al. [75] considered the effect of particle size to be insignificant
with respect to conversion rate of spodumene. They found that, the phase transformation
and increased surface area had corresponding decrease in density in the order 3.16, 2.395
and 2.365 g/cm3 respectively for a, y and B. It is anticipated that the a- to y-transformation
is exothermic and the heat released helps to offset the heat requirement of the process,
however, the change from a directly to B is endothermic [30, 80].

Investigations by Moore et al. [29] indicated that temperature and heating method have
negligible effect on the mass fraction of the phases transformed during the decrepitation
process and the quantities of transformed products are almost equal at the initial stage before
the final conversion to the B-phase. Conversely, Salakjani et al. [78] explained that
temperature and residence time are the major factors that determine the inversion of the
phases in spodumene. The temperature effect is subsequently influenced by the chemical
composition and the feed particle size of the spodumene sample. The heating method
employed, morphology of the sample after comminution and the quantity of gangue
minerals present may also affect the extent of temperature influence during decrepitation
[29], [74-76].

Heat treatment techniques during thermal activation

The conventional heating method used in processing spodumene is the muffle type of
furnaces. These heating modes are clean and thus has little contamination effect on the
mineral to affect downstream processing. Recently, microwave heat treatment of the mineral
has been studied and compared with conventional methods [29, 74, 75, 78, 81]. Spodumene
IS passive to microwave irradiation so the heat treatment with this method is made possible
by combined heating using silicon carbide [30, 75]. It was found that B-phase spodumene
absorbs significantly higher microwave energy than the a-phase spodumene which can lead

to local sintering within the temperature range of [B-phase formation [30]. That
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notwithstanding, it has an impressive phase transformation kinetics for the mineral than the
conventional method. About 3 minutes was enough to complete a to B-phase conversion
[75], but about an hour was needed by muffle furnace to achieve 100% conversion to the -
phase [30]. The temperature requirement was, nonetheless, found to be invariant with
regards to the heating methods. Not much information on pyrometallurgical treatment of the
mineral with microwave is known. Further research geared toward resolving challenges
encountered with this treatment such as local sintering, passiveness of a-spodumene to
microwave radiation and other factors affecting the efficiency is required. Stirring the
sample during calcination or blending it with substances which has little or no impact on
subsequent processing has been recommended as a solution to challenges of the microwave
heating approach [30].

There seem to be some inconsistencies in the temperature and time requirement for
the phase changes using the conventional heating method. According to Salakjani et al. [30],
no transformation was observed below 950 °C even for an extended heating time. They
observed the initial evolution of y and -phases at 950 °C for at least 30 min of calcination
but Peltosaari et al. [75] observed their first y-phase at 800 °C. The difference in the
observation may be due to factors such as different concentration of impurities, amorphous
nature created during comminution and even particle size of the feed used for the study. As
low as 5 min was good to almost complete the transformation by working at 1100 “C [74]
whilst elsewhere, 15 min treatment at 1000 achieved a similar result [75]. Salakjani et al.
[74] however, observed some y-phase present even after 1 hour of residence time at 1100
°C.

Comparing the energy requirement for the two heating techniques revealed that
microwave requires a relatively low energy input for the process compared to the
conventional method [78]. It requires 5 times less energy for a complete transformation to
B-phase than conventional furnace. The reason for the high energy requirement in the
conventional process can be due to the fact that heating begins from the outside and moves
to the inside of the sample by conduction (the furnace needs to heat up evenly before the
sample undergoes heating) therefore, some of the energy is wasted while in the microwave
process, heating starts from the inside of the sample and extends radially outside (the sample
absorbs the microwave radiation directly for heating), leading to little or no loss of energy.

In another study [81], the comparison of the microwave and conventional heat
treatment for acid roasting of B-spodumene showed that microwave heating resulted in

higher lithium extraction than the muffle furnace with regards to key parameters of
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processing time, acid requirement and energy input. 10.4 MJ of energy was needed for the
conventional process whereas only 15.4 kJ was required by the microwave for the same
quantity of lithium extracted. Microwave irradiation again required shorter time (20 s) to
achieve this goal while an hour was needed in the muffle furnace for the same extraction
efficiency. Particle size was found to have an important effect on the extraction efficiency
by microwave heat. Finer particles have been confirmed to enhance maximum (93%)
lithium extraction with as low as 15% excess acid requirement as compared to 80% excess

acid, which is normally used in roasting.

1.3.2 Roasting of Spodumene Ore

Roasting is a thermal process where the mineral is treated with an appropriate reagent
leading to a chemoselective ion exchange reaction where lithium is exchanged for atoms of
similar characteristics in the reagent to form a lithium salt. It is the normal practice for
forming lithium salts in the lithium bearing micas (lepidolite and zinnwaldite) and
spodumene. In spodumene, it is done after decrepitation where B-spodumene is baked with
chemicals or may be performed in-situ during decrepitation. Lithium salts usually formed
include Li2SOs, LiCl and LiF depending on the chemical used. Several reagents have been
employed at this stage and rigorous investigations are ongoing for optimization and/or
discovery of more efficient ones. Unlike roasting, the decrepitation process (in spodumene)
appears to be nearly optimized and little can be done to further adjust parameters like the
temperature and granulometry of the mineral [35]. The choice of the reagent generally
depends on their selectivity for the metal, the stability of the resulting salt in the aqueous
phase, environmental friendliness, cost, and ease of regeneration after leaching. These
reasons have resulted in a series of investigations for suitable chemicals that satisfy most of
these criteria during beneficiation of the mineral.

The reagent used for the roasting determines the name of the extraction process leading
to two well-known methods: sulphation and alkaline. These methods in addition to the
chlorination method is represented in the general flow diagram in Figure 1.21.
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Figure 1.21: Flow diagram for acidic, alkaline and chlorination processes for
extracting lithium from spodumene.

Sulphation Processing of Spodumene

In this process, sulphating agents such as sulphuric acid, alkali metal sulphates, or SO3
are employed to produce soluble lithium sulphate which can be leached. This process
benefits from the high solubility and stability of lithium sulphate in the aqueous phase during
leaching. The drawbacks especially with sulphuric acid roasting are the difficulty in
producing high purity lithium salt due to its unselectivity towards other metals such as Al,
Na, Mg, Fe and K. Thus, there is co-leaching of significant quantity of other metals,
especially, aluminium and iron which presents as impurities such that separating them from
lithium by precipitation carries along some lithium, which decreases the overall lithium
recovery [79]. The co-leached alkali metals also pose considerable challenge due to their
similar chemistry to lithium in aqueous solution. This makes their separation difficult and
can finally end up in the final product. Sulphation roasting using sulphuric acid consumes a
large amount of reagent which affects the economic viability [23, 82]. The other reagents,
however, have less of these challenges.

Sulphates of potassium, ammonium and sodium have been successfully used for the
extraction of lithium from several lithium bearing minerals. Sulphate roasting of lepidolite
followed by water leaching has been studied widely using H.SO4, Na2SO04/K2S04/Ca0,
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Na.SO4 and FeSO4 at temperatures around 880, 1000 and 850 °C respectively. The reported
approximate extraction extents were more than 90% respectively [83-86]. Li et al. [87]
patented the production of lithium sulphate solution with subsequent recovery of lithium
carbonate and lithium fluoride after sulphate roasting of lepidolite with sulphuric acid
(Figure 1.22). The invention revealed the possible recovery of accessory metals which are
usually hosted in the mineral including Rb, Cs, Al and K [26, 87].

30-70% H,S0, Ca0/CaCOy/NaOH
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Figure 1.22: Production of Li2SO4 pregnant solution from H2SO4 roasting of lepidolite
with subsequent recovery of Li2COs, LiF and other metals. Adapted from [26, 87].

Zhang et al. [83] suggested equation 1.3 and 1.4 as the pathways for the lepidolite-sulphuric

acid roasting as:

KLi16Al22Si32010F(OH)(s) + 4H2S04 + 2.6H20 — KAI(SO4)2 + 0.8Li2SO4+
1.2A1(SO4)OH-5H20 + 3.2Si02 + HF(g) (1.3)

KLi1.6Al22Si32010F(OH)(s) + 4H2S04 + 2.1H20 — KAI(SO4)2 + 0.8Li2S04 +
1.2A1(SO4)OH-5H20 + 2.9Si0> + 0.25SiF(g) (1.4)

The L-Max® process by Johnson et al. [88] has been patented for the ability to produce
Li.COs after mechanical activation of lepidolite (and zinwaldite) followed by sulphuric acid
leaching [26], [88]. Sulphating behaviour of zinnwaldite, montmorillonite and petalite have
also been discussed elsewhere [23], [89-91] using Na>SO4 and H2SO4, yielding appreciable
extraction (90% or more).
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In the case of spodumene, several authors have conducted systematic experimental
studies to understand and optimize the amenability of sulphates to spodumene beneficiation
[79], [81], [92-95]. The use of sulphuric acid represented by Figure 1.23 is renowned and
currently, the commercialized process for lithium extraction while the others are still
undergoing research. It requires baking the decrepitated mineral with sulphuric acid at about
250 °C for close to an hour (by conventional heating) or 20 s (by microwave heating) [81].
It is essential that this process is operated below 337 °C to prevent the decomposition of the
acid [81]. The exchange reaction which forms leachable LioSO4is modelled by Equation
(1.5). After leaching (Equation (1.6)), lime precipitation and pH adjustment is performed at
90 °C to remove impurities from the pregnant solution. Lithium is recovered in the carbonate

form by the addition of sodium carbonate (Equation (1.7)).

2B-LiAISi206(s) + H2SO4g) = Li2SOas) + 4Si02(s) + Al2O3s) + H20(g) (1.5)
. Hy0 .
Li2SO4(s) —Li2SO04(aq) (1.6)
Li2SO4(aq) + Na2C0O3(ag) = Li2CO3(s) + Na2SO4aq) (1.7
H,S0O, conc. Water, CaCO;4 Lime milk, Na,CO,

p-spodumene gy ]fating roasting Water leaching L Eos L .
4’| (250 °C) = el S —) Purifcation g Evaporation

Residue with H,0-Al,05-45i0,, Residue with CaCO,,
CaSOy, Fe/Al hydroxides, efc. Mg/Al/Fe hydroxides
N32CO3 H2504 N32CO3

1 1

Residual |' L Concentrating & . L e
Li recovery S crystallization |Q— CO42 removal |Q— 5 Precipitation

-~ Ne? 0y T Li,CO,

LiCO;3

Figure 1.23: Flow diagram for the conventional processing of spodumene by sulphuric
acid baking. Adapted from [26, 93, 95].

It must be noted that the diffusion of the acid through the mineral for the ion exchange
is the rate determining step for the process. Unlike gaseous reagents, the viscous nature of
the liquids (acid and lithium bisulphate produced around 170 °C) slows the penetration

through tiny pores and cracks and consequently, slowing down the reaction [96]. In addition
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to the challenges associated with the general sulphation process, the use of sulphuric acid
roasting is challenged with energy recovery and temperature control. The Na;SO4 formed

from the process also has little economic value.

Alkaline Process

This process benefits from the low cost and the nonaggressive nature of the salt used
as a reagent compared to the acid process which requires the use of concentrated acid [97].
It involves roasting the mineral with lime or limestone around 100—205 °C or 825-1050 °C
respectively. Roasting with limestone (Equation (1.8)) forms Li.O which can be leached to
produce aqueous LiOH solution [23, 98], and separated from solids by filtration. Instead of
direct baking of spodumene with limestone, the reagent can initially be decomposed
thermally to produce CaO. The quicklime produced is then mixed with water to produce
lime milk and roasted with spodumene to produce LiOH as in Equation (1.9) and (1.10)

respectively and patented by Nicholson [98].

Li2O- Al203- 4SiO2¢) + CaCO3(s) —Li20) + CaO- AlOz- 4SiOzs) + CO2(g) (1.8)
CaCO03(s) — CaOgs) + CO2() (1.9)
LiAISi;2Os(s) + CaO(s) + H2Ogy = LiOH@ag) + CaAl2Si2Og(s) (1.10)

Lithium hydroxide synthesised can be converted to LiCl or LioCOg if desired by
treating with hydrochloric acid or carbon dioxide, respectively. This approach has been used
by Jandova et al. [99] to recover 90% lithium from zinnwaldite waste. Some additives such
as gypsum and sodium sulphate have been employed to enhance lithium recovery, yielding
96%, 96% and 90%, respectively [97, 100, 101]. The downside of this approach is the high
energy requirement for the decomposition of limestone and dicalcium silicate. This may
result in the evolution of unbearable heat in the system [60].

NaOH has been effectively used as a means of breaking the Si-O bonds in silica like
observed in alkali-silica reactions in concrete [102]. With this background, some researchers
have used the chemical as a means of destroying the silicate framework of lithium minerals
to recover lithium. Xing et al. [73] recorded high extraction efficiency of about 96% from
a-spodumene and NaOH in an autoclave with the recovery of hydroxysodalite as a by-
product as modelled by Equation (1.11) [26, 73].
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6a-LiAISI2?O6 + 14NaOH — 2NasAl3Siz012(0OH) + 3Li2SiO3 + 3NazSiOz+ 6H0  (1.11)

Song et al. [70] also by hydrometallurgical treatment of the mineral using NaOH and CaO
under pressure reported 93% leaching efficiency. They indicated NaOH concentration,
temperature, and mass ratio of CaO to ore as major contributing factors to the efficiency of

lithium extraction which is governed by equation (1.12) as:

LiAISi,Os + 2Ca0 + 3NaOH + 2HO, » NaCaHSiO4 + LiOH + NaAl(OH)s (1.12)

The suggested flow diagram for their process with optimal condition which led to the
recovery of lithium phosphate after sodium phosphate precipitation is indicated in Figure
1.24. Though the use of NaOH vyields promising results with the advantage of eliminating
pre-treatment of the stage, it requires high concentration of NaOH and special equipment
(autoclave) in addition to long processing time.

NaOH 400 g/L, 250 °C, 6 h, CaO/Ore=0.5:1, L/S=7 mL/g

—> NaOH a-spodumene CaO
Cyclic v
leaching Digestion ~[———> _ Residue
Vv
—— Filtrate €——| Precipitation |€—— Na;PO,

PO =133, M i

65°C,2h Li;PO, €—— Acid

A4
Dissolution H7/Li=2:3, initial Li>40 g/L

A4
Electrodialysis | Constantvoltage 3.5 V, 20 h

{ |

Anolyte Purified catholyte €—— Na,CO;

\1' 3-Mit= . o
Li,CO;s COz*/Li" =1.1:2, 80°C

Figure 1.24: Alkaline processing route for spodumene by autoclave roasting using
NaOH [70].
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Lithium Australia has used the weakening ability of NaOH on silicate bond to develop the
LieNA® process. Here, fine spodumene particles are digested and converted into
intermediary lithium sodalite. Lithium in this phase is separated from the liquid portion and
the weakly bound lithium in the solid is leached with a weak acid to recover lithium as a
phosphate (Figure 1.25).

LieNA®

Caustic
conversion

Calcium silicate

Phosphate
removal

Impurity

Selective leach
removal

Crude Li,PO,
precipitation
Pure Li;PO,
refining

Figure 1.25: Flow diagram of LieNA® process to recover lithium phosphate [103].

Chlorination Process

Chlorination is not very popular in mineral beneficiation partly due to the toxicity of
chlorine gas that may be generated alongside the products and the need for high-cost
corrosion resistant equipment for the process. Despite its downside, it has some advantages
(discussed in Chapter 4) which can be harnessed for processing lithium minerals with some
literature information already reported. Chlorination of lepidolite using sodium and calcium
chloride at 880 °C yielded 93% lithium recovery [104]. In a recent study by Zhang et al.
[105], calcium chloride-sodium chloride mixture to recover lithium alongside rubidium,
caesium, and potassium from lepidolite reported excellent results; achieving close to 93%
each for lithium and potassium; and 98% each for rubidium and caesium.

Peterson et al. [72] patented a blend of muriate of potash and sylvinite ore (sodium
and potassium chloride) to recover lithium from its ores at 980-1100 °C. The ion exchange
reaction led to the formation of LiCl and a subsequent conversion to lithium carbonate by
reaction with sodium carbonate. About 97.5% of lithium carbonate was recovered by this
approach. Afterwards, Gabra et al. [106] in 1975 documented the possible extraction and
recovery of the metal from calcined spodumene with sodium chloride in the presence of
lime milk in an autoclave. The flow chart for their process shown in Figure 1.26 led to
production of high purity lithium chloride. The latest study on chlorination study on

spodumene was by Barbosa et al. [107], [108] where chlorine gas and calcium chloride,
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respectively were used to pyrometallurgically recover the metal. 900 °C and 120 min were
suggested as the optimal chlorination conditions, which resulted in 90% lithium extraction

when calcium chloride was used.

NaCl, Ca(OH),, water

p-spodumene _, | Autoclaving | —»| ™\ —| Concentrating —» | Solvent extraction|—» | Stripping.
(B-Li,0-A1L,048i0,) l \ |

Residue LiCl product <—/| Crystallization |+— LiCl solution

Figure 1.26: Flow diagram for chlorination roasting of spodumene using NaCl [26],
[106].

Carbonizing Process

Another less known method for beneficiating lithium ores worthy of discussion is the
carbonizing. Lithium carbonate can be produced by carbonizing lithium bearing ore with
sodium carbonate between 525 and 675 °C in a solid—solid intimate reaction followed either
directly by leaching or hydrothermal decomposition treatment (between 90 and 225 °C)
prior to leaching [109]. It is advised that, the process must be carried out above the minimum
temperatures suitable for the individual lithium bearing mineral (1080, 850, 980 and 870 °C
respectively for petalite, lepidolite, eucryptite and spodumene). They indicated the need to
carry out the process in the presence of alkali metal chlorides, alkali metal sulphate or carbon
dioxide which act as a catalyst. However, a specific preference for sodium and potassium
chloride or sulphate was indicated. By this process, 75-97% of lithium contained in the ore
could be leached for recovery.

Some advantages which include the possibility of using Na.COs as the only reactant
to produce Li>COs of high purity was highlighted [109]. They indicated that the reagent is
normally employed in other process to decompose refractory ores into fragments to enhance
leaching. In such route, serious purification steps are required since the decomposition may
give rise to several impurities. Using it solely in the plant to produce Li>COs with good
recovery and high purity without major purification is therefore a breakthrough. The
approach is also said to have a short processing time with improved economics. This is
because, the reagent is added to the cooling calcined spodumene midway for it to react,
hence, reducing the processing time and utilizing the energy which would otherwise have
gone wasted. The Outotec Lithium Hydroxide Process® used this technique as modelled in

equation 1.13 to produce lithium carbonate from spodumene followed by hydrothermal
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thermal leaching to produce lithium products (Equation 1.14 and 1.15). This led to the
production of battery grade LiOH from the mineral after polishing the pregnant leach liquor

by ion exchange. The flow diagram for this piloted process is shown in Figure 1.27.

Na,CO, Ca(OH),
B-spodumene —»| Autoclaving | —» o Leaching residues inc. —| Conversion leachin
> Analcime (NaAlSi, O, H,0), 8
[ quartz, Li,CO;
Recycling . " = =
Leaching solution
Recycling
[
— : : Leaching residue inc.
LiOH-H,0 «— | Crystallization ‘4—‘ Ion exchange ’*— LiOH solution +— —* CaCO..Analcime. auartz

Figure 1.27: Flow diagram for Outotec Lithium Hydroxide Process® [26, 110].

2LiAISI206(s) + Na2CO3z(s) + 4H20() — Li2CO3(s) + Na20.Al203.4S102.H20s) (1.13)
Li2CO3(s) + Ca(OH)2s) = 2LIOH (3q) + CaCoO ) (1.14)
Li2COzs) + CO2(g) + H20gy = 2LIHCOg3 (1.15)

Several investigations which revolve around this invention have been developed for
optimization [111, 112]. Chen et al. [111] employed pressurized roasting of spodumene
concentrate with sodium carbonate in an autoclave, yielding 94% lithium carbonate with
99.6% purity. Research by dos Santos et al. [112] using spodumene and sodium carbonate,
promoted by sodium chloride, resulted in 70% lithium yield. The involvement of NaCl by
[112] was to aid the extraction of the residual lithium bound at the interstitial positions of

the ore. The reaction was conducted within 550-650 °C for 120 min.

Fluorination Process
The only fluorination roasting report in literature where fluorine salt was used to
recover lithium from spodumene is performed by Rosales et al. [113]. In the NaF approach,
B-spodumene was roasted with the salt at 600 °C, spodumene/NaF mixture from 1:1to 1:2.5
for a maximum of 4 hours. 90% lithium recovery was achieved which occurred at

spodumene/NaF of 1:2 for 2 h of roasting. Equation (1.16) illustrates the reaction process:

2LiAISI206(s) + 2NaF) — 2LiF) + NaAlSisOsgs) + NaAlISiOgs) (1.16)
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The other investigations were done with HF or HF/H>SO4 mixture as fluorination agents
[71, 114]. The study using HF/H>SO4 mixture conducted by Guo et al. [71] and described
by Equation 1.17 was geared towards extracting the metal from the a-phase of the mineral.

20-LiAISI2Og(s) + 24HF (g + 4H2SO4 — Li2SOs(aq) + Al2(SO4)3(aq) +
4H5SiF6(ag) + 12H20 (1.17)

They revealed that, the HF was the actual lixiviant rather than the mixture of the two acids.
The H2SO4 only helped to stabilize the leached metals in the pregnant solution due to the
high stability of Li>SO4 in aqueous systems. At optimal conditions, they recovered 96%
lithium from the mineral. Rosales et al. [114] studied a temperature dependant extraction of
lithium from the calcined mineral (B-spodumene) using HF and achieved 90% extraction of
the lithium content during leaching at 75 °C for 20 min and a pulp density of 1.82% as
optimal conditions. Due to the low solubility of LiF, the low pulp density was important to
enable good recovery.

An alternative way of the fluorination approach which prevents the evolution or the
direct use of harmful HF is it’s in situ production using fluorspar, CaF> (a mineral which
contains more than 97% fluorine) in the presence of H2SO4 [115]. This approach was used
in SiLeach® to extract lithium from micaceous minerals and spodumene by Lithium
Australia NL (ASX:LIT) in collaboration with ANSTO Minerals [59]. The flow diagram
for the process is shown in Figure 1.28 which comprises six steps: Leaching, pre-
neutralization, impurity removal, softening, evaporation and primary lithium carbonate
(primary LC) precipitation. Lean to high grade spodumene and micaceous concentrates (0.8
to 3.0 wt% Li) have been studied to recover 90 to 95% lithium during 16-24 hours leaching
at as low as 100°C. The reagent consumption was found to be dependent on the mineralogy
and the mineral type. Pre-neutralization of residual acid and precipitation of co-leached
potassium, rubidium, and caesium as alunite [KAI3(SOa4)2(OH)e], aluminium (as AlF3) and
calcium (as CaSO4-xH20) was conducted with lime after the leaching. Residual calcium is
removed at the softening stage using the conventional procedure rather than ion exchange
from which the resulting solution is evaporated to recover lithium as the carbonate by

crystallization (Figure 1.28).
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Figure 1.28: Flow diagram for SiLeach® process [59].

Some processing routes for the mineral discussed with some relevant information are

summarized in Table 1.6 below:
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Table 1.6: Summary of literature for the recovery of lithium from spodumene using the major beneficiation processes.

Experimental Conditions

Process Roasting Leaching Product Recovery/% Reference
Reagent Temp./°C Time/min. Time/hr Temp./°C Lixiviant
Conc.-H2S04 200-300 30-60 - - H20 Li2SOs4 85 [116]
Na2504 + CaO - - 3 230 Na2S0s+CaO  Li2SOs 93 [95]
Na:SOs+ NaOH  200-300 - 3 230 Na:SOs + NaOH  Li2SOs4 91 [95]
Sulfating (NHa)2504 150-370 - - - NHs (aq) Li2SOs - [79]
CaSOs+ CaCOs  1000-1150  120-180 - - H-0 Li2SOx4 85-90 [117]*
Conc. H2SO4 250-300 - 1 - H-O Li2SOs4 86 [94]
H.0+02+S0s 350425 10-40 - - H-0 Li2SOx4 97 [96]
. CaO + H-0 100-205 60 H-0 LiOH ~97 [98]
Alkaline ;
CaO + H0 1000-1230 100 H-O LiOH 80 [98]*
KCIl, NaCl 1000-1050 15-60 - 85 H-O/HClI LiCl 85-98 [72]
.. Clk 1100 150 - - - LiCl - [107]
Chlorination CaClx 900 120 - 60 H20 LiCl 90 [108]
CaClz 800-1200 - - - Alcohol LiCl 9.5-99 [118]
Na:CO:s 525-675 10-120 - - H:O, NH+" (aq) Li2COs 75-97 [109]
Carbonizing Na:COs 150-250 10-120 -- - H0 Li2COs ~94 [111]
Na:COs+NaCl ~ ~923 120 - - H:0 Li2COs 70 [112]
Fluorination NaF 600 120 0.5 25 HF LiF 90 [113]

* roasting of spodumene done in the alpha phase.
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1.4 Chemical Thermodynamic Modelling of Roasting Processes for Lithium

Extraction from Spodumene using HSC Chemistry Software

Thermodynamic modelling of processes for extracting lithium from spodumene is
scarce in literature. This section, therefore, aims to use HSC Chemistry® 5.1 to model and
explain the results and findings encountered by some processes used to extract the metal
from spodumene. The gaps in the processing routes are identified for consideration and
future studies. The software is a thermochemical tool which can be used to model
metallurgical process feasibility and/or predict possible equilibrium composition or
products prior to experimental investigation. The process feasibility is predicted by using
the reaction equation module of the software and data stored in it to calculate the Gibbs free
energy changes of the reaction(s) governing the process within the temperature range under
investigation. The equilibrium composition is also predicted using the equilibrium module
of the software. The phase composition was selected by inputting the elements of the raw
materials and deleting all unstable phases that the software suggests. All suspected or stable
products which may be absent from the composition was manually added to avoid errors in
calculation. The initial amount of the raw materials and the temperature range under study
were then inputted. At a fixed pressure and using the free energy minimisation approach,
the Gibbs solver computes the equilibrium composition of the process as equilibrium
amount (in kilomoles) versus temperature.

It must be mentioned that, as the software can give important and reliable information
on processes, it has some shortfalls which must be considered by the operator. First, a closed
system is assumed by the software; thus, it considers that no specy (reactant or product) is
lost in the process and if gases are generated, they remain and interact with the system. This
does not always happen in real life. In a situation of an open system, an appreciable amount
of nitrogen gas (an inert gas) can be added to account for the anomaly. Also, the software
depends on data stored in it. The correctness of calculations therefore depends on the

accuracy of the database. Lastly, it does not take the kinetics of processes into account.

1.4.1 Process feasibility using the reaction equation module

The study was limited to selected salts and some gases encountered in literature which
have been used for sulphation (K2SO4, Na,SO4, H2SO4, SOz), alkaline (CaO), chlorination
(CaCly, Cl2) and fluorination (NaF) processing of spodumene. The various equations are
indicated from Equations (1.18) to (1.30). Their standard Gibbs free energy changes
obtained from the software were plotted as a function of temperature for each process and
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the results shown in Figure 1.29. Calculation of the Gibbs free energy changes for the
processes were done with reference to one mole of the reagents rather than the spodumene
(Eg. (1.18)-(1.30)). It was however, observed that, performing these calculations with
reference to one mole of the spodumene instead of the reagent did not affect the sign of the
Gibbs free energy changes (feasibilities prediction) except the magnitude. Hence, the
process feasibilities as a function of temperature which is of much interest in this study is

unaffected in either case.

2B-LiAISi2O6(s) + K2SOs(s) = Li2SOas) + 2KAISI2Op() (1.18)
2B-LiAISi206(s) + Na2SO4s) = Li2SOss) + 2NaAlSi2Oe(s) (1.19)
2B-LiAlSi206¢(s) + H2SO4ag) = Li2SOa) + 4Si02(s) + Al203s) + H20(g) (1.20)
2B-LiAISi206(s) + SO3(g) + 3H20(g) = Li2SO4(s) + 4SiO2¢) + 2AI(OH)3() (1.21)
6B-LiAISi20¢(s) + Fe2(SO4)3(s) = 3Li2SO04) + 3AI203(s) + Fe203(s) + 12Si0x) (1.22)
6B-LiAISi20¢(s) + Al2(SO4)3(s) = 3Li2SO04s) + 4AI203(s) + 12SiOx) (1.23)
0.5B-LiAISi206(s) + CaO) = 0.5LiAIO + CaSiOs() (1.24)
2B-LiAISi206(s) + CaClzs) = 2LICI(s) + 2SiOzs) + CaAl2Si2Ogs) (1.25)
2B-LiAISi206(s) + Clzg) = 2LiICls) + 4SiO2s) + Al203s) + 0.502(g) (1.26)
2B-LiAISi206(s) + Na2CO3) = Li2Og) + 2NaAlSizOg(s) + CO2(g) (1.27)
2B-LiAlSi20¢(s) + Na2COs(s) = Li2COss) + 2NaAlSi2Oss) (1.28)
B-LiAISi2O6(s) + NaF — LiF + 0.5NaAISizOse + 0.5NaAISiOu) (1.29)
B-LiAlISi>Os(s) + KCl) = LiCl(s) + 2SiOzs) + KAIO2s) (1.30)

Explanation of the process feasibility using Figure 1.29 and the various reagents (or
processes) encountered in literature is detailed in the first journal paper from this study
(Literature Review and Thermodynamic Modelling of Roasting Processes for Lithium
Extraction from Spodumene) found in the Appendix of the manuscript. Comparing and
contrasting previous thermodynamic study of chlorination by Barbosa et al. [107, 108] with
our study revealed parallel feasibility results when CaCl, used. However, our findings were
contrary to theirs when Clz was used. They indicated feasibility even at higher temperatures
whilst our study revealed spontaneity only at lower temperatures. The reason for this

difference is not yet apparent.
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Figure 1.29: The standard Gibbs free energies versus temperature for roasting
processes of spodumene encountered in literature (reactions (1.18)—(1.30)) (data from
the HSC Chemistry® 5.1).

1.4.2 Equilibrium composition of phases

To gain a deeper understanding of the approaches outlined, the equilibrium module of
the software was used to investigate the equilibrium composition of phases evolving in each
process as a function of temperature. Figure 1.30 displays the modelling for the sulphating
process using NaxS0a, K2SO4, H2SO4, SO3(g)/H20(g), Fe2(S04)3 and Al2(SO4)3 as reagents.
It can be seen from Figure 1.29 that, using Na.SO4 (Eq (1.19)) is feasible only below 400
°C. It is only below this temperature that the equilibrium moles of the products (lithium
sulphate and sodium aluminosilicate, NaAISiOs) are higher than spodumene in Figure 1.30a,
confirming feasibility. It can be inferred that the highest amount of lithium sulphate can be

obtained below 200 °C above which it starts decreasing until 400 °C, where the reaction
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ceases feasibility. Around 400 °C and above, solid lithium sulphate begins to change into a
liquid state due to the increasing temperature, but the amount is relatively small in the
system, resulting from the decreased feasibility of the reaction. Temperatures less than
400°C appear to be the best for Na,SOs/spodumene roasting, however, 1000 °C was
required to achieve 90.4% lithium extraction according to Luong et al. [86] for
Na>SOa4/lepidolite roasting for 30 min. Unlike Na2SOs, K2SO4 drives the reaction to the right
within the whole temperature range considered, forming lithium sulphate in the solid phase
(Eq (1.18), Figure 1.29); moles of lithium sulphate are higher than spodumene within the
entire temperature range considered which also suggests feasibility (Figure 1.30b). There is
a steady decrease in moles of solid lithium sulphate and a simultaneous increase of the liquid
phase with increasing temperature. This is a result of the continuous conversion of the solid
into liquid as it is formed until around the melting point (859 °C); where all the solid phase
changes to liquid and remains constant.

Thermodynamics of the sulfuric acid process predicts feasibility throughout the entire
temperature range studied with AG® becoming more negative with increasing temperature
(Figure 1.29). The highest amount of Li.SO4 produced by modelling of this process occurs
around 200 °C. When the temperature is close to 300 °C and beyond, there is a steady
decrease in quantity. These revelations are in line with observations by Salakjani et al. [81]
whose maximum recovery occurred at 250 °C, but a decrease in lithium recovery was
observed at 300 °C and beyond. This occurrence is because of the decomposition of sulfuric
acid between 300 and 400 °C (Figure 1.30c). However, the process remains spontaneous
even after the decomposition of the acid because the products of the decomposition (SOs
and H>0) from Equation (1.31) can drive the reaction to the product as seen in Equation
(1.21) or (1.32) but with a limited amount of lithium sulphate production. SO3 breaks down
further into SO, and O> (Equation (1.33)), which remain as spectator species. Precautionary
measures are advised at this point due to the toxicity of SO. Thus above 400 °C the sulfuric
acid process has thermodynamic behaviour similar to the sulphation process using
S03(g)/H20(g) as invented by Maurice et al. [96].
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Figure 1.30: Equilibrium amounts versus temperature for sulphate roasting of
spodumene using (a) Na2S0s4, (b) K2SOs4, (c) H2SO4, (d) SOs(g), (e) Fe2(SO4)s and (f)
Al2(SO4)3 (data from HSC Chemistry 5.1 software).

The equilibrium amount of lithium sulphate decreases after the decomposition of the acid,

but the Kkinetics of the process is expected to be favoured. This is because the gaseous
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reactants produced can diffuse easily and faster to access reaction sites than sulfuric acid as
a result of its viscosity. Around 900 °C and above the sulphation process with sulfuric acid
and SO3(g)/H20(g) ceases spontaneity, signified by a sharp increase in the amount of
spodumene in Figure 1.30c,d. This observation is attributed to the sintering effect and the

formation of lithium silicate, which has close resemblance to B-spodumene [119, 120].

H2S04(aq) = SO3(g) + H20(g) (1.31)
Li20-Al203.4Si02(s) + SO3(g) + 4H20(g) = Li2SO4s) + Al203.4S102:H20¢s) (1.32)
2S03(g) = 2502(g) + Oz(g) (1.33)

Spodumene roasting using Fex>(SO4)3 and Al2(SOa4)3 have similar behaviour (Figure
1.30e,f), except for a constant production of Li>SO4 in the case of Fex(SOa)s, but its amount
is higher only at temperatures below 500 °C for Al>(SO4)3. Metal sulphates also break down,
producing SOs/SO; at higher temperatures, which may influence the roasting process.
According to Luong et al. [85], NaxSO4 like K2SO4 has high thermal stability, ergo they
break down at higher temperatures, producing a small amount of SO3/SO», which apparently
has no effect on the process. This is confirmed by the absence of these gases in their
modelled process (Figure 1.30a,b). For iron and aluminium sulphates, the amount of the
gases generated during the decomposition is large enough to influence the process. From
Figure 1.30e,f, the sulphate of these metals is observed to decompose around 700 °C,
producing the gases but their effect is minimal in spodumene as compared to observation in
lepidolite according to Luong et al. [85], which may be due to the sintering of spodumene
above 800 °C [119, 120].

Calcium oxide was considered the reagent for alkaline roasting of spodumene. LiAIO>
is predicted by HSC Software as a product of the reaction (Equation (1.24)). Ca(OH). may
be produced from the reaction of Equation (1.34) to reacts with LiAIO, (Equation (1.35)),
producing LiOH in the solid or liquid phase depending on the temperature.

CaOg)+ H20(g) — Ca(OH)zs) (1.34)
2LIAIO2s) + Ca(OH)2s) = 2LIOHs) + CaAl204(s) (1.35)

It can be found from Figure 1.29 that this process is feasible throughout the temperature

range considered. This is confirmed by Figure 1.31 where soluble lithium hydroxide is
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formed as the useful product. Other products formed include silica, silicates and calcium
aluminosilicate with traces of calcium hydroxide. The moles of lithium hydroxide in the
solid phase decreases sharply with increasing temperature. This occurrence is attributed to
the conversion of the solid into the liquid phase, confirmed by the sharp rise of the liquid
phase with increasing temperature until around its melting point (462 °C), where there is a

total transformation into the liquid phase (Figure 1.31).
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Figure 1.31: Equilibrium amounts versus temperature for alkaline roasting of
spodumene using CaO (data from HSC Chemistry 5.1 software).

Figure 1.32 shows the modelling of chlorination roasting using CaCl,, Cl, and KCI.
These reagents have been used by some researchers to extract lithium from spodumene [72,
107, 108, 118]. From Figure 1.29, the reactions with CaCl, and Cl; are favoured either at a
point or entire temperature range considered in this simulation, however, it is not feasible
with KCI. This infeasibility is confirmed in Figure 1.32c where an appreciable amount of
spodumene is observed in the equilibrium mixture. There is an onset production of solid
LiCl which is converted into the liquid phase as soon as it is produced if CaCl, and Cl; are
used (Figure 1.32a,b). At ~610 °C (the melting point of lithium chloride) lithium chloride
in the medium is predominantly in the liquid phase. A high volatilization temperature is
expected due to the high vapor pressure of LiCl. Barbosa et al. [107] observed the gaseous
phase at ~1000 °C, however, it was not the case in the chlorination processes that were

modelled in this study.
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Figure 1.32: Equilibrium amounts versus temperature for chlorination of spodumene
using (a) CaClz, (b) Clz and (c) KCI (data from HSC Chemistry 5.1 software).

Apart from the path followed by KCI in Equation 1.30, another path which forms

potassium aluminosilicate (KAISi2Og) is also possible according to Equation (1.36):

B-LiAlSi2Og(s) + KCls) = LiCls) + KAISi2Og (s) (1.36)

However, the latter like the former is not feasible according to the software’s predictions.
Though some negative Gibbs free energy change is achieved when Equation (1.36) is
followed, the values are relatively small and occur at higher temperatures (above 1000 °C)
which makes the extraction of lithium by this route practically impossible.

Carbonizing roasting of spodumene using Na.COz as seen earlier in Equations (1.27)

and (1.28) may yield either Li2O or Li»COz3.The Li2O that is produced can be made to go
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into leaching to produce LiOH but the prediction from the HSC software indicates that the
reaction is not spontaneous except for the production of Li.COs (Figure 1.29). The
unfeasibility of Equation (1.27) is confirmed in Figure 1.33a, where there is apparently, no
leachable lithium product formed. The production of LioCOz from this process is feasible
below 700 °C (Figure 1.29) which is confirmed in Figure 1.33b where Li>COs3 is observed
below this temperature. Around 300 °C, the Li.COs that was produced decomposes, forming
carbon dioxide, silicates, aluminates and aluminosilicates. Thus, though there is feasibility
until 700 °C, it is not recommended to operate up to this temperature due to the
decomposition which occurs alongside the process. This confirms investigations by [109]
that the ideal hydrothermal decomposition temperature for the process as 90-225 °C. It is
mentioned that the mixture of products from the decomposition may be converted to sodic
zeolite which when tapped increases the recovery and the purity of lithium carbonate
synthesised. 94% and 70% lithium recovery were reached by working under high pressure

and by adding sodium chloride, respectively, with this process [111, 112].
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Figure 1.33: Equilibrium amounts versus temperature for carbonizing roasting of
spodumene according to (a) Equation (1.27) and (b) Equation (1.28) (data from HSC
Chemistry 5.1 software).

Fluorination roasting of calcined spodumene using NaF is found favourable
throughout the temperatures (Figure 1.29), which is confirmed by the formation of lithium
fluoride in the solid or liquid phase (Figure 1.34). Earlier investigation [113] predicted a
possible reversal of the process based on HSC Software calculation due to evolution of
spodumene phase in their model at increased temperature. The assertion is, however,
contrary to our findings. The disparity may be attributed to the absence of liquid lithium

fluoride phase in their model. Solid lithium fluoride begins to form but it melts, and its

64




amount decreases due to the simultaneous formation of the liquid phase with increasing
temperature. The liquid phase becomes the stable one at higher temperatures and its absence
from their HSC equilibrium calculation leads to some errors in the result. There is a levelling
of the liquid phase at around 845 °C (the melting point of LiF) due to the transformation of
all the solid phase into liquid. Their maximum LiF extraction achieved by the previous
researchers [113] was ~90% which occurred at 600 °C; which is just around the temperature
predicted in this study. Gaseous lithium fluoride was not observed within this temperature
range, but it is expected to appear around its boiling point (1676 °C) and beyond.
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Figure 1.34: Equilibrium amounts versus temperature for fluorination roasting of
spodumene using NaF (data from HSC Chemistry 5.1 software).

1.5 Conclusions

Lithium will play a significant role to achieve the net zero carbon emission envisaged
by 2050. It stands tall among other critical metals needed for the green technology with its
demand and price expected to increase astronomically in the coming years. This calls for
concerted effort to intensify the recovery of the metal from minerals through the
development of new and efficient metallurgical processes to supplement its undersupply
from brine. To achieve this, several processes have been developed to recover lithium from
micas (zinnwaldite, lepidolite, etc) and spodumene. Among the lithium-bearing minerals,
spodumene is currently, the most attractive and largely explored for lithium though
processing it goes with a high cost. A significant portion of the cost is linked to the pre-
treatment required during the processing of the metal from spodumene. Modern
technologies for processing the mineral are therefore geared towards reducing the energy

requirements of this step or eliminating it totally from the process.
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Processes for extracting lithium from minerals are normally categorised into
sulphation, alkaline, fluorination, chlorination and carbonizing. The HSC Chemistry® 5.1
thermochemical software was used to evaluation and explain the chemical thermodynamics
of processes encountered in literature for extracting lithium from spodumene. It was found
that, sulphation, alkaline, fluorination, chlorination as well as carbonizing to produce
lithium carbonate are processes which have the required thermodynamic driving force to
move the reaction to the products. It is therefore not surprising sulphation (using sulfuric
acid) and alkaline processes are considered as an industrial approach for lithium extraction.
Looking at the mild nature of the reagents in the alkaline processes, it will be a real
contender to the acidic process if the high energy requirement in the decomposition of
limestone can be decreased by some means. Though roasting with lime is feasible even at
lower temperatures, the decomposition of limestone is a precursor for the industrial
production of lime which makes the overall process energy intensive. Future work must be
focused on reducing the high heat needed for decomposing limestone to make the alkaline
process economically viable. In the acid roasting process, SOsz and H.O from the acid
decomposition may drive the reaction to produce at a faster rate due to the higher diffusion
rate of gases compared to liquids. Despite the expected faster rate of reaction of these gases
(SOs and H20), little is known concerning their use for beneficiating lithium bearing
minerals. It will be interesting if the behaviour of these species as well as other gases are
considered for processing lithium from ores. Sulphation as a method of spodumene
beneficiation is mostly limited to sulphuric acid, with little focus on other sulphating
reagents, but from the thermodynamics of this group of compounds it will also be interesting
to pay attention to other members of this compound. There is considerable literature on the
use of some alkali and alkaline earth metal sulphates as well as sulphates of ammonium for
processing other lithium bearing minerals than spodumene. Even in those cases, there is
minimal explanation of the chemical thermodynamics of the processes. Future work must
therefore look at the use of other sulphating reagents for spodumene processing as well as
their thermodynamics, both on spodumene and other lithium bearing minerals. Chlorination
and fluorination have been found to be promising for lithium extraction. Few chlorination
and fluorination agents are encountered in the literature for the process, despite their
thermodynamic feasibility. More research should be pursued in search for new fluorination
and chlorination agents and the processes should be optimized. The thermodynamics of the
carbonizing process yielding lithium carbonate is very interesting, particularly, its low
operating temperature and the direct production of a considerably pure product. It is
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surprising that it has not attracted much attention. Further research must be pursued to
optimize the process. From a thermodynamic point of view, temperatures below 300 °C are
predicted for the acid process and the feasible carbonizing process due to the acid and
lithium carbonate decomposition. For the other processes discussed, temperatures less than

600 °C are advised, except for fluorination, which works well a little above 600 °C.
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CHAPTER 2: Instrumentation and Analytical Techniques

2.1 Introduction

The study employed several analytical tools for sample characterisation to investigate
experimental conditions. These tools include X-ray Fluorescence (XRF), Scanning Electron
Microscopy with Energy Dispersive Spectroscopy (SEM/EDS), X-ray Diffraction (XRD),
Mineral Liberation Analysis (MLA) and Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES). This chapter focusses on describing principles underlining the

operation of these tools for sample analysis.

2.2 X-ray Fluorescence (XRF)

In general, X-ray spectroscopic technique makes use of characteristic X-ray produced
from a sample when its atoms are excited by a high energy beam. It is used for both
qualitative and quantitative determination of chemical elements. Characteristic X-ray may
be analysed by either referring to its wavelength or energy. If the analysis is based on its
wavelength, it is called Wavelength Dispersive Spectroscopy (WDS), but it is Energy
Dispersive Spectroscopy (EDS) if its energy is used.

XRF uses high energy X-rays produced from a high voltage source (between 30 to 50
kV) as the energy beam source to excite the atoms of the sample. Characteristic X-rays
emitted are then analysed using their wavelengths [1]. Thus, the XRF uses WDS as a
spectrometer for the chemical analysis of a sample. It detects characteristic X-ray signals of
elements with atomic number of six (carbon) or more [1]. The energies of the X-rays are
quantized and characteristic of atomic number of the emitting atom.

The XRF device basically consists of an X-ray tube (X-ray source), X-ray detection system
and a data assembly and processing unit (Figure 2.1). In operation, primary X-ray is
produced in the X-ray tube to excite atoms in the sample. The excitation in turn produces
the characteristic X-rays which are diffracted and collimated onto the photon counter of the
detection unit. The unit scans the photons in a 26 range to determine the wavelength (1)

using Brag's law (Equation 2.1):

__ 2dsin®
- n

A

(2.1)
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Where d is the interplanar distance between adjacent atoms, 0, the angle of incidence (the
angle between the crystallographic plane generating the diffraction and the incident beam)

and “n” is the diffraction order.

Collimator mask

Primary beam

filter NN oy
Collimator

X-ray tube
Analyzer
crystal

\ Photon counter

Figure 2.1 Essential parts and arrangement showing the operation of an XRF device

[1].

A WDS spectrometer measures and records the wavelength as a spectrum of
wavelength versus intensity (height) where each spectrum corresponds to the element
generating it. The elements of the sample may then be identified by matching them to their
respective spectrum. It is also possible to identify elements by atomic number determination

using Moseley’s law (Equation 2.2):

1= B

Where B and o are constants relating to the shells of the transitioning electrons, A and Z are
the wavelength of the X-ray and the atomic number respectively.

Quantitative determination is made by comparing the relative heights of the peaks in
the spectrum. The weight fraction (W) of an element in the sample is related to the matrix

factor (M), instrument factor (K) and relative intensity height (Ir) in Equation 2.3 as:

W = MKIj (2.3)
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To obtain an accurate estimation for W, an internal standard is normally used with the
assumption that, M and K are constant. With this assumption, the weight fraction (W,) of
the sample element can be calculated from its measured intensity (1,.), weight fraction of the

standard (W) and corresponding intensity (I;) by comparison using Equation (2.4):

We _le (2.4)

Ws I

The internal standard method is, nonetheless, suitable for quantifying single elements
in a sample. New XRF instruments use the fundamental parameter method which compares
theoretically calculated intensities of elements with measured intensity spectrum of the
elements in the sample to estimate their composition. To achieve this, the calculated
intensities (usually a relative parameter) is first normalised (by multiplying with the
instrumental sensitivity). The results are then compared with the sample intensity spectrum.
The difference in intensity triggers another calculation cycle until the difference is minimal
(less than the threshold) where the final composition of the sample is estimated.

In this study, the major minerals in the concentrate were identified and quantified
using XRF by a commercial laboratory (ALS Environmental Testing, Stafford, QLD).

2.3 Scanning Electron Microscopy with Energy Dispersive Spectroscopy

(SEM/EDS)

Scanning Electron Microscopy (SEM) is a technique for investigating material’s
microstructure and morphology by directing electrons to the material’s surface to give
images. SEM may be equipped with Energy Dispersive Spectroscopy (EDS) which enables
the retrieval of the chemical composition of the material, leading to the combination
SEM/EDS as an analytical technique. SEM device is essentially made up of electron source
(produced by a voltage source operating between 1 to 40 kV) and series of electromagnetic
lenses which aid in the formation of electron probe used for scanning the surface of the
sample [1].

In operation, the electron probe moves and forms a rectangular raster over the surface
of the sample. The electrons interact with the atoms of the specimen and are scattered
backward or eject electrons from the atoms of the sample. The resulting electron signals in

conjunction with the pixels of raster formed, are detected, and amplified to form an image
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of the specimen. Two types of electron signals are thus, used to form the image: (1)
Backscattered Electrons (BSEs) and (2) Secondary Electrons (SES).

If the incident electrons are scattered backward after interacting with the atoms of the
specimen, the scattering is termed “elastic” and produces BSE signals. The ability for the
incident electrons to undergo elastic scattering is predicted by a factor called “backscatter
coefficient” which varies with the atomic number. Different BSEs collected are detected as
different gray levels by the detector. An atom with a higher BSEs means higher backscatter
coefficient value, high atomic number, which results in greater scattering and the specimen
will appear bright. The BSEs therefore gives the compositional contrast and hence, an idea
of chemical composition of a specimen.

Contrary to BSEs, SE signals are produced when incident electrons after striking the
surface of a specimen, eject electrons from the atoms of the sample after receiving kinetic
energy from the incident electrons. This is called inelastic scattering. A schematic diagram

of SEM showing BSE and SE signals is indicated in Figure 2.2.
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Figure 2.2 Schematic diagram of an SEM indicating BSEs and SEs [2].

SE signals produce topographic contrast which is the basic contrast of SEM images.
Topographical contrast may arise due to the orientation of the detector relative to the sample
and the trajectory of the emitted electrons. A higher number of electrons will reach a detector
from a sample whose surface faces it. Images which arise from this kind of effect are bright
and vice-versa. The place on the surface of the sample where the incident electrons strike

can also create another kind of contrast. If the incidence electrons strike the specimen’s flat
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surface, few electrons are emitted giving rise to dark contrast, but a high number of electrons
are reflected when they strike the surface at an angle such as an outline of its hole, sphere
or an elevated portion. This effect called electron number effect results in a bright contrast.

EDS microanalysers are normally coupled with electron microscope for elemental
analysis. SEM/EDS functions similarly like XRF just that the former uses electron as energy
beam to excite and produce characteristic X-ray which are analysed with reference to the
energy. Also, XRF analyses the chemical composition of the whole sample whereas
SEMV/EDS is used to analyse targeted spot(s) of the sample. XRF may use internal standard
whilst electron microscope uses external standard sample containing the elements to be
analysed. The ZAF method which is based on Equation (2.5) is the mostly used quantitative
technique.

wi _
L40)

I
(Z;AiF;) o (Z;A;F)K; (2.5)

Where W; and W(;, are the weight fractions of element i in the sample and standard
respectively; I; and I are their corresponding intensities. (Z;A;F;) is a matrix correction
factor for element i where Z;, A;, and F; are the matrix effect due to atomic number, X-ray
absorption and fluorescence respectively. Thus, to use the ZAF procedure, the matrix
correction factor for each element in the sample must be calculated. This method
hypothesises that, the surface of the sample is flat microscopically and it is present in bulk.

The quantification is achieved by calculating the relative intensities of elements in the
sample from the sample spectrum as the ratio of the intensity height of an element to the
sum of all intensity heights in the sample spectrum. The matrix correction factor for all the
elements is then estimated to enable the calculation of their K; which is compared with the
measured K;s. The calculation is repeated several times until the two parameters agree to
enable the estimation of the elemental composition.

In this study, SEM/EDS was used to study the spodumene concentrate, decrepitated
samples and leached residues of chlorination using BSEs. Two preparation procedures were
employed on samples before analysis. In the first preparation, powdered samples were glued
on a graphite support for the analysis. The second was prepared by placing the sample in an
epoxy resin and allowing to stand until it hardened. Surfaces of the hardened materials were
polished and ultrasonically cleaned with deionized water to achieve a microscopically flat

and highly polished surface. Due the electrically nonconductive nature of the samples, their
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surfaces were coated with a thin film of carbon to enhance good electrical conductivity and

prevent charging during analysis.

Mineral Liberation Analysis

Mineral Liberation Analysis (MLA) was carried out by Julius Kruttschnitt Mineral
Research Centre (JKMRC) of the Sustainable Mineral Institute in Australia. The equipment
used in this study makes use of BSE images and point-generated X-ray signals coupled with
modern image and pattern identification for its measurements [3, 4]. The samples were
prepared by allowing the untreated concentrate to stand in resin to harden, followed by
surface polishing as in SEM-EDS second sample preparation. The prepared samples were
then subjected to the MLA. Grain particles touching each other due to their settling mode in
the resin were detected by DataView with its online program software package and then
separated from each other using the shadow/boundary identification procedure. This was to
ensure that, all grain particles in the sample were well separated from each other to avoid
possible interference which may lead to errors in liberation results and mineral phase
identification. Mineral phase identification was achieved by comparing elemental
composition X-ray analysis with a standard database. Here, particles of the concentrate
(which are in the resin) were divided into their individual mineral grains and their
boundaries demarcated using their average BSE grey level. The device performs a
systematic point X-ray elemental map which is associated with specific grains based on the
differences in the grey level from the BSE map of the composite particles. The X-ray
elemental map generated is matched to the corresponding average atomic number (AAN)
of each mineral for their identification. In situations where mineral identification
uncertainties arise due to overlap of grey level or minerals of similar AAN, the area X-ray
analysis detects these anomalies and with the help of X-ray mapping, these minerals are
discriminated and identified. Data obtained on the minerals are then stored for presentation
in MLA DataView software.

2.4 X-ray Diffraction (XRD)

X-ray diffraction is a non-destructive technique used to identify and quantify
phases in a sample based on their specific chemistries and atomic arrangement. The
rays are produced when of fast-moving electrons accelerated by electric voltage are

stopped by a metal target. The kinetic energy of the electrons after a rapid deceleration
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are converted to this electromagnetic radiation which has a very short wavelength called
X-ray. The rays after production are collimated and focused onto the sample to interact
with the atoms which subsequently diffracts the rays at their crystallographic planes
onto the detector. A diffractometer is thus, essentially composed of an X-ray tube,

sample holder and a detector (Figure 2.3).

When the device is in operation, there is a relative motion between the
components and if the components align such that a constructive interference occurs
between the incidence beam, it obeys the Bragg’s law (Equation 2.1) and a peak

intensity is detected, measured and registered.

Detector

X-ray tube
(line focus)

Soller slits

Measuring circle

Figure 2.3 Arrangement of the components in a diffractometer [1].

By continuously changing the incidence angle, a diffractogram which is a plot of
intensity (count per second) versus 20 is generated where each spectrum corresponds
to a phase. Sample of a raw diffractogram generated by treatment of spodumene sample
is shown in Figure 2.4.

Identification of phases in the diffractogram is made possible by matching the
pattern of the sample with that of a known sample usually stored in a powder diffraction
file (PDF) database published by the International Centre for Diffraction Data (ICDD).
On the other hand, the d-spacing are obtained from the Bragg’s law and stored in the

PDF which can also be used to identify phases in the sample spectrum.
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Two methods are broadly used to quantify phases in the sample: single reflection
method and whole pattern method. The single reflection is based on an individual’s
choice to estimate the amount of a phase by comparing with the weight percent of a
standard which is usually a natural sample such as corundum (a-Al203) or zincite
(ZnO). Depending on how the standards are applied for the analysis, the single
reflection method may be subdivided into internal standard and external standard

method.
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Figure 2.4 Sample diffractogram generated by the diffractometer.

In the internal standard method, the standard is added to the sample and analyzed in-
situ with the sample after which the mineral phase of the sample is quantified based on
a comparison with the standard. The Reference Intensity Ratio (RIR) and the Mineral
Intensity Factor (MIF) are both single reflection internal standard method; if a-Al203 is
used as the internal standard it is called RIR but it is called MIF if ZnO is used. The
single reflection external standard method contrary to its internal standard counterpart
does not introduce the standard into the sample during XRD measurements.

To use the RIR method for phase quantification, RIRcor Or I/lcor values (“cor”
referring to corundum used as standard) are estimated from the ratio of the intensity of
the most intense line of the phase of interest to that of corundum obtained from a scan
of their 1:1 binary mixture. RIRcr values have been determined and stored in the PDF

database from which semi-quantification of phases are estimated.
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Semi-quantitative relative abundances of the phases in this study were estimated
using the EVA® software coupled with the PDF2 database of the ICDD. It was
performed based on the sample pattern’s relative heights and I/Icor values by assuming
that all crystalline phases were detected, and their sum was 100%. To obtain accurate
estimation, a good preparation of samples through grinding to obtain fine powdered
samples which have non-oriented flat plates were used. The preparation was essential
to avoid preferential orientation and favoring certain diffraction peaks and cleavable
minerals. The preparations were also made under the same conditions as far as possible
to avoid the influence of external factors.

Diffractograms of samples were collected using a CuKo radiation D2 Phaser
Bruker diffractometer which is equipped with LYNXEYE detector under 30 kV and 10
mA with measurements made at ambient temperature. The patterns were recorded

between 20 = 2.5° and 70° at a scan step of 20 = 0.02° and step exposure time of 1 s.

2.5 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

This technique uses the photophysical properties of elements for their detection
and quantification. It employs the wavelengths and intensities of light emitted from
electrons of atoms to respectively identify and quantify them when they return to their
ground states after being excited. The device is composed basically of a sample
injection system (pump, nebulizer, spray chamber and sample injector), torch (which
houses the plasma), radio frequency generator (or microwave radiation), the optics and
detector (Figure 2.5). The device is used for measuring liquid samples hence, any solid
material to be analyzed by this technique must first be solubilized by digestion.

When in operation, the sample by peristalsis mechanism of the pump is introduced
into the nebulizer to vaporize and convert it into aerosols which enters the spray
chamber to filter and allow finer and uniform aerosols (about 10 microns) to proceed to
the torch via the sample injector [5]. The torch is supplied with argon gas which is used
to generate the plasma through the application of high-power radio frequency (about

700 to 1500 W) [5] or microwave irradiation to ionize the gas.
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Figure 2.5 Schematic diagram of the ICP-OES [6].

This forms an argon gas-cloud (consisting of argon, ions, and electrons) called plasma
operating between 8000 to 10000 K [5]. The aerosol samples as they approach this high
temperature plasma are desolvated to release the component salts which melt and
dissociate into their constituent atoms following excitation by the plasma.

When excited electron(s) return to the ground state, they emit light energy with
wavelength(s) which is/are characteristic of the atom(s) emitting it. The emitted light is
focused onto the optics of the device to disperse and separate the wavelengths onto the
detector which identifies the elements based on their characteristic wavelengths.
Quantification is based on the intensity of light reaching the detector. It uses the Beer-
Lambert law which indicates that, the intensity is proportional to the concentration of

the element emitting it (Equation 2.6).

I =gcl (2.6)

where [ is the intensity and €, ¢, and [ are the molar absorption coefficient, molar
concentration, and optical path length respectively. To determine the concentration of
an unknown sample, solutions of known concentrations (standards) of the analyte(s)
is/are analyzed and the result is used the construct a calibration curve from which the

unknown concentration is estimated.
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CHAPTER 3: Physico-chemical Characteristics of Spodumene

Concentrate and its Thermal Transformations
3.1 Introduction
The sample used for the study is obtained from the Pilgangoora LCT pegmatite deposit
found at the Pilbara Craton located in the Pilbara region of Western Australia. Figure 3.1
shows the sample location (Pilgangoora) alongside other LCT pegmatite deposits in

Western Australia.
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Figure 3.1: Location of Pilgangoora and other pegmatite deposits in Western Australia

[1].
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The pegmatite has an open surface in greenstone belt with a weathered surface and
composed of several mineral assemblage including elongated and very coarse spodumene.
The spodumene content of the pegmatite is estimated to vary from 75 to 80% but another
source indicates more than 85%. This pegmatite source contributes significantly (about 226
Mt) to the world lithium resource with a lithium oxide content of about 1.27 wt% distributed

evenly throughout the pegmatite [2, 3].

3.2 Characterisation of Spodumene Concentrate
3.2.1 Spodumene Concentrate Preparation
Method

The concentrate was achieved by several unit operations including crushing, grinding,
gravity separation (Dense Media Separation (DMS)) and froth flotation. The ore was
crushed with primary and secondary crushers to particle size of 32 mm onto a stockpile. It
was then fed into High-Pressure Grinding Rolls to reduce the size further to 3.35 mm. This
was followed by a two-stage DMS which led to the recovery of course spodumene
concentrate. The lower grade unrecovered material was fed into a ball mill which reduced
the size to 115 microns prior to tantalite recovery as a by-product via gravity separation.
The spodumene-containing fraction was conditioned at a little above 50% pulp density in a
neutral pH using sodium oleate as collector. Spodumene in the conditioned material was
floated at 30% pulp density and gangue minerals rejected to tailings. This led to 85%
recovery and an upgraded concentrate of about 4.6% Li>O. The floated material then entered
the cleaning stage yielding the concentrate. The concentrate produced as described above
was then used for the study.

It consisted of damp, fine-grained material with a significant portion composed of
large, agglomerated particles that were several centimetres in diameter. The bulk of the
material was greenish brown in colour. Breaking apart the agglomerate particles revealed a
light grey material. An image of the bulk and grey material is shown in Figure 3.2. The
different colouration observed may be due to the presence of varying concentrations of Fe
and Mn which substitute for Al at the various locations. Spodumene is usually associated
with Fe which gives it a greenish colour. At lower Fe concentration, a grey/white colour is
observed as in this case [4].
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Figure 3.2: Optical image showing both the bulk and grey material contained in
agglomerate particles.

The as-received sample was formed into a cone and tarp and then cut into
approximately two portions. A portion was dried at 60 °C for 48 h after which it was passed
through a 3.25 mm screen to break agglomerate particles. The dried material was split into
eight subsamples using a rotary splitter. These subsamples were further split using a riffle
splitter to generate representative samples of about 1 kg in mass. A representative subsample
of the other moist portion was sectioned off by pie splitting which was used to determine

the elemental and mineral composition.

Particle Size Distribution

A representative subsample of the dried material was used to determine the particle
size distribution. This analysis was performed by staff at the hydrometallurgy department
of The University of Queensland, Australia. Approximately, 15 g of the sample was slurred
inal L stirred baffled reactor containing water. A small amount of detergent was added to
enhance breaking the agglomerates and reduce hydrophobicity. This slurry was then
sampled using a pipette across the entire depth of the reactor. Sample was transferred to a
Malvern Mastersizer for particle size analysis. A total of 5 repeats with two additional

rejected runs were completed.

Spodumene concentrate characterisation technique

The spodumene sample obtained was characterised using XRF, SEM/EDS, XRD,
MLA and ICP-OES. The sample preparation and mode of operation of analytical equipment
for the characterisation is elaborated in Chapter 2. All treated samples were investigated by

one or a combination of the technique(s).
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3.3 Thermal Treatment of Spodumene Concentrate

Carbolite Gero electric furnace was used for the thermal treatment of the concentrate
and chlorination roasting. The reactor is made of quartz tube which was placed inside the
furnace and the whole setup operated in air with a flow rate of 25 L/h. The heat which is
generated by an electric source provides a constant homogeneous heating 20 cm at its centre
up to 1500 °C, therefore, samples placed in the middle have constant temperature throughout
the experiment. A cylindrical quartz crucible was used to hold the sample for heating. Before
experimental work, the furnace was calibrated such that, the extent of deviation from the set
temperature was 5 °C throughout the study. It was then preheated for 60 min to achieve a
steady temperature so that samples can attain the reaction temperature within the shortest
possible time for accurate time measurements. Residence time was measured immediately
after the sample was introduced into the furnace until the specified time elapsed. Figure 3.3

shows the experimental set-up used for the study.

/
LT L
Figure 3.3: Experimental set-up for thermal treatment of samples.

Method
After achieving and stabilizing the required temperature as indicated earlier, samples
were introduced at the centre of the reactor and the air supply connected. Roasting at varying
temperatures from 900 to 1050 °C at 25 °C intervals and residence times of 7.5, 15, 30, 60,
240 and 480 min for the decrepitating experiments. Residence time was measured
immediately after the sample was introduced into the furnace until the specified time
elapsed. Samples were weighed after the thermal treatments and prepared for analysis as

required.
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3.4 Results and Discussion

3.4.1 Spodumene Concentrate

Bulk Chemical Analysis

The result of the elemental composition of the concentrate as oxides obtained from
XRF and ICP-OES is presented in Table 3.1 The lithium content was determined as 2.14

wt.%; consequently, the calculated lithium oxide and spodumene content were 4.61 wt.%

and 57.39 wt.% respectively. This is in close agreement with the 60.21 wt.% spodumenes
indicated by the MLA result (Table 3.2) and 3 wt.% Li content in spodumene from the

Pilgangoora deposit reported in the literature [4].

Table 3.1: Elemental composition of concentrate determined by XRF and ICP-OES.

Major AlOs CaO Cr:03 Fe:03 KO MgO MnO NaO P.,Os SOs SiO: TiO2 LiO LOI

(Wt%) 2079 172 003 429 126 130 032 114 033 015 6131 010 461 1.95

minor Cs Rb Ta Nb Sn

(ppm) 116 1033 202 180 140

Table 3.2: MLA modal mineralogy.
Mineral Formula wt%
Spodumene LiAISi206 60.21
Pyrite FeS: 0.13
Quartz SiO2 7.58
Orthoclase KAISizOs 4.00
Albite NaAlSizOs 9.10
Anorthite CaAl2Si,0g 1.00
Biotite KMg2.5Fe?*0.5AISi3010(OH)1.75F0.25 3.32
Muscovite KAI3Si3010(OH)1.9F0.1 4.90
Chlorite (Mg,Fe)s(Si,Al)4010(OH)2-(Mg,Fe)3(OH)s  0.33
Amphibole CaFeSi»Oe 7.30
Spessartine  Mn2*3Al2(SiO4)s 0.61
Tantalite- MnTa20e
(Mn) 0.12
Calcite CaCOs3 0.47
Apatite Cas(POs)(F,CI,OH) 0.93

All elements identified are also in agreement with the previous investigation by Aylmore et

al. [4] except for Ba and Co which were not identified in this study.

Mineralogy

XRD spectra of the concentrate are shown in Figure 3.4. Spodumene, mica (muscovite

and biotite), quartz, feldspars (orthoclase, albite, anorthite) and the amphiboles are the
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predominant minerals identified which are typical minerals of spodumene ore of Pilbara.
XRD has become the common analytical tool for determining the mineral composition of
samples, it has, therefore, been used with the support of other analytical techniques (MLA
and EDS) for the finest detection of mineral assemblage in the concentrate.

The modal mineralogy identified by MLA with their amounts are shown in Table 3.2.
This result is consistent with the XRD analyses, however, spessartine, tantalite, calcite, and
apatite which appeared as trace minerals were not identified by XRD. An operator decision
was made to consider only minerals that present at least two diffraction peaks (the main and
secondary peaks). Thus, minerals with a very low concentration and showing only their
main peak, which was difficult to dissociate from the background noise, could have been
neglected. This could result in some trace minerals unidentified by XRD contrary to MLA
and EDS point analysis.

The results are in close agreement with the mineralogy of LCT-spodumene ore except
with the presence of amphibole which is identified in this work. Elemental assay of the
concentrate was also calculated by MLA and the results are presented in Table 3.3.
Computing the oxides of these elements shows a close agreement with chemical analyses in

Table 3.1. The results of this computation are shown in Table A.1 of the appendix.
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Figure 3.4: XRD patterns of spodumene concentrate.

Table 3.3: Calculated elemental assay from MLA.

Li
1.96

Al Si o S Fe K Na Ta P Mn Mg Ca Cl F H
1158 29.47 0.06 0.07 200 134 076 0.09 017 0.22 050 197 0.02 0.09 0.04

o
49.39
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The particle size of the major minerals was also determined by MLA and the
corresponding results are displayed in Figure 3.5. There are no significant differences
between the particle sizes of the minerals in the concentrate. The grain sizes are small with
the majority below 100 microns (d80 around 100 microns). At this particle size, the minerals
are well liberated as the degree of liberation of all of them is above 90% (Figure 3.6).
Spodumene is the most liberated mineral as its degree of liberation reaches nearly 99%. It
follows that the comminution conditions employed for processing this ore are satisfactory;
since minerals in the concentrate were well liberated for subsequent processing to enable
maximum lithium extraction, provided the spodumene itself does not passivate. A raw MLA

data generated for obtaining Figure 3.6 is provided in Table A.2 (in Appendix).
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Figure 3.5: Mineral particle size determined by MLA.
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Figure 3.6: Degree of liberation of the main mineral phases.
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Morphology, Texture of Particles and Mineralogy
Figure 3.7 shows the volume distribution and cumulative passing of the concentrate
particles. Particle diameter ranges from 10 to 200 microns with about 68% of the total
volume being 80 microns in diameter. The dso and dgo are indicated as 57 and 113 microns
respectively. The d80 found is in close agreement with the 100 microns suggested earlier.
Considering the higher liberation of spodumene grains, it may be indicated that, d80 of 113
microns and particle diameter of 80 microns are good comminution parameters for

processing spodumene ore, particularly the one of Pilgangoora origin.
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Figure 3.7: Volume distribution and cumulative passing of spodumene concentrate.

Physicochemical Characteristics

The BSE mode of the SEM was used to investigate the morphology and texture of
particles in the concentrate. It was coupled with EDS to determine the elemental
composition at some points and hence the mineral composition. Figure 3.8 and Table 3.4
are the SEM photomicrograph and spot elemental composition of the concentrate
respectively. It is observed (from Figure 3.8a,b) that, it is a well liberated coarse and loose
material with varying particle size of several microns in diameter; confirming earlier
observation.

Spodumene grains were identified using the Si/Al atomic ratio since EDS cannot
detect the presence of lithium. The atomic ratio of Si to Al in spodumene is 2.0, hence,
grains with spot elemental composition mainly of Al, Si, O and Si/Al ratio of approximately

2.0 corresponds to spodumene. All spots indicated “1” are identified as spodumene. Figure
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3.8c,d confirms that spodumene is a coarse, dense, crystalline solid with a smooth surface,
however, scratches were observed on some grains, which may be due to abrasion during
comminution. It suggests that spodumene is a hard mineral that resists wear and tear except
when in contact with a harder material. This is confirmed by its relatively high 6.5 to 7.0
value on the Mohs scale of mineral hardness. Spodumene is the major mineral found in the

concentrate.

(c) (d)

Figure 3.8: SEM of powdered (a,b) and polished samples (c,d) of concentrate. The
numbers (1 to 7, 9, 10) indicate the locations of the elemental determination.

Spot “2” has a complex composition with Fe, Mg, Ca, Al, Si, O as the major elements
but with varying concentrations at different spots. We attribute these grains to the amphibole
group of minerals as indicated in XRD pattern due to the higher concentration of Fe, Mg
and Ca at some spots. We could not attribute them to the mica group since the mica group

identified by MLA in the concentrate are muscovite and biotite which all contain K in their
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chemistry, but K is absent at these spots. Spots identified as amphibole do not have specific
colour but ranges from light gray to white depending on the concentration of heavy metals
that may be present. The micas (muscovite and biotite) are identified by spot 3 where there
IS an appreciable high concentration of K. Spots “4” are composed mainly of Si and O with
O/Si atomic ratio of approximately 2.0 and therefore identified as quartz. Spots “5” and “6”
have a complex composition of Ca, K and Na and are linked to the feldspars, specifically,

alkali feldspars and anorthite.

Table 3.4: Atomic percentage of elemental composition identified by SEM-EDS.

Elem Spot Spot Spot Spot Spot Spot Spot Spot Spot
ents “1” “2" ”3" “4" “5" “6” “7" “9”  “10”
O 647 609 544 66.7 61.9 61.6 60.1 56.6  67.8
Al 11.5 52 4.1 7.7 7.5 0.4
Si 236 168 161 33.3 23.3 23.2 0.6
Fe 0.2 6.2 22 38.9
Mg 43 106 0.1
Ca 4.8 0.2 20.2
Mn 0.2
Na 1.1 6.9 2.4
K 0.5 3.9 52
F 8.6 8.6
P 14.6
Nb
Ta 0.4
N 6.2
Sn 25.6

Spot “5” is specifically identified as albite due to the high concentration of Na at these areas
and spots “6” as other feldspars. Hematite was not identified by XRD nor MLA but Spot
“7” is identified as such based on the composition. It is composed mainly of Fe and O with
an O/Fe atomic ratio of approximately 1.5, confirming its identity. Apatite which is typical
of LCT-spodumene ore of the Pilbara region are also identified at spot “9”. The standard
deviations calculated for atomic percent obtained on some mineral grains in the concentrate
are shown in the Appendix (Tables A.3—A.9). Spot “10” is composed of Sn, Ta, N and O.
Though the identification of Sn by EDS is a confirmation of elemental composition in Table
3.1, we could not link the identity of this spot to any mineral since its composition did not
match with any. We treat it as an impurity that is locked up in the spodumene grain.

All major minerals in the concentrate were identified using spot elemental
identification by EDS, confirming XRD and MLA analytical results. Raw data (elemental
spectrum with their corresponding intensities, weight percent, etc.) generated by SEM-EDS
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instrument for elemental composition determination which enabled the mineral phases’
identification can be found in Figures A.1-A.8 and Tables A.10-A.17. Other elements such
as Cr, Ti, F, Th, Sn, Zn, Cu, Ni, V, and S were also identified which are associated with the
fine inclusion of some minerals. Though Ta, Nb, Sn and other valuable metals were

observed, their concentrations are too low to be extracted economically.

3.4.2 Thermal Treatment of Spodumene Concentrate
Physicochemical transformations

The morphological changes in the spodumene grain during decrepitation are of great
importance since it gives an indication of the extent of structural changes and openness of
the mineral for chemical treatment. Changes in the morphology of spodumene grains were
studied on residues treated at 900, 950, 1000 and 1050 °C using the BSE mode of SEM
coupled with EDS. Figure 3.9 and Figure A.8 (in Appendix) gives the SEM images with
spots analysed by EDS for both polished and unpolished samples respectively. Cracks
preceding disintegration were observed in spodumene grains which were also followed by
melting and agglomeration with increasing temperature (Figure 3.9a—d). At 900 °C, micro-
cracks are observed (Figure 3.9a) which becomes prominent at 950 °C (Figure 3.9b) such
that at 1000 °C (Figure 3.9c), the spodumene grains had disintegrated and was well open
for chemical processing. At 1050 °C, melting and agglomeration of spodumene with
impurities are observed (Figure 3.9d). A closer look at a portion in Figure 3.9d (square “A”)
confirms the melting and agglomeration (Figure 3.9¢). We observe several regions of dark
and light grey as well as dotted white regions with each coloration corresponding to a
mineral phase which are fused together in Figure 3.9e due to melting. Specifically, spots
“17, “27”, “4” and “6” were identified in Figure 3.9¢ which corresponds to spodumene,
amphibole, quartz and feldspars which were fused together. Tantalite and other minerals
were also seen fused with some spodumene grains at other portions. Most investigations of
lithium extraction from spodumene are performed at decrepitation temperature of 1050 °C,
however, we advise 1000 °C as the ideal decrepitation temperature for this concentrate. This
is due to the degree of material disintegration at 1000 °C and the agglomeration which
occurs at temperatures higher that it (1000 °C), which can affect downstream processes and
the extraction efficiency of lithium.

Most minerals were identified in the residues and thermal treatment did not have any
major influence on their composition except melting and agglomeration of the particles at
higher temperatures.
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Figure 3.9: SEM and spot elemental composition determination of polished sample
obtained after treatment in air at (a) 900 °C, (b) 950 °C, (c) 1000 °C, (d) 1050 °C and
(e) melting and agglomeration occurring in square ”A”. The numbers (1 to 9) indicate
the locations of the elemental determination.

A representative elemental composition as determined by EDS for samples treated at 900,

950 and 1000 °C are indicated in Tables A.18-A.20. Though there was no major effect of
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thermal treatment on the mineral phases, ionic diffusion was observed in some of the
residues at increased temperatures which becomes prominent at 1050 °C. Due to this
diffusion, the segregation of the feldspars into their individual minerals as well as
differentiating them from the micas by EDS becomes a challenge since they appear to have
similar elemental compositions. Table 3.5 shows some elemental associations with
spodumene (spot “1”), amphiboles (spot “2”’) and representative composition of micas and
feldspars (spot “3”, “5”, “6”) as a result of ionic diffusion between minerals at 1050 °C. The
composition of quartz, hematite, tantalite and apatite were not greatly affected regarding the

ionic diffusion and are indicated at spots 4, 7, 8 and 9, respectively.

Table 3.5: Atomic percentage of elemental composition identified by SEM-EDS at 1050
°C.

Elem Spot Spot Spotn® Spotn® Spotn® Spotn® Spotn°

ents n°1 n°2 3,5&6 4 7 8 9
O 64.3 54.9 62.8 66.7 60.1 67.3 56.9
Al 114 34 6.6 0.4
Si 23.1 19.5 24.3 33.3 0.6
Fe 0.2 14.4 0.8 38.9 1.9
Mg 0.2 3.9 0.3 0.1
Ca 0.1 1.7 0.5 20.4

Mn 0.1 0.2 8.5 0.3
Na 0.6 0.9 2.0
K 0.2 0.8 2.7
Ti 0.3
F 7.9
P 14.5
Nb 12.1
Ta 10.3

Conversion Extent of a-Spodumene

Percent weight (wt%, the mass of one phase of the mineral in the sample expressed as
a percentage) was investigated to determine the extent of conversion of a-spodumene to
both y and  from 900 to 1000 °C as a function of residence time (7.5 to 480 min). The result
is presented in Figure 3.10. It is evident that the transformation increases with temperature
and residence time. At 900 °C, conversion of the a-phase was observed after 60 min
treatment which is characterized by peaks of y and  in XRD diffractogram in Figure 3.11a.
Almost complete conversion was achieved at 975 and 1000 °C as XRD patterns do not show
the presence of the a-phase after 240 and 60 min, respectively (Figure A.10c,d). At 900 °C,
transformation increased slightly over time. Only 25% conversion was achieved even after
480 min, 17% of the transformed phase being the f-phase (Figure 3.10). After 480 min the
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a-phase was still dominant indicating that the phase transformation is more sensitive to
temperature than dwelling time. A sharp increase in conversion is observed by increasing
the temperature a little above 900 °C (925 °C). More than 60% transformation was attained
after 480 min. Small amount of the transformed phase (17%) is due to the y-phase and the
majority (about 50%) are the B-phase. Peaks of the initially dominant a-phase gradually
decreased whilst the B-phase increased with residence time (Figure A.10a), confirming also

increasing transformation with time.
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Figure 3.10: Conversion extent of a-spodumene into (B+y) form during treatment of
the concentrate between 900 and 1000 °C as a function of residence time.
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Figure 3.11: XRD patterns of residues obtained after concentrate treatment in air as a
function of residence time at 900 °C (a) and 1050 °C (b).

The higher experimental temperature required a shorter residence time for the
transformation and vice versa. Further investigations at 1025 and 1050 °C also did not show
any significant peaks of a-phase in the XRD pattern (Figure A.10e,f).

Evolution Extent of f-Spodumene

The formation of B-spodumene is favoured by increasing the temperature and
residence time (Figure 3.12). The maximum formed at 900 °C is about 17% while almost
100% formation was achieved at 1050 °C after 60 min. Temperature is observed to be the
most sensitive parameter for the process and once the threshold temperature is attained, few
minutes of heating result in appreciable formation. The temperature of 1050 °C is found as
the threshold in this study for treating the concentrate, resulting in almost 100% a-
conversion and 85% PB-formation in just 7.5 min respectively. This is seen in Figure 3.11b
where only y and -phases are present in the diffractogram after 7.5 min of treatment. The
threshold temperature for the process was also documented elsewhere [5, 6]. Investigations

by Peltosari et al. [7] and Salakjani et al. [8] revealed a comparatively higher temperature
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(1100 °C) as the threshold for the B-phase formation. We suspect that the difference in
temperatures reported in the literature and that presented in this study are due to different
gangue concentrations in the samples, the heat treatment process as well the nature of
calibration applied to the furnace. Peltosari et al. [7] nor Salakjani et al. [8], however, gave

detailed information on these parameters in order to confirm this speculation.
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Figure 3.12: g-spodumene formation during treatment of concentrate between 900 and
1050 °C as a function of residence time.

Additionally, there is an influence due to particle size; a higher reaction rate at a lower
particle size was observed by Peltosari et al. [7]. The particle size identified in this
concentrate is, however, good enough to achieve considerable mineral liberation as well as

a B-phase formation at a comparatively lower temperature.

Evolution of the Relative y-Spodumene

Peaks of metastable y-phase are seen in XRD diffractogram from the start of the
experiment and persist throughout until after 60 min treatment at 1050 °C where it
disappears. This phase might be formed at lower temperatures below the minimum
temperature of this study as mentioned by Moore et al. [9] and Peltosaari et al. [7] who
identified it at 800 and 896 °C respectively. The present observation agrees with what was
reported at 915 °C by Abdullah et al. [10]. The peaks are not very intense compared to the
other phases due to the continuous conversion into B-form as it is formed. The percent
evolution of the y-phase throughout the operating temperatures as a function of the residence

time in this study is shown in Figure A.11. About 23% was the maximum quantity formed
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in this study at 975 °C after 120 min (Figure A.11d), which is comparable to the maximum
quantity identified by Abdullah et al. [10] at 1125 °C. Likewise, Moore et al. [3] and
Peltosaari et al. [7] recorded 35% and 40% as the highest in their studies, respectively.
According to Abdullah et al. [10] and Gasalla et al. [11], the quantity of this phase formed
is influenced by the particle size of the feed as well as the heat treatment technique
employed; finer particles impact amorphicity which easily recrystallises into the y-phase on
heating compared to larger-sized particles. The heating rate employed also influences the
quantity formed; slow heating rates form higher amounts due to the slow rate of conversion
to the B-form. There was no major change in the quantity of this phase formed as a function
of the residence time in the present work. This may be because of the constant heating rate,
which was maintained throughout the study, hence converting it to the B-form at the same
rate. Though Moore et al. [9] indicated the importance of residence time on the
transformation, they observed only a marginal 20% increase in this phase after increasing
time from 45 min to 240 min at 981 °C.

It is interesting to note that, the shape of the curves in Figure A.11 may predict the rate
of its formation and conversion into the B-phase. There is a gentle rise and fall of the curve
at lower residence time which becomes steeper with increasing residence time. This

indicates a lower rate of formation and conversion at lower residence time and vice versa.

Effect of Temperature on Phase Composition

Phase composition (wt%) of the polymorphs after 60 minutes treatment was
investigated as a function of temperature. From Figure 3.13, both y- and B-phases evolve
from the onset of the experiment, but their composition varies considerably; the quantity of
y-phase being always lower than the B-phase. This observation is contrary to research by
Moore et al. [9] who indicated that both phases occur in equal amounts with no preference
of formation of one phase over the other. We also found that the quantity of each phase
formed is temperature dependent with increasing temperature favouring the quantities
evolved, which is also in opposition to their findings. After 975 °C, almost all the a-phase
had decayed, and subsequent B-phase formation was solely dependent on the available y-
phase.

Dessemond et al. [12] investigated the effect of y-phase concomitant with the B-phase
and its effect on lithium extraction. They indicated that its presence adversely affects the
lithium extraction if its content is above 10%, however, below it, its effect is minimal, and

a typical industrial lithium recovery of 95% is attainable. This therefore calls for a closer
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look at the ideal temperature and residence time required for the process, paying attention

to the economics, possible melting and agglomeration and its effects on downstream
processes.
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Figure 3.13: Evolution of spodumene polymorph concentration as a function of
temperature for 60 minute treatment.

3.4.3 Phase Transformation and Kinetic Parameters

The composition of the polymorphs during decrepitation studies of the concentrate at
925, 950, 975 and 1000 °C as a function of time (30 to 480 minutes) is shown in Figure
3.14. 1t is observed that, the concentration of a-phase decreases at all temperatures with a
corresponding increase of the B. The kinetics of both phase change is favoured at high
temperatures than low temperatures such that, after 30 minutes the a-phase decreases in an
approximate order 80, 56, 18 and 3%, corresponding to 9, 32, 64 and 75% [-phase formed.

Generally, the transformation is observed to be temperature dependent than kinetic.
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Figure 3.14: Spodumene polymorph concentration at (a) 925, (b) 950, (c) 975 and (d)
1000 °C and varying times.

The phase transformation of spodumene during thermal treatment has been studied
extensively by many researchers [7, 9, 10] revealing a, y and B as the polymorphs which are

present during the process. The transition is generally known to follow the following
pathways:

e S 3.1)
v 3B (3.2)

where k; and k, are the rate constants for a and y decay respectively.
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Thus, from Equation (3.1), a-spodumene decays to form y and p phases. The y-phase formed
is metastable and consequently, transforms to the final B-phase (Equation (3.2)). Previous
studies suggested a first-order kinetic model for the two transitions. We therefore apply this
kinetic theory to both transitions to estimate the fitting kinetic parameters. From an
integrated rate Equation of (3.1) it follows that:

In %a; =In %a, — kit (3.3)

where %a, is the percentage of a-phase at time t and %«, is the initial percentage of a-

phase.

The rate constant (k) is estimated by plotting data in Table A.21 using Equations (3.3). The
fittings of the experimental data and the corresponding regression coefficients (R?) which
enabled the estimation of k; in Table 3.6 are shown in Figure A.12 and Table A.23,
respectively. The k; values are found to increase with increasing temperature, which
confirm the sensitivity of the processes to temperature. The activation energy can be
obtained from a linearized Arrhenius Equation in (3.4):

Ink = InA — = (3.4)

where K is the rate constant, A is the pre-exponential factor, E, is the activation energy, R

represents the gas constant and T is the absolute temperature.

The apparent activation energy for the a-decay obtained from the Arrhenius plot in Figure
3.15 using data in Table A.25 is 655+20 kJ mol ™.

Table 3.6: Reaction rate constants k; estimated for a-decay.

T (°C) ky (min?)
900 0.0004
925 0.0019
950 0.0054
975 0.0224
1000 0.0850
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Figure 3.15: Arrhenius plot for the determination of activation energy for a-decay.

For a consecutive first order reaction, it is required that only a single intermediary
product forms. This product which is metastable then transforms to the final product. For
our study to fit this model (consecutive first order) well, the sequential phase transformation
expected is a = y = B. However, the a-decay was observed to yield two products (some
portion being the metastable y and the remaining portion being the B-phase) before the decay
of the y-portion to the final p-phase (thus, a — vy + B; y = B). Despite this complication, the
model is employed to investigate the y-decay since a sequential transformation is observed.
The rate constant (k) for the decay of the intermediary product (in this case y) using the

model can be estimated by the following relationship:

% ye = %o (o)™ — e (35)

where %y, is the percentage of y-phase at time, t; %a,, the initial amount of a-phase (in

percentage); k, and k, are the rate constants for a and y decay, respectively.

Initial concentrations of the a-phase (%«, ) are estimated from Figure A.12 as the intercepts
on the y-axis and results are presented in Table 3.7. The k, values for 900 to 1000 °C are
estimated using the Excel solver by means of Equation (3.5), the k;, %a, and %y values
from Table 3.6, Table 3.7 and Table A.22se, respectively. The values (k,) obtained were
used to calculate %y-values (%y.4;c) Using the model in Equation (3.5) and then compared
with experimental %y-values (%v..p). The regression coefficient (R?) and the slope (u) of
the plot of %y cqic VS %Yexp and k, values used for the calculation are gathered in Table
3.8.
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Table 3.7: Estimated initial concentrations of a-phase (%ea,) from 900 to 1000°C.

T (°C) In %a, %a,
900 4.48 88.35
925 4.43 83.54
950 4.04 56.97
975 3.70 40.57
1000 3.73 41.47

Table 3.8: Calculated rate constants, slopes and regressions from 900 to 1000 °C at 60
minutes treatments.

T (°C) ky, |H R?

900 0.002 | 0.7317 | 0.8655
925 0.006 | 0.8277 | 0.8978
950 0.017 | 0.3296 | 0.6648
975 0.005 | 0.9421 | 0.9013
1000 0.015 | 1.0604 | 0.9456

A plot of both %yq;c and %y,,, as a function of all the residence time employed in the

study were produced and results are presented in Figure 3.16. It is observed that, the model
though, not perfect gives a good trend of the experimental data. It gets somehow closer at

higher temperatures and residence time, especially, at thermal treatment of 1000 °C.
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Figure 3.16: Plot of experimental and calculated gamma values at (a) 925, (b) 950, (c)
975 and (d) 1000 °C as a function of residence time.

3.5 Conclusions

The characterisation of spodumene concentrate obtained from Pilgangoora pegmatite
revealed the d50 and d80 as 57 and 113 microns, respectively. Particle diameter ranges from
10 to 200 microns with about 68% of the total volume being 80 microns in diameter. At
these conditions, spodumene is well liberated at approximately 99%, indicating that
sufficient particle size reduction was achieved to enable further processing. Spodumene,
mica (muscovite and biotite), feldspars (orthoclase, albite, anorthite), quartz and the
amphiboles are the predominant minerals identified. Significant amount of the concentrate

(60.21 wt%) were found to be spodumene which contains about 2.14 wt% lithium.

Phase transformation of the sample during thermal treatment from 900 to 1050 °C and

7.5 to 480 min dwelling time indicated that, a-phase transformation can be completed at 975
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or 1000 °C depending on the residence time. Full transformation of y-phase can also occur
at 1025 °C and 1050 °C all at different treatment times. About 23% was the maximum
quantity of y-phase formed. We indicate 1050 °C as the threshold temperature for maximum
B-phase formation. That notwithstanding, the process must be optimized since previous
studies have indicated that the presence of less than 10% y-phase in the residue does not
have a major adverse effect on lithium extraction efficiency. Should this study be valid, then
we recommend 1000 °C thermal treatment for 60 min as an ideal decrepitation temperature
for this concentrate considering the economics and quantity of y-phase formed. However, if
only a B-phase is required for industrial application, then a choice must be made at 1025 or
1050 °C, paying attention to the time required for the transformation, as well as the melting,
which occurs at 1050 °C and its effect on downstream processing. In view of these
uncertainties, we recommend further investigation between these temperatures which leads

to good lithium extraction efficiency on this material.

Applying a first-order kinetic models to a-decay provides a satisfactory fit to the
experimental data and yields Kinetic parameters and apparent activation energies of 655+20
kJ mol™!. Application of a consecutive first order kinetic model to the y-decay also conformed
to trends of experimental data though not perfect. SEM investigations reveal that, with
increasing intensity of thermal treatments, spodumene grains undergo cracking,

disintegration, followed by melting and agglomeration.
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CHAPTER 4: Extraction route for lithium from a-spodumene by dry

chlorination

4.1 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 selectivity of this
technique is seen in earlier work [1] where sodium chloride was used to produce appreciably
pure lithium chloride (about 91%) before purification of the leach liquor. They revealed
that, the simplicity of purification of their liquor (by ion exchange) is due to the high
selectivity of chlorinating agents. Also, the resulting products (metal
chlorides/oxychlorides) from chlorination processes have considerable difference in boiling
point which makes management of impurities and product choices easier. Chlorination
agents are readily available at reasonable prices. The waste generated can easily be treated
and disposed with little or no environmental impact compared to other approaches [2—4].
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, Cl> and HCI have been used
to treat ore types (silicates, oxides and sulphides) for subsequent processing according to
Equations (4.1)-(4.7):

M2"SiO3 + M'Cl, - 2M"Cl + M'SiO3 (4.1)
M2"S + M'Clz = 2M"Cl + M'S (4.2)
M2"0 + M'Cl, » 2M"Cl+ MO (4.3)
M2"0 + Cl; > 2M"Cl +%:0; (4.4)
M2"S + Cl, > 2M"Cl + S (4.5)
M2"0 + 2HCI > 2M"Cl + H20 (4.6)
M2"S + 2HCI - 2M"Cl + H,S 4.7)

Where M’ is a chlorine bearing metal used as chlorinating agent and M"” is a monovalent

metal of interest present in the ore.
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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 [5, 6] where the carbon or carbonaceous material acts as reducing agent to enable

or enhance reactions.

4.1.1 Selection of chlorination agent(s)

Thermodynamic calculations with HSC Chemistry® 5.1 was used as a guide to select
chlorination agents. Gibbs free energy changes for some chlorination and carbochlorination
reactions with a-phase spodumene (Equation (4.8)-(4.17)) is shown in Figure 4.1. After 800
°C, Cl feasibly reacts with spodumene to form LiCl (Equation 4.14). This reaction is said
to be enhanced in a reducing environment. Investigating this assertion in Equation (4.15)
and (4.16) using C and CO respectively as reducing agents seems to be true. These reactions
have stronger thermodynamic driving force (Figure 4.1) than by using Cl. alone. Except for
NaCl, all chloride salts studied had a feasible reaction with the mineral. However, not all
can practically be used for the study. The thermal stability of a salt as a function of
temperature is another factor that was considered for the selection. It is ideal that the chosen
salt has high stability temperature range before it volatilises and/or decomposes.
Decrepitation studies in Chapter 2 revealed that, the mineral’s crystal structure opens fully
around 1000 °C which indicates that, any salt selected must remain in the liquid phase
around or a little above this temperature. This will enable appreciable penetration of the
molten salt through the bulk sample and enhance extraction. AICls, NH4Cl and FeClz have
feasible reactions with the mineral (Equation (4.11)-(4.13)) but NH4CI decomposes around
530 °C whilst AICIl3 and FeClz volatilise around 180 and 305°C respectively. Thus, these
salts will escape from the system before a possible reaction with the mineral begins. They
cannot, therefore, be good candidates for the study. MgCl,, CaCl, and NaCl meet this
requirement, however, NaCl does not exhibit a spontaneous reaction with spodumene
(Equation 4.17) according to thermodynamic predictions. MgCl, and CaCl, were selected
as salts for further investigation, however, as it was obvious that reaction with CaCl: is
feasible, that of MgCl, depends on the products formed. It is feasible if cordielite
(Mg2Al4SisOqg) is the product (Equation 4.8) but not feasible if sapphirine (Mg2AIl4SiO10)
is formed (Equation 4.9).
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2LiAISi206 + MgCl2 = 2LiCl + 1.5Si0O2 + 0.5Mg2Al4SisO1sg (4.8)

2LiAISi,06 + MCla = 2LiCl + 3.55i0; + 0.5MgzAl4SiO1o (4.9)
2LIiAISi>06 + CaCl, = 2LiCl + 2SiO; + CaAl2Si2Os (4.10)
3LiAlSi20s + AICI3 = 3LiCI + 2Al,03 + 6SiO2 (4.11)
LiAISi206 + NH.CI = LiCl + 0.5A1,03 + 2Si0 + NHs(g) + 0.5H20(g) (4.12)
3LiAISi>Os + FeClz = 3LiCl + 1.5Al;,03 + 6SiO> + 0.5Fe.03 (4.13)
2LiAISi»0¢ + Cl2(g) = 2LiCl + Al203 + 4SiO2 + 0.502(q) (4.14)
2LiAISi>20¢ + Clz(g) + 0.5C = 2LiCl + Al;03 + 4Si02 + 0.5C0O2(q) (4.15)
2LiAISi,06 + Clo(g) + CO(g) = 2LiCl + Al,O; + 4Si0; + CO2() (4.16)
LiAlSi;O¢ + NaCl = LiCl + SiO; + NaAISiO4 (4.17)
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Figure 4.1: The AG® of a-spodumene reactions with various chlorinating reagents (Egs
(4.8)-(4.17)) as a function of the temperature (dashed line: extrapolation of data).
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Preliminary investigations were conducted with both CaCl, and MgCl> and it revealed that,
whilst CaCl> could extract some lithium and recovered to leach solution, MgCl> did not.
This suggests that reaction path in Equation (4.9) is followed by MgCl> and sapphirine may
be the product.

Further studies were conducted by directly baking a-spodumene using CaCl; to recover

lithium.

4.1.2 Thermochemical behavior of a and B-spodumene chlorination

All thermodynamic studies in literature on the roasting of spodumene with reagents
are performed with the B-phase. In this section, o to B-phase transformation of the mineral,
followed by a comparative study of thermodynamic behaviour of both phases with CaCl-
using HSC Software is considered. The suggested phase transformation and chemical

equations of the mineral in both phases with CaCl; are given as:

a-LiAlISi,Os — B-LiAISi2Og (4.18)
2a-LiAlSi>O¢ + CaCly — 2LiCl + 2SiO; + CaAlzSi20s (4.19)
2B-LiAlSi20¢ + CaCl, — 2LiCl + 2SiO; + CaAl»Si2Os (4.20)

In Fig. 4.2, the Gibbs free energy change of the transformation and the reaction of both
polymorphs of spodumene with CaCl, (Equation (4.18)—(4.20)) as a function of temperature
up to 1100 °C are plotted. It can be observed that, the phase transformation is feasible after
750 °C but after 927 °C (indicated by short dashes), the software relies on extrapolated data
for the a-phase. This may be attributed to two reasons: either the software does not have
data for the transformation beyond 927 °C or the transformation was complete.

Roasting the mineral in the B-phase with CaCl> is spontaneous throughout the
temperatures studied whilst the direct roasting of a-phase is only feasible beyond 500 °C.
Thus, the prior decrepitation of the mineral makes it feasible with CaCl> during chlorination
roasting in a wider range of temperatures. From the above scenarios, one can infer that,
production of LiCl below 750 °C occurs strictly and directly from the a-phase (Equation
(4.19)). Above this temperature, however, the phase transformation begins (according to

thermodynamic predictions) and a mixture of both polymorphs may exist. LiCl can thus be

117



obtained from both phases (Equations (4.19) and (4.20)) which should lead to higher lithium

recovery.

AG?° (kJ/mol)

100 300 500 700 900 1100
Temperature (°C)

Figure 4.2: Standard Gibbs free energy changes as a function of temperature for a to
B transformation (Eq (4.18)), reaction of spodumene with CaCl: in a-phase (Eq (4.19))
and B-phase (Eq (4.20)) (data from HSC Chemistry® 5.1).

A transition point is observed between 600 and 800 °C for both a- and -phase chlorination
(Figure 4.2). This range of temperature is named “reaction initiation zone” in this study
where melting of CaCl2 and reaction with the mineral begin.

A differential thermal analysis by both Barbosa et al. [7] and Dang et al. [8] revealed
interesting results in this temperature range during their study on spodumene and simulated
slag respectively with CaCl,. 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 CaCl, respectively. Chemical thermodynamic predictions have a
downside of inability to give insight into the kinetics of processes. One may however,
suspect that since the change in the Gibbs free energy remains almost constant for the f3-
phase after 800 °C (Figure 4.2), it may be more kinetically dependant than thermodynamic.
For the a-phase, chlorination may be both thermodynamic and kinetic controlled since the
Gibb's free energy change decreases significantly with increasing temperature which

confirms a strong dependence of a-phase chlorination on the thermodynamics.
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The equilibrium composition module of the software was further used to simulate the
process. Figure 4.3 is the simulation showing the equilibrium composition at varying
temperatures. Lithium chloride (LiCl), wollastonite (CaSiO3s) and anorthite (CaAl2Si>Og)
are new phases synthesized at the end of the process with the latter being predominant. All
the new phases can be said to be obtained from the decomposition of spodumene since their

synthesis have a corresponding decrease in the quantity of spodumene.

Equilibrium amounts (kmol)

04 — CaAl,Si,Og ]
LiAlSi, O
02 — CaSiO; |
LiCl Nagg) —
CaA125iO6
00 L= 1 1 e

100 300 500 700 900 1100
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Figure 4.3: Equilibrium amounts as a function of temperature for chlorination of a-
spodumene using CaCl: (data from HSC Chemistry®5.1).

4.2 Materials and methods
4.2.1 Spodumene concentrate sample

Spodumene concentrate sample produced and characterised in Chapter 3 was used for
the study. Analytical grade CaCl> supplied by Sigma-Aldrich, France was used as

chlorination agent.

4.2.2 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 CaCl,. Alumina crucible was used as the

reaction vessel while heating in a Carbolite Gero electric furnace which was conditioned as
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discussed in Chapter 3. 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 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 analysed 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 using Equation 4.21:

Amount of lithium recovered in solution

%Li =

«100 (4.21)

Amount of lithium in concentrate

Extraction efficiencies achieved was obtained by residual lithium determination, followed
by mass balance calculation. Probing into the reaction mechanism, the leached residues were
analysed for their physicochemical alterations using SEM-EDS. Methods of sample
preparation for XRD and SEM-EDS were as in Chapter 2.

4.3 Results and discussion
4.3.1 Chlorination of a-spodumene
Effect of CaCl./spodumene molar ratio

The effect of CaClz/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 Figure 4.4. Lithium recovery increases with increasing molar ratio until it remains nearly
constant after MR=2.0. Previous studies [8-10] have reported a decreased recovery for
gaseous chlorination agents after the optimum flow rate is achieved with several
explanations proposed by Bidaye et al. [10] for the observation. MR of 2.0 was selected as
the optimum for further investigation since there was no significant increase in the amount

of lithium recovered after that.
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Figure 4.4: Percent lithium recovery obtained as a function of CaClz/spodumene molar
ratio for samples treated at 900 °C for 60 minutes.

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 Software (Figure 4.3), it was found that lithium chloride in the liquid phase attains
a maximum concentration after 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
Figure 4.5a. 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 CaCl, (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 to provide appropriate conditions for
appreciable extraction and recovery. After 800 °C, a sharp increase in recovery is observed
until 2000 °C. It has established previously that, spodumene when heated gains minor cracks
which become prominent with increasing temperature until it disintegrates. 1000 °C was
indicated as the temperature where sufficient disintegration is attainable but above it,
melting and agglomeration occur. Thus, increasing temperature has a remarkable effect on

the opening of the mineral for more lithium atoms to interact with molten CaCl..
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Figure 4.5: (a) Percent lithium recovery versus temperature at CaClz/spodumene
molar ratio of 2.0- and 60-min residence time; (b) vapor pressure of lithium chloride
versus temperature (data from HSC Chemistry 5.1®).

This leads to the production of more LiCl until it peaks at 1000 °C. After 1000 °C (1050
°C), adecline 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 performed on the leached residues to compare lithium
recovery achieved and extraction efficiency and also, to investigate the factor(s) responsible
for the decline in recovery. These results are presented in Table 4.1. Residual lithium in
residues is observed to decrease with increasing temperature with a corresponding 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 CaCl, for subsequent extraction. Recovery and extraction efficiency are comparable up
to 1000 °C after which about 20% higher extraction was observed than recovery (Table 4.1).
The difference may be linked to the evaporation of LiCl as well as melting and

agglomeration of materials suspected earlier.
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Table 4.1: Mass balance comparison of percent lithium recovery and extraction at

different temperatures.

Temperature (°C) | Residual lithium (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

A previous study [11] confirmed formation and/or evaporation of lithium chloride at
1000 °C and above. They suggested the effect of vapour pressure evolution with temperature
as a possible cause of the observation. A plot of changing vapour pressure of LiCl with
temperature is shown in Figure 4.5b. It increases sharply above 950 °C, where lithium
chloride can volatilise and be entrained in the off-gas. We suspect also, the possible
formation of CaCl,/LiCl, KCI/LiCl or CaCl2/LiCI/KCI 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 evaporation) play arole 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™* (Figure 4.6).
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Figure 4.6: Arrhenius diagram for lithium recovery during chlorination of spodumene
concentrate between 800 and 950°C, residence time = 60 minutes, CaClz/spodumene =
2.0.
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SEM-EDS investigation

To confirm the supposed phenomena, SEM-EDS analysis was performed on leached
residues and results are presented in Figure 4.7. Though the evaporation effect could not be
established by this approach, a clear melting and agglomeration which could hinder lithium
extraction is observed in Figure 4.7F (treatment at 1050 °C) but it did not occur at lower
temperatures. It is also clear that, CaCl, selectively attacks spodumene grains at the
peripheries at lower temperatures, decolorizing its dark colour to several shades of grey.
Thus, after decolorizing the exterior portions of spodumene grains, it gradually attacks the
internal parts by forming channels through them at increasing temperature. Details of
spodumene grain remains in leached residue in Figure 4.7A-F (treatment at 750, 800, 850,

950, 1000, and 1050 °C respectively) are shown in Figure 4.8A1-F1, respectively.

Figure 4.7: SEM photomicrographs showing morphological changes of spodumene
during 60 min and MR = 1.75 treatment at (A) 750 °C, (B) 800 °C, (C) 850 °C, (D) 950
°C, (E) 1000 °C, (F) 1050 °C.

124



Figure 4.8: Spot magnification in A (Al), B (B1), C (C1), D (D1), E (E1) and F (F1) of
Fig. 4.7; (G) fibrous-like structures appearing at the peripheries of spodumene grains
during treatment.

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 CaCl. to the spodumene grains. It can then be
supposed that the process is diffusion controlled rather than chemical reaction controlled.
The different colorations due to the chlorination of spodumene were assigned “1”, “2” and
“3” and identified as spodumene, calcium aluminosilicate (CAS) and calcium silicate,
respectively. A representative composition of the different portions is shown in Table 4.2.
The internal portions of spodumene grain (“1”), which were unaffected by CaCly, still

maintained their identity. It is an aluminosilicate with the atomic ratio Si/Al = 2.0 which
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confirms its identity. The total wt% of this portion is approximately 94 and the difference
may be attributed to lithium which could not be identified by EDS. Iron, the usual impurity
associated with it, is also identified at relatively low concentrations.

Table 4.2: Elemental composition (EDS data) of sections of spodumene grain during
chlorination.

Eler:ent Spot “17 Spot “2” Spot “3 Spot “4 Spot “5
Wwt% ‘'at% wt% at% wt% at% wt% at% wt% at%

Al 14.38 11.53 16.68 13.39 6.33 5.60
Si 30.50 2348 22.02 1697 24.29 19.83 48.27 33.33 13.52 11.50
Cl 039 0.24 1457 9.82
Ca 13.22 7.14 3541 20.25 29.65 17.68
Fe 0.77 030 0.74 0.29 1.76 0.75
Na 0.26 0.25

Mg 225 221
0] 4787 64.70 4561 61.72 41.81 59.92 5499 66.67 35.10 52.43
Total 93.52 98.92 101.5 103.3 103.2

1 wt% and at% represent mass and atomic percentage, respectively.

The next portion from the unaffected spodumene (“2”) is dark grey area and identified
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 silicate (CaSiO3)
with approximate Ca/Si and O/Si of 1.0 and 3.0, respectively. Quartz, which forms a
significant portion of the concentrate, is identified at several portions of the SEM photo as
“4” with O/Si = 2.0. EDS again identified a type of CAS containing a significant 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 identified. We indicate
this portion as “5” and call it “calcium aluminosilicate chloride” (CASCI) for the sake of
this study. In Figure 4.7F and 4.8F1 where melting and agglomeration was observed, quartz,
CAS and CASCI were found fused in the agglomerated mater which confirms melting that
occurred. EDS could, however, not identify the specific type of mineral giving rise to these
observations. The standard deviations of atomic percent of the different portions identified
and the raw data including the spectra generated by SEM-EDS is given in Table B.1-B.10
and Fig. B.1-B.5 of the Appendix. A closer look at the edges of spodumene grains in Figure
4.8G reveals the formation of fibrous-like structures, which gradually eats into the internal
parts suggesting again, an initial attack of CaCl. at the peripheries of the mineral before the

interior portions.
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XRD investigation

In addition to the SEM approach, different leached residues obtained after chlorination
at 60 minutes residence time and MR of 2.0 were studied by XRD (Figure 4.9). The o-
spodumene is observed up to 950 °C but at 1000 °C and beyond, it disappeared. Treatment
at 800 °C shows chemical composition of plagioclases which became dominant towards the
calcium pole with increasing temperature. Plagioclases corresponds to the CAS identified
by SEM-EDS. From 900 °C only anorthite is identified (Figure 4.9), moreover, its
concentration increases with temperature, reaching about 70% in the end at 1050 °C (Figure
4.10). Diopside (CaMgSi2Os) appears at 800 °C and persists throughout the treatments.
Wollastonite (CaSiOs) appears from 900 °C and like diopside, can be identified until the
end of the treatment. Wollastonite is linked to the calcium silicate identified by EDS.
Wadalite [Cas(Al,Fe,MQ)sSioO16Cls] was also identified by XRD but due to its
comparatively small concentration and for clarity of presentation, it was not considered in
the XRD diagram. In Figure 4.10, its concentration (< 4%) is observed. It corresponds to
CASCI which was identified by EDS. A thermal influence 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 spodumene
breaks down to interact with the molten calcium chloride. The decrease in spodumene is
also related to anorthite formation (Figure 4.10) and obviously to the lithium recovery
(Figure 4.5a). It is worth noting that, only the a-form of spodumene was identified in the
residue. Two pathways may therefore be possible for the extraction: (1) directly from the a-
phase or (2) an initial a- to -phase conversion followed by a quick in situ lithium chloride
formation due to the presence of calcium chloride (2a-spodumene — 2p-LiAlSi2Os + CaCl:
— 2LiCl + 2SiO2 + CaAl2Si20s).
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Figure 4.9: XRD pattern of evolving phases as a function of temperature at 60 minutes

treatment and MR = 2.0.
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Effect of residence time

To investigate the process further, chlorination was performed at MR of 2.0, 1000 °C
temperature and residence time from 30 to 120 minutes. The result is presented in Figure
4.11. Recovery increases sharply from 30 minutes and peaks around 60 minutes, achieving
about 85% recovery. A decline is observed afterwards such that, at 120 minutes, about 5%
lithium chloride had volatilised and entrained within the off-gas leading to a decline in
recovery. Both temperature and time thus, contributed to lithium extraction in this study
though temperature effect is more profound.
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Figure 4.11: Evolution of the lithium recovery as a function of residence time for
samples treated at 1000°C and MR = 2.0.

SEM-EDS investigation
Figure 4.12 shows the morphology of leached residues arising due to residence time
as revealed by SEM-EDS. Figure 4.12A (treatment for 30 minutes) reveals clear portions of
dark grey colour corresponding to spodumene. A zoom in at Al (Figure 4.12E) confirms
spodumene (“1”) by EDS at the internal portions of the grain. Two major phases (dark and
light grey) are observed and identified as CAS (“2”) and calcium silicate or wollastonite

(“3”) after 30 minutes treatments (Figure 4.12B-D).
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(E) (F)

Figure 4.12: SEM photomicrographs showing morphological changes of spodumene
during 1000 °C treatment for (A) 30 min, (B) 60 min, (C) 90 min and (D) 120 min; (E)
and (F) magnification at A1 and C1 respectively.

Wollastonite is often 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
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an indication that, it may be present in small quantity. It may also imply that, both phases
evolved concurrently 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 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 Figure 4.12C is shown in Figure 4.12F. It reveals a uniform fibrous-like
structure. This may be attributed to the movement of molten calcium chloride through
grains, enabling reaction and subsequent lithium extraction which renders the grains fibrous
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 confirmation that, they are
the major phases at the end of the process as revealed by XRD earlier.

XRD analysis

XRD was used to investigate the mineralogical evolution in leached residues as a
function of residence time. XRD diagrams and the semi-quantitative estimation are display
in Figure 4.13A and B respectively. Spodumene is observed only in residue treated for 30
minutes which confirms SEM-EDS results in Figure 4.12E. Anorthite is the predominant
new phase throughout with minor diopside and wollastonite. In Figure 4.13B, the anorthite
concentration is significantly higher than wollastonite which confirms earlier observation
and HSC software predictions. It increases slightly at the beginning to reach an approximate
constant value around 90 minutes. There is no major and significant change in the
concentration of the other minerals (quartz, wollastonite, diopside and wadalite).

Table 4.3 is a mass balance to compare the percent lithium recovered in solution and
extraction efficiency at varying residence times. Almost all extracted lithium from the
concentrate was recovered in solution at 30- and 60-minutes residence time. Afterwards, the
extraction exceeded recovery. Since no melting and agglomeration was observed in residues
after leaching, the difference may be attributed to the evaporation of lithium chloride after
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 identified in residues
obtained beyond the optimal values of the two critical conditions identified. Tables 4.1 and
4.3, 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 confirmed by this study.
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Figure 4.13: (A) XRD pattern and (B) concentration of evolving phases as a function
of residence time at 1000°C and CaClz/spodumene of 2.0.

Table 4.3: Mass balance comparing percent lithium recovery and extraction at 1000°C
and different residence times.

Time (mins) | Residual lithium (Wt%) | Recovery (%) | Extraction (%o)
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

4.3.2 Mechanisms for phase evolution
Major gangue minerals in the concentrate are mica, amphibole, alkali feldspars, albeit
and quartz. These minerals can interact with each other or respond differently with

temperature and the chlorinating agent (calcium chloride).

Mica
Muscovite and biotite were the mica minerals identified in the concentrate.
Decrepitation behaviour of mica species have been studied extensively by Hutchison [12].
He discovered two consecutive kinds of decomposition which begins and ends around 300
°C and 1000 °C respectively. They attributed the decomposition to the loss of two types of
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chemically bound water within the ranges of 305 to 340 °C and 550 to 1000 °C. It can be
inferred therefore that the decomposition of mica begins around 300 °C and increases with
increasing temperature. The model reactions for muscovite (KAI3sSizO10(OH)2 and biotite
(specifically, annite (KFe3AlSizO10(OH)2), which is an end member of the biotite solid
solution) during thermal treatment can be illustrated by Equation (4.22) to (4.25). It is
observed that, K-feldspar (KAISi3Og) is a common product irrespective of the reaction path

of mica decomposition.

KAIsSiz010(0OH)2 + SiO2 - [KAISisOg]mett + Al2SiOs + H20(). (4.22)
KFesAlSizO10(0H)2 + 3Si02 = [KAISizOg]mert + 3FeSiOs + H20( (4.23)
KAI5Siz010(0H)2 = [KAISizOg]meit + Al,03 + H20(q) (4.24)
KFesAlSiz010(0H)2 — [KAISisOg]mert + 3FeO + H20() (4.25)

This is a confirmation of earlier study on the pressurised decomposition of muscovite [13,
14] and biotite [15, 16]. One profound observation was that plagioclase grains act as a seed
for epitaxial nucleation of peritectic K-feldspar [14]. Thus, a stable nucleus can be formed
from plagioclase for the nucleation and growth of K-feldspar owing to their common silicate
framework with similar crystal structure. K-feldspar can also evolve from plagioclase by
percolation and diffusion of the melt, leading to cationic replacement of K* (from
muscovite) with Na* (from plagioclase) [14]. The ionic diffusion mentioned falls in line

with observation in our previous study [17].

Alkali feldspars (Albite and K-feldspar)

Alkali feldspars in the concentrate including K-feldspar synthesized from mica
transform to anorthite by replacing alkali metals in their monoclinic crystal structure with
calcium atoms [18]. The increased bond vibration during thermal treatment destroys the
tetrahedral aluminosilicate structure of the feldspars, releasing their alkali metal ions to
interact with chloride ions of calcium chloride to form either sodium or potassium chloride.
This changes the crystal structure of the feldspars to anorthic system when replaced with
calcium from calcium chloride [19]. Anorthite, wollastonite and quartz are therefore,
possible products expected in residue after leaching whereas the alkali metal chlorides

formed are washed into the leach liquor during leaching (Equation (4.26) and (4.27)).
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Anorthite formed may decompose further to form kyanite and wollastonite (Equation
(4.28)).

CaCl; + 2NaAlSiz0s — CaAl2Si»Og + 4SiO> + 2NaCl (4.26)

CaCl; + 2KAISi30g  — CaAlzSi>Og + 4SiO; + 2KCl (4.27)

CaAl;Si,0g — CaSiO3z + AlSiOs (4.28)
Amphiboles

Amphiboles transform to their respective pyroxenes and quartz through topotactical
dehydration decomposition at temperatures above 600 °C [20-22]. The transformation is
pseudopolymorphic because it occurs at a fixed temperature for a given pressure. There is
also a close resemblance of the resultant products to the reactant which is typical of
polymorphic transitions [22]. Using tremolite (the amphibole considered in this study), the
decomposition gives rise to diopside and enstatite) (Equation (4.29)) at about 740 °C
according to Xu et al. [21].

CazMgsSi802(OH)2 » 2CaMgSiz0s + 3MgSiOs + SiO; + HoOg) (4.29)

4.3.3 Thermochemical investigation of phase evolution

Possible reactions identified during the process may occur in oxygen deficient (non-
oxidizing) or oxygen rich (oxidizing) atmosphere. HSC Chemistry software was used to
determine the feasibility of these reactions and predict the influence of temperature on

phases evolving.

Non-oxidizing atmosphere

Gibbs free energy changes for the formation of products in a non-oxidizing
environment in Equations (4.22)—(4.29) is plotted as a function of temperature in Figure
4.14. All the reactions are found feasible either throughout or at a point within the operating
temperatures except for the decomposition of anorthite (Equation (4.28)). The micas are
observed to have similar feasibility which starts after 300 °C (confirming earlier study [12]
that, the low dehydroxylation temperature begins at 305 or 340 °C) and increase with
temperature to form K-feldspar which also confirms earlier study [12]. All alkali feldspars

also have similar chemical reactivity to produce the same products (anorthite and quartz,
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Equation (4.26) and (4.27)) in addition to their respective alkali metal chlorides, but their
thermodynamic behaviour is somewhat different. Specifically, K-feldspar (Equation (4.27))
is feasible throughout, but the feasibility of albeit (Equation (4.26)) 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 favourably
synthesised from the interaction of spodumene and calcium chloride (Equation (4.19) and
(4.20)). That is, the software predictions agree with XRD findings, revealing 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 modelled by
Equation (4.28) but its decomposition is, nonetheless, not possible in Figure 4.14. 1t is
suspected that, sodium and potassium which may be found in the leached liquor is obtained
principally from Equation (4.26) and (4.27). The Gibbs free energy change for the
decomposition of tremolite (amphibole) in Equation (4.29) is negative after 527 °C which
relates very well with the assertion that, amphiboles decomposition begins around 600 °C
[20-22]. However, the software gives an extrapolated data after 527 °C which may be due
to either lack of data for tremolite in the software or its breaks down beyond this
temperature. Drawing inference from earlier work [22] we attribute this to its pseudo-
polymorphic decomposition to diopside and enstatite (Equation (4.29)). Extrapolation of

data is also observed for albit and spodumene at 927 °C as well as biotite (annite) at 727 °C.
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Figure 4.14: The standard Gibbs energy changes for phase transformation of gangue
minerals in concentrate in oxygen deficient environment (Eqs (4.22)—(4.29)) versus
temperature (data from the HSC Chemistry® 5.1).

Oxidizing atmosphere
The Gibbs free energy changes for product formation in oxidizing environment is
presented in Figure 4.15. Except for annite decomposition (Equation (4.30)), chlorination
reactions with CaClz in oxidizing environment (Equations (4.31)-(4.35)), can be said to be
primarily impossible but by manipulating the oxygen concentration, feasibility can be

achieved to some extent in the alkali feldspars.

2KFesAlSiz010(OH)2+02(g) = 2[KAISizOg]mei+2Fes0a+2H20() (4.30)
2NaAlSisOs(A)+2CaCl,+0.502() — 2NaCl+CaAl,Si;Os+3Si02+CaSiOs+Clyg  (4.31)
2KAISi30g(M)+2CaCl2+0.505¢) — 2KCI+CaAl,Si0g+3Si02+CaSiOs+Clyg  (4.32)
2NaAlSiz0g(A)+3CaClo+0z) — 2NaCl+CaAlzSiz0s+2Si0+2CaSi0s+2Clyg  (4.33)
2KAISis0g(M)+3CaClz+Oz(q) — 2KCI+CaAlzSiz0g+25i02+2CaSiOs+2Clg  (4.34)
2aLiAlSi;06 + 3CaClz + Oz — 2LiCl + CaAl,Si,0s + 2CaSiOs + 2Cly) (4.35)
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Figure 4.15: The standard Gibbs energy changes for phase transformation of gangue
minerals in concentrate in oxidizing environment (Eqgs (4.30)—(4.35)) versus
temperature (data from the HSC Chemistry® 5.1).

Oxidizing reactions for alkali feldspars occurring in one mole oxygen (Equation (4.33)
and (4.34)) are not feasible but by halving it (Equation (4.31) and (4.32)), the Gibbs free
energy achieves some level of negativity (though not high), producing anorthite and
wollastonite as new phases with the release of chlorine gas. Thus, anorthite formation is
highly suspected by the software which was confirmed XRD results. Wollastonite can also
be a possible product in the residue depending on the oxygen concentration during treatment
only if HSC Software predictions are valid. Spodumene feasibility in the chlorination
process is also observed to be affected by oxygen concentration such that, it is non-
spontaneous in oxidizing atmosphere (Equation 4.35) but spontaneous in oxygen deficient
atmosphere (Equation (4.19) and Figure 4.2) depending on the temperature. In general, the
process feasibility is high in oxygen deficient (non-oxidizing) environment than oxidizing.
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4.3.4 Correlating XRD results, HSC Chemistry software predictions and reaction

mechanisms

HSC software 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 after which
they disappear from XRD diagram of leached residue. This implies that, after 850 °C, their
transformation to other phases is complete which agrees with observation by reference [12]
and [22]. As indicated earlier, the decomposition of mica and amphibole basically form K-
feldspar melt and pyroxenes respectively. The appearance of diopside after 850 °C may be
linked to the decomposition of tremolite, though enstatite (its corresponding pyroxene
during decomposition) was not identified, probably it transformed further to another phase.
K-feldspar may evolve from mica decomposition and its feasibility is confirmed by HSC
software, but it was not identified in any of the residues. This suggests that it appears as a
metastable phase and hence, quickly transforms to anorthite in the presence of calcium
chloride. According to reference [23], the decomposition 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 identified temperature
range falls within the operating temperatures of the study. Therefore, the absence of K-
feldspar in the residue (XRD pattern) may be attributed to its fast conversion to anorthite as
it is synthesised during the process. Equation (4.28) suggests that, wollastonite may evolve
from the decomposition of anorthite or the chlorination of alkali feldspar in an oxidizing
atmosphere (Equation (4.31)—(4.34)). Since HSC Software predicts Equation (4.28) to be
nonspontaneous, the close association of wollastonite with CAS (as revealed in SEM image)
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.

4.4 Conclusion

Investigation into the pyrometallurgical synthesis of lithium chloride directly from
a-spodumene by chlorination with CaCl, followed by water leaching was conducted.
Though the CaCl; to spodumene ratio has influence on lithium recovery, temperature and
time are the major factors which, if are not regulated lead to evaporation of lithium chloride.
Lithium recovery to leach solution generally increases with all investigated parameters,
which are MR, temperature and time until they peak at 2.0, 1000 °C and 60 minutes
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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 after MR of 2.0, evaporation coupled with melting and agglomeration
occurs after 1000 °C, which in addition, leads to a decrease in recovery.

Investigating the behaviour of gangue minerals (micas, alkali feldspars, and
amphiboles) using XRD, HSC software and SEM-EDS during the process revealed that,
micas first decomposes to form K-feldspar which subsequently transforms to anorthite by
reacting with calcium chloride. Alkali feldspars (and spodumene) also form anorthite when
they react with calcium chloride whilst amphiboles (tremolite) decomposes, forming
diopside and enstatite. XRD results confirmed HSC software and SEM-EDS predictions
which reveals anorthite as predominant phase (accounting for about 70 percent) alongside
quartz, wollastonite and diopside as minor phases. Predictions by HSC software are in good
agreement with experimental observation. The oxidising effect of the system on process
feasibility was investigated where it was found favourable in non-oxidising environment
than oxidising.

Spodumene identified in leached residue is in the a-form with no identification of
the B-form. This suggests that the extraction of lithium as chloride is directly from the o-
phase. A possible transformation of a-spodumene into B-spodumene followed by a fast
synthesis of lithium chloride from B-spodumene (2a-spodumene — 2B-LiAlSi,Os + CaCly
— 2LiCl + 2SiO> + CaAl;Si»0g) may also occur. However, we treat this as tentative at this
stage. The relatively low apparent activation energy of 122+6 kJ mol™* obtained could
suggest diffusion of calcium chloride as the rate limiting step of the process.
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CHAPTER 5: Purification and Recovery of Lithium from Leach Liquor

5.1 Introduction

The battery industry requires high purity lithium salts (above 99.9%) for the
manufacture of lithium-ion batteries used in vehicles [1]. Alkali and alkaline earth metal
ions (Na*, K*, Mg?*, Ca®*") with concomitant chloride or sulphate ions are usually the
predominant impurities encountered during processing brine to extract lithium. The divalent
metal ions, particularly Mg?* are impurities of major concern due to difficulty in separating
from lithium because of similarity in their chemistry. The Mg/Li ratio is therefore, used as
an indicator for the ease of processing a particular type of brine. The lower the value, the
more suitable it is for lithium recovery and vice-versa. The recovery of the metal is now
focused on brine whose Mg/L.i is less than 8 because above it, serious processing challenges
are encountered [2]. Even those with low Mg/Li ratio are found to consume high quantity
of water and reagent alongside discharging voluminous waste into the environment during
the chemical precipitation and removal of magnesium. It is preferred that the concentration
of Mg?* and Ca?* in the resulting Li,COj3 from the process fall within 0 to 10 ppm and 3 to
10 ppm respectively [3]. The purity of LioCOs obtained from brine is about 99% (technical
grade) which does not meet the requirement of the battery industry. It is refined further to
improve the purity, sometimes by converting it to other compounds (LiCl or LiOH) [4, 5]
before the battery grade (99.5%) or high purity form (99.99%) is achieved. The purification
process calls for additional unit operations and cost. To curb this challenge, several studies
to produce purer products directly from brine have been conducted by first, producing very
pure solutions before lithium recovery [1, 6].

Like brine, the recovery of lithium from ores requires purification of the leach liquor
before its precipitation into the desired lithium salt. Spodumene has the advantage of having
a simple composition and hence, results in a liquor of lower impurity during processing
compared to other minerals like lepidolite. However, the harsh treatment conditions needed
to break the silicate structure and/or enable ion exchange for lithium salt formation leads to
coextraction and leaching of significant portion of other components of the mineral
(@luminium, silicon, iron, or magnesium) into the leach liquor as impurities. This affects
downstream purification and lithium recovery from the leach liquor. This is a major
challenge of the current commercialised process for extracting the metal from spodumene.

Altura Mining Limited announced a lithium carbonate purity of 99.97% from sulphuric acid
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processing of Pilgangoora spodumene sample from the flow diagram indicated in Figure
5.1. Chemical precipitation is normally used for softening the liquor which generate large
volume of precipitate and carries along some lithium which decreases recovery [7]. The
liqguor goes through several purification steps before achieving the primary lithium
carbonate (primary LC) of 99.59% purity. The produced lithium carbonate (technical grade)
goes through refining (Figure 5.1) to meet the requirement for lithium-ion battery; adding

to cost of production as indicated earlier.
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Figure 5.1: Process flowsheet for the conventional processing and purification to
recover Li2CO3[8].

Thus, the recovery of purer lithium salts depends on the extent of purification of the leach
liquor before the recovery of the salts. An improved technology to obtain salts of higher
purity from ores has also been reported [9].

Analysis of the liquor obtained in Chapter 4 indicated calcium as the predominant
impurity arising from the use of calcium chloride in the chlorination unit. Investigation into
technologies to purify the liquor by separating calcium and subsequently, recovering lithium
salt of high purity; leading to the development of an overall flow chart for the process is
conducted. Technologies to be investigated include selective crystallisation of calcium
chloride to reduce the calcium concentration of the liquor, the softening efficiency of
Lewatit® MDS TP 208 and the traditional carbonation precipitation.

Lewatit® MDS TP 208 is a new resin composed of cross linking polymeric material
which has been made into macroporous beads. The monomers have iminodiacetic acid

chemically active sites which act as high affinity ligands toward divalent metal ions
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particularly, alkaline earth metals. It is said to offer superior advantages over its
contemporaries regarding kinetics, total and operating capacity, stability (mechanical and
osmotic), and degree of regeneration which makes it suitable and economical for softening
the liquor obtained in this study [10].

The purification process is expected to be followed by investigating the efficiency of
Cyanex® 936P (an organic extractant which is believed to have high affinity for lithium) to

recover the lithium from the liquor.

5.2 Materials

Lewatit® MDS TP 208 manufactured by LANXESS was used as ion exchange resin.
Na,COs, NaOH and HCI were obtained from Sigma-Aldrich, France. The resin
characteristics as indicated by manufacturers is shown in Table 5.1. The chemical
composition (ppm) of leach liquor obtained at optimal chlorination and leaching conditions
(1000 °C roasting for 60 minutes; calcium chloride to spodumene ratio of 2.0; water
leaching at solid/liquid ratio of 50g/L) is Li, 895; Si, 0.963; Mn, 0.01; Fe, 0.021, Mg, 1.18;
Ca, 11285; Na, 393, K, 537. Calcium is the predominant impurity; hence, a synthetic
calcium chloride-lithium chloride solution with similar concentration as leach liquor was
used for the study. Metal solution assays were determined by Inductively Coupled Plasma -

Optical Emission Spectrometry (ICP-OES) in a sample matrix of 10% HNO:s.

Table 5.1: Characteristics of Lewatit MDS TP 208

Functional group Iminodiacetic acid

lonic form as shipped Na*

Matrix Crosslinked polystyrene
Appearance Beige

Mean bead size (mm) 0.39 (+/- 0.03)

Density (g/ml) 1.16

Water retention (wt. %) 59 - 65

Stability pH-range 0-14

Operating pH-range 2-12

Maximum Operating temperature (°C) 80

5.3 Method
Crystallisation study was done by heating to evaporate portion of the homogenous

mixture of aqueous calcium chloride-lithium chloride mixture to visually obtain some level
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of supersaturation. With the thermometer immersed in the solution, the hot saturated
solution was slowly cooled until crystals started to form and the temperature recorded. The
experiment was then repeated several times.

lon exchange and carbonation experiments were performed with the same
experimental set-up in a batch reactor (Figure 5.2). The resin received in the sodium form
was protonated by contacting it with 1 molL"* HCI for 120 min at 25+0.5 °C. The protonated
resin was washed several times with deionised water to make sure it was free from residual
acid and then filtered using the suction pump. During the calcium loading experiment, 50
mL of resin was contacted with 200 mL of the liquor in a 500 mL reactor. Sodium hydroxide
was used to deprotonate the resin and enhance calcium loading and the mixture was agitated
with an overhead stirrer operating at 300 rpm. The pH was monitored with a pH metre
calibrated at pH = 4 and 7 and the temperature was controlled with a VTF digital
thermoregulator manufactured by VELP Scientifica. Samples were then taken at a stabilised
pH for metal assay. The quantity of metals (calcium and lithium) separated from the liquor

either by the precipitation or ion exchange (%K) was computed by Equation (5.1) as:

_ [M]-[M]f
0, - - - J *
K = ==L *100 (5.1)

Where [M]; and [M], are the metal concentration in aqueous phase before and after the

softening processes respectively.

Stripping of the loaded resin was done with 8% HCI with the aim of regenerating resin as
well as recovering eluted calcium chloride for reuse.

In the carbonation study, sodium carbonate was added to the liquor and the mixture
continuously stirred. The addition was observed to increase the pH of the liquor, hence,
some time was allowed to elapse until an equilibrium pH was achieved before sampling for

elemental analysis.
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Figure 5.2: Experimental set-up for carbonation and ion exchange experiment.
Abducted from Yietal. [11]. 1. Stirring controller. 2. Thermometer. 3. Discharge port.
4. Reaction vessel. 5. Thermostat.

5.4 Results and discussion

Evaporation of the liquor to selectively crystallise and recover calcium chloride was
challenging as it resulted in a supersaturated solution of high viscosity. The separation of
the crystals that formed was thus, difficult, making the use of this approach as part of the
purification techniques of this study challenging. This probably, may be due to the similarity
in the chemistry of the two metals (calcium and lithium), particularly, the closeness of their

solubility.

5.4.1 Carbonation precipitation of calcium

Figure 5.3a shows the variation of calcium and lithium concentration with Na,CO3
addition as well as the changes in pH of the liquor. The calcium concentration is greatly
influenced by the addition of the salt, decreasing steadily until around 20.0 g where the
solution becomes barren of calcium. The process, however, has minimal effect on lithium.
Its concentration remains almost constant as can be observed in the figure. Percent metal
separated (%K) through precipitation upon addition of Na2COs is presented in Figure 5.3b.
Almost 100% calcium was precipitated on addition of 20.0 g of the salt. At this point almost
20% of lithium was coprecipitated and entrained in the CaCO3s matrix which will leads to
decreased recovery. It is therefore obvious that the method can effectively be used to
separate calcium from the liquor to the barest minimum but it has a disadvantage of
decreasing the recovery of lithium. It is essential that the developed process be designed in
a way which enables the reuse of the resulting CaCOs precipitate. This will help to mitigate

the challenge linked to its disposal whilst recovering lithium which otherwise may be lost.
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One way is to integrate this process with brine processing of lithium in which case, the

CaCOs can be used to precipitate magnesium and recover the lithium content alongside.
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Figure 5.3: (a) Effect of metal concentration and pH (b) Percent metal preceiptated as
a function of Na2COs addition.

The general carbonation study can be described by Equation 5.2 as:

Na* + COs* + Ca** + Li* + CI'-> CaCOs | + Li* + Na* + CI (5.2)
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Detailed study can be viewed as occurring from Equation 5.3 to 5.5. Both lithium and
calcium precipitate out in their carbonate form (Equation 5.3-5.4). From the solubility
product constants (Ksp) of the two salts, CaCOs3 has the lowest making it stable compared to
LioCOs. It therefore remains in solution as precipitate whilst Li.CO3 on the other hand, is
soluble (higher Ksp) and therefore dissolves, releasing its carbonate ions to form more stable

CaCOs with the lithium remaining in solution (equation 5.5).

COs% + Ca?" - CaCOs | Ksp (CaCOs3) = 2.8 x 107° [12] (5:3)
COs? +2Li* - Li2CO3 | Ksp (Li2CO3) = 2.5 x 102 [12] (5.4)
Li,COs + Ca2* — 2Li* + CaCOs | (5.5)

Monitoring the pH of the liquor during the process was observed to increase with
Na.,COs3 addition as shown in the Figure 5.3a. This is expected since the salt is obtained
from a neutralisation reaction of a strong base and a weak acid, hence, it can hydrolyse in
the aqueous liquor to produce hydroxyl ions which makes the solution alkaline as observed
with increased solution pH. The suspected equilibria for the phenomena and equilibrium
constants, K at the temperature used for the study (25 °C) during hydrolysis is shown in
Equation 5.6 to 5.9 [12-13].

H20@q) = H* (ag) + OH (ag) 1.00 x 1071 (5.6)
CO3% (ag) + H20() = HCO3 (ag) + OH (ag) 214 x 10 (5.7)
HCO3 (ag) + H20¢) = H2CO3(aq) + OH (ag) 2.24%x10°8 (5.8)
CaCOs(s) = Ca?*(aq) + CO3* (ag) 2.80 x 1079 (5.9)

Equation 5.7 has the highest equilibrium constant (2.14 x 10~%) which suggest that its
products are predominant in the system. Thus, the OH™ generated from this equilibrium
makes the solution alkaline as observed. The redissolution of the precipitate in Equation 5.9
is characterised by a relatively lower equilibrium constant suggesting stability of CaCOs as
indicated earlier.

It can be observed from the figure (Figure 5.3a) that, the initial addition of the salt
(Na2CO0Os3) up to 15 g has a marginal increase in the pH but a sharp decline in the calcium
concentration. This may be attributed to a higher supersaturation of the mixture at the initial

stages of the reaction upon the addition which leads to high degree of nucleation and
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consequently, higher CaCOs formation. At this point, hydrolysis of Na,COs is minimal as
COs> directly reacts with Ca®" to form the precipitate rather than hydrolysing. After
addition of 15 g of the salt when significant quantity of calcium has precipitated, the forward
reaction of Equation 5.7 is favoured which is characterised by sharp rise in pH until it levels.

5.4.2 lon exchange (1X)

The calcium sorption capacity of the resin at varying pH was studied at 25 °C and 60
°C and results are presented in Figure 5.4. Adsorption of calcium is observed to increase
with increasing pH in both cases such that, about 91% and 97% of calcium was separated
from the liquor at pH of 12 and 10.7 at 25 °C and 60 °C respectively. Protonation and

calcium loading of the resin is described by Equation 5.10 and 5.11 respectively.

2R"Na* + HCl - 2R"H* + NaCl (5.10)
2R H* + Ca?* + Li* > R.Ca + Li* +2H* (5.11)

where R is an alkyl group.

It is observed that calcium loading on the resin releases hydrogen ions which makes the
liquor acidic. To drive the reaction to the right and enhance the sorption capacity of the
resin, the solution must be deprotonated by the addition of a suitable base, in this case with
NaOH. The progressive deprotonation leads to a resultant increased loading capacity of the
resin which resulted in the increasing calcium absorption with pH as observed. The resin
can thus, be used to significantly soften the liquor. About 10% of lithium was nonetheless,
co-adsorbed alongside in both cases. Comparing the efficiencies and the pH needed to
achieve them, 60 °C is better for the process since the higher pH requirement (~12) at lower
temperatures (25 °C) goes with high consumption of NaOH. The kinetics of the process at
the higher temperature (60 °C) was observed to be better, reaching equilibrium faster

compared to treatment at the lower temperature.
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Figure 5.4: Percent metal adsorption at varying pH at (a) 25 °C and (b) 60 °C during
IX; volume of resin and liquor = 50 mL and 250mL respectively.

5.5 Overview of the process

The two softening approaches may lead to two metallurgical flow diagrams for
extracting lithium from the mineral in this study. Figure 5.5a describes the flow diagram
resulting from softening of the liquor by carbonation which precipitates calcium as the
carbonate which could be followed by solvent extraction (SX) using Cyanex® 936P; a high
lithium affinity extractant (sometimes referred to as “the lithium magnet™) to recover the
lithium. It is a newly developed extractant aimed to selectively separate lithium from other

alkali metals in any feed devoid of divalent metal ions. Thus, it will be suitable for the
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recovery of lithium from the liquor after the softening. Not much is known about the
extractant characteristics, but the little information obtained from manufacturers is given in
Table 5.2.

Table 5.2: Characteristics of Cyanex 936P as indicated by manufacturers.

Appearance Colourless to yellow
Dynamic viscosity 44.17 cp (25°C)

Flash point >90°C (194°F) closed cap
Freezing point <-32°C (-25.6°F)

The reagent has been used in the Tenova Advanced Technology Lithium Process for the
recovery of lithium from brine where it is found to be fast and cheaper than the conventional
process with the flexibility of yielding various lithium salts of high purity. No information
in literature, to the best of our knowledge, is found about this material’s behaviour for the
recovery of lithium from leach liquor obtained from spodumene.

In Figure 5.5b (softening by IX), the liquor obtained after the 1X which is almost
barren of calcium may enters the SX unit after which the metal can be recovered. The loaded
resin after regeneration with HCI produces calcium chloride solution which upon
evaporation and dehydration may yield solid form of the salt which can be recycled to the
chlorination unit. In this case the lithium that could have been lost through adsorption onto
the resin is recycled alongside with calcium chloride.

Comparison of the two flow diagrams reveals that, activities suggested in Figure 5.5b
if successful, leads to the recovery and reuse of the chlorination agent with little or no loss
of lithium. Figure 5.5a on the other hand, may lead to loss of lithium through CaCOs
precipitate formation except for its use for pH adjustment to precipitate magnesium in brine
processing if the two processes are coupled. It must be noted that, solvent extraction
experiments have been commenced but results are not currently available to be included in
this thesis.
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Figure 5.5: Process flow diagram for calcium separation by (a) carbonation
precipitation and (b) ion exchange; M is an alkali metal.

5.6 Conclusion

Crystallisation to selectively recover calcium and reduce its concentration was a
difficult task to execute because the viscous nature of the solution obtained after evaporation
made separating crystals difficult. It was therefore considered not suitable to be incorporated
into the process. Calcium separation from the liquor by the traditional carbonation approach
can fully soften the liquor, apparently leaving no calcium in solution but the regeneration
and recycle of calcium chloride is not possible with loss of about 20% of lithium alongside.
An integrated approach that couples this process to the brine processing where there is a

possibility of using the CaCOz is suggested. lon exchange however, reveals the possibility
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of recycling and reusing CaClz which makes this option economically prudent compared to
the conventional approach. Results from solvents extraction to enable a full description of

the process is not available for the thesis due to time constraints.
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CONCLUSION

This research work looks at developing a process to extract and recover high purity
lithium salt from spodumene using the chlorination method with an overall decreased energy
and reduced number of unit operations compared to the conventional and other
contemporary processes. Literature on processing routes for minerals which was narrowed
down to spodumene was conducted. HSC Chemistry® 5.1 was used to model and explain
the processes reviewed and from a thermodynamic point of view, more insights and
suggestions on promising reagents for the roasting process which are wealthy for future
consideration were highlighted. After this, the sample which was obtained from the
Pilgangoora (Australia) pegmatite deposit was characterised to envisage the mineralogical,
physical, and chemical properties. The mineral characterisation was achieved by several
analytical techniques including XRF, XRD, MLA, and SEM-EDS. This was followed by
thermal treatment of the concentrate to understand the effect of temperature on the
polymorphic and morphological changes. All three phases of the mineral (o, y and ) were
observed depending on the temperature and residence time. An application of a first order
kinetic model enabled the determination of apparent activation energy for the
transformation. Calcining the mineral altered the physical properties such as density,
particle size and surface area with the degree of alteration being a function of temperature.

The thermochemical software was used as a guide to select calcium chloride as the
most appropriate chlorination agent which was used in the study. Studies on the calcium
chloride-spodumene roasting revealed 1000 °C treatment for 60 minutes and calcium
chloride-spodumene molar ratio of 2.0 as optimal conditions for lithium extraction.
Residence time ranging from 45 to 60 minutes was however, observed to be able to achieve
the maximum extraction but above it, evaporation of lithium chloride occurs which leads to
reduced recovery. The process was found to be characterised by an apparent activation
energy of 122+6kJ mol™ from 800 °C to 950 °C. Temperature was found essential for the
extraction where the chlorinating agent attacks the mineral at its edges when the temperature
is low but attacks the internal portions at high temperatures by creating channels through
the mineral grains resulting in an increased extraction. Phases evolving due to the
chlorination were predicted with HSC Chemistry® which were confirmed by XRD
investigation. Anorthite was the major phase observed in the leached residue whose quantity
increases with temperature. The increasing anorthite was found to correspond to the

disappearing spodumene phase.

155



The last part of the study was focussed on purifying the leach liquor for subsequent
lithium recovery. Calcium is the major impurity identified in the pregnant leach liquor
arising from the chlorination agent used. Purification techniques were therefore primarily
geared towards separating calcium from the liquor. Purification techniques investigated
include selective crystallisation of calcium chloride, carbonation precipitation using sodium
carbonate and ion exchange (1X). Calcium separation technologies were supposed to be
followed by solvent extraction (SX) to separate lithium from alkali metals in the liquor and
subsequently, recover the metal but this step was not touched on due to time limitation.
Crystallisation of calcium chloride was to reduce the concentration of calcium before the
application of subsequent purification techniques. Preliminary study revealed difficulty in
achieving this goal due to the viscous nature of the liquor after evaporation and the difficulty
in separating crystals. Carbonation precipitation of calcium as CaCOs achieves almost 100%
efficiency but leads to loss of some lithium (about 20%). IX can also reduce the calcium
concentration drastically with a possibility of recycling the chlorinating agent to the
chlorination unit in the overall flow process. SX studies have been commenced but results

are currently, not available for discussion.

Recommendation

It is recommended that, the SX studies be completed to enable the overall process
assessment including the economics, purity of the recovered lithium salt and its suitability
to produce Li-ion battery. At this point of the study, it is suggested that future work looks at
the use of eutectic mixtures of chloride salts for the process. This is because the mixture is
known to have a lower melting point than the individual salts, making it interesting to
investigate the possibility of using it as a chlorination agent to reduce the energy

requirements when processing the mineral.
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Titre : Développement d'une voie chlorure pour la récupération du

lithium contenu dans les minerais de spodumene

Contexte

Le lithium est un composant majeur des batteries Li-ion, utilisées dans la fabrication
de nombreux appareils électroniques portables mais également pour les vehicules
électriques. La récente vague de décarbonisation a en effet pour conséquent le passage des
véhicules a combustibles fossiles a des véhicules électriques et hybrides dont la source
d'énergie est stockée principalement dans des batteries Li-ion. Cela a conduit a une demande
record en lithium sous forme de carbonate ou d’hydroxyde de lithium pour répondre a la
production croissante de véhicules électriques mais aussi a la demande plus traditionnelle
pour la production de lubrifiant, le domaine médical ou encore 1’industrie chimique (base et
agent nucléophile) [1].

Le lithium est extrait de de deux ressources principales : les saumures des salars et les
minerais de pegmatite. Environ 50 % du lithium mondial est obtenu a partir de saumures,
bien que sa teneur dans ces sources soit relativement plus faible (environ 200 & 700 ppm)
que dans les minerais [2-3]. Les récentes études laissent penser que les saumures des Andes
sont formeées au cours du lavage des sels de lithium solubles contenus dans les cendres
volcaniques dans les réservoirs endoréiques [4]. Si ce phénomene se produit dans un
environnement aride ou & haute altitude, ou il existe une corrélation inverse entre I'altitude
et la pression atmosphérique, un taux élevé d'évaporation de I'eau de la saumure se produit,
laissant derriére lui des lits secs communément appelés salars. Les conditions climatiques
de I'Argentine, de la Bolivie et du Chili (généralement appelé le Triangle du lithium)
favorisent la formation de salars, ce qui fait que ces pays abritent une part importante des
réserves mondiales de lithium [5]. Les salars les plus connus de cette région sont le Salar de
Uyuni, le Salar de Atacama et le Salar de Muerto Hombre, situés respectivement en Bolivie,
au Chili et en Argentine. Des gisements de saumure sont également présents de maniere
significative aux Etats-Unis, en Chine, en Inde et au Canada.

Le traitement de la saumure pour le lithium se fait en pompant pendant 8 a 18 mois la
saumure dans des bassins d'évaporation. L’évaporation conduit a 1’élimination naturelle du
calcium, du potassium et du magnésium sous forme de sels de chlorure. Le chlorure de
lithium cristallise naturellement en dernier. Celui-ci est ensuite lave puis converti en

carbonate de lithium a 1’aide de carbonate de sodium aprés des étapes de purification
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consistant a éliminer les divalents ainsi que le bore. Cette étape de raffinage se fait
géneralement hors site. Ce procédé est moins colteux, mais les principaux inconvenients
sont la gestion des impuretés et le temps de traitement.

Les pegmatites sont des roches a gros grains qui contiennent plusieurs phases
minéralurgiques de lithium ainsi que des eléments de terres rares qui sont exploités de
maniere selective et économique a l'aide de techniques miniéres classiques. Ce gisement de
lithium peut étre classé en trois catégories : le type NYF, composé de niobium, d'yttrium et
de fluor ; le type LCT, composé de lithium, de césium et de tantale, et enfin le type mixte
NYF+LCT [6]. Les minéraux de lithium (spoduméne, pétalite, Iépidolite, etc.) et d'autres
minéraux concomitants (colombo-tantalite, cassitérite, pollucite, comme la muscovite,
I'albite, le quartz, le feldspath) sont généralement associés a la pegmatite LCT. L'association
étroite du lithium avec les pegmatites est due a sa grande solubilité qui le concentre dans la
derniére phase du refroidissement du magma et des liquides aqueux associés, la ou les
pegmatites se forment. Prés de 145 minéraux contenant du lithium, y compris des argiles,
ont été répertories, dont environ 25 contiennent plus de 2 % de Li>O [4-5]. Parmi les
minéraux contenant du lithium, le spodumene est le plus intéressant pour l'extraction
industrielle du lithium.

Le processus conventionnel d'enrichissement du spodumeéne consiste a le transformer
de la phase a naturelle a la phase B a des températures élevées (processus de décrépitation).
La forme B du minéral est ensuite grillée pour former un sel de lithium approprié qui peut
étre lixivié en vue d'un traitement en aval pour récupérer le lithium. Le type de réactif utilisé
pour le grillage détermine le nom du processus : traitement sulfatant, traitement alcalin,
carbonatation, chloration et fluoration. La sulfatation utilise de l'acide sulfurique, des
sulfates de métaux alcalins ou du SO3 pour produire du sulfate de lithium soluble ; I'emploi
de chaux alcaline ou de calcaire forme du Li2O qui peut étre lixivié pour produire une
solution aqueuse de LiOH. Dans la carbonatation, le carbonate de lithium est produit par
torréfaction du carbonate de sodium et du minéral, tandis que les procédés de chloration et
de fluoration utilisent respectivement des agents de chloration (CaClz, Clz, NaCl) et des
agents de fluoration (NaF, HF).

L'état de I'art révéle que I'un des principaux défis rencontrés dans toutes les voies de
traitement ci-dessus est la décrépitation. Elle s'effectue en effet a des températures tres
élevées pendant une durée relativement longue, ce qui la rend le processus énergivore et
augmente le colt de production. Parmi les différentes voies de traitement indiquées ci-
dessus, le chloration est finalement assez peu décrite dans la littérature bien qu'elle présente
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un avantage principal : des températures de traitement modérées conduisant a de bons
rendements d’extraction. Ainsi, ce travail de thése a consisté a évaluer la possibilité de
mettre en ceuvre une étape de chloration directe de I'a-spodumeéne en amont du traitement
hydrométallurgique pour pouvoir extraire le lithium contenu dans la spodumeéne a une
température réduite, et ainsi diminuer la consommation d’énergie liée a I’étape de
décrepitation et a I'etape de grillage, ainsi que le temps de traitement. Ainsi, l'objectif
principal de cette these est d’approfondir les connaissances pour mieux décrire les
phénoménes prenant place pendant I’étape de chloruration, et de vérifier la faisabilité
technique de I'extraction du lithium par chloration directe de I'a-spodumeéne.

Dans un premier temps, le logiciel HSC Chemistry® 5.1 a éte utilisé pour réaliser une
modélisation thermodynamique des processus de traitement du spodumene décrits dans la
littérature. Cette modélisation thermodynamique nous a permis d’identifier des réactifs
prometteurs et les conditions expérimentales pour réaliser une chloruration efficace.

Dans un second temps, nous avons caractérisé les propriétés minéralogiques,
physiques et chimiques du concentré provenant du gisement de pegmatite de Pilgangoora
(Australie) qui a été utilisé pour les essais de décrépitation et de chloruration dans ce travail
de thése. La caractérisation des minéraux a été réalisée a l'aide de plusieurs techniques
analytiques, notamment XRF, XRD, MLA et SEM-EDS. Un traitement thermique du
concentré a ensuite été effectué pour comprendre l'effet de la température sur les
changements polymorphiques et morphologiques. A partir de la caractérisation du
concentré, des calculs thermochimique réalisés par HSC Chemistry® 5.1 et de tests
préliminaires, nous avons sélectionné le chlorure de calcium comme réactif de chloruration,
puis nous avons optimisé les conditions opératoires afin de convertir efficacement le lithium
contenu dans le spodumeéne en chlorure de lithium accessible pour I’étape suivante de
lixiviation en vue de récupérer le lithium au cours d’étapes hydrométallurgiques ultérieures
de purification et de concentration qui ont fait 1’objet d’essais dans la derniére partie du

manuscrit de these.

Résultats et discussion
Modélisation thermochimique du traitement thermique du spodumene.

Les calculs thermodynamiqes réalisés a l'aide du logiciel HSC Chemistry® 5.1
confirment que le traitement sulfatant, le traitement alcalin, la fluoration, la chloration ainsi
que la carbonatation a I’aide de sels appropriés sont réalisables d’un point de vue
thermodynamique. Il n'est donc pas surprenant que la sulfatation (a I'aide d'acide sulfurique)
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et les traitmements alcalins soient industrialisables pour I'extraction du lithium contenu dans
la spodumene. Si I'on considére la nature douce des réactifs utilisés dans les procédes
alcalins, le procédé acide sera un veéritable concurrent si I'on parvient & réduire d'une maniére
ou d'une autre la quantité d'énergie nécessaire a la décomposition du calcaire. Bien que le
grillage a I’aide de la chaux soit possible méme a des températures plus basses, la
décomposition du calcaire est un précurseur de la production industrielle de chaux, ce qui
rend le processus global trés énergivore. Les travaux futurs doivent se concentrer sur la
réduction de la quantité de chaleur élevée nécessaire a la décomposition du calcaire pour
rendre le procédé alcalin économiquement viable. Dans le processus de grillage de I'acide,
I'étude thermodynamique a révélé que le H2SO4 peut se décomposer au-dessus de 250 °C
pour produire du SO3(g) et du H2O(g). Bien que l'acide se décompose, I'espéce formée s'est
avérée capable d'entrainer la réaction pour produire le sel de lithium, méme a un rythme
plus rapide en raison de la vitesse de diffusion plus élevée des gaz résultants que de I'acide
(qui est en phase liquide). Malgré la vitesse de réaction plus rapide attendue de ces gaz (SOs
et H20), nous ne savons que peu de choses sur leur utilisation pour extraire le lithium
contenu dans les minerais porteur de lithium. La sulfatation est essentiellement réalisée avec
de I'acide sulfurique bien qu’il soit intéressant d’identifier d’autres types de réactifs. Il existe
une littérature considérable sur l'utilisation de certains sulfates de métaux alcalins et
alcalino-terreux ainsi que de sulfates d'ammonium pour le traitement d'autres minéraux
contenant du lithium, en particulier la Iépidolite et le spodumene. Cependant, ces études se
limitent a de simples essais expérimentaux alors qu’il serait judicieux de s’appuyer sur des
outils de calculs thermodynamiques pour identifier les conditions conduisant a une
extraction optimale du lithium. Selon la littérature, la chloration et la fluoration sont des
étapes prometteuses pour I'extraction du lithium. Peu d'agents de chloration et de fluoration
sont mentionnés dans la littérature. Il faudrait donc poursuivre les recherches pour trouver
de nouveaux agents de fluoration et de chloration et optimiser les procédés. La
thermodynamique du processus de carbonatation produisant du carbonate de lithium est tres
intéressante car cela permet potentiellement de produire du carbonate de lithium
relativement pur a basse température. Des recherches complémentaires doivent étre menées
pour optimiser le processus. D'un point de vue thermodynamique, ces procédés ne doivent
pas impliquer des températures supérieures a 300 °C pour éviter la décomposition de I'acide
et du carbonate de lithium. Pour les autres procédés examinés, des températures inférieures
a 600 °C sont conseillées, a I'exception de la fluoration, qui donne des résultats intéressants
a des températures légérement supérieures a 600 °C.
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Effet du traitement thermique sur le concentré de spoduméne

Les caractéristiques physicochimiques et les transformations thermiques du
concentré de spodumene original ont révélé que les distributions en taille des particules
d50 et d80 sont respectivement de 57 microns et de 113 microns. Le diametre des
particules varie de 10 a 200 microns, environ 68 % du volume total ayant un diamétre
de 80 microns. Dans ces conditions, I'analyse de la libération des minéraux a révélé que
le spodumene était bien libéré & environ 99 %, ce qui indique qu'une réduction

suffisante de la taille des particules a été obtenue pour permettre un traitement ultérieur.

La transformation de phase de I'échantillon au cours du traitement thermique a
une température variant de 900 a 1050 °C pendant un temps de séjour de 7,5 a 480
minutes a indiqué que le a-spodumeéne, le y-spodumeéne et le B-spodumeéne sont les
polymorphes présents au cours du processus. On sait généralement que le traitement

thermique conduit aux transformation de phases suivantes :

a—>y+p 1)
v B 2

Ainsi, la phase a se transforme d'abord en formes y et B, mais la forme y est
métastable et se transforme ensuite en forme . On a observé que la transformation de
la phase o s'achevait & 975 ou 1000 °C en fonction du temps de séjour. La
transformation compléte de la phase y peut également se produire a 1025 °C et 1050
°C. La quantité maximale de y-phase formée est d'environ 23 %. Nous indiquons que
1050 °C est la température seuil permettant de former le plus de phase . Néanmoins,
le procédé doit étre optimisé car des études antérieures ont indiqué que la présence de
moins de 10 % de phase y dans le résidu n'a pas d'effet négatif majeur sur I'efficacité de
I'extraction du lithium. Nous recommandons donc un traitement thermique a 1000 °C
pendant 60 minutes pour réaliser une décrépitation efficace de ce concentré de
spodumeéne compte tenu de I'économie et de la quantité de phase y formée. Cependant,
si seule la phase B est souhaitée pour une application industrielle, il est préférable de

réaliser le traitement thermique entre 1025 ou 1050 °C en tenant compte du temps
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nécessaire a la transformation, ainsi que de la fusion qui se produit a 1050 °C et de son
effet sur le traitement en aval.

Un modele cinétique du premier ordre a été appliqué aux deux processus de
transformation (Eqgs (1) et (2)). Ceci a permis de calculer I'énergie d'activation apparente de
655120 pour la transformation de a en y et B (Eq. 1). Les études MEB révelent qu'avec
l'augmentation de la température de traitement, les grains de spodumene subissent une

fissuration, une destruction, suivie d'une fusion et d'une agglomération.

Extraction du lithium de I'a-spodumene par chloration a I'aide de chlorure de calcium.

Nous nous sommes également intéressé au cours de nos travaux a formation de
chlorure de lithium directement a partir de I'a-spodumene par chloration au CaCl> puis a la
lixiviation du chloure de lithium formé a I'eau afin de produire une solution pouvant étre
ensuite traitée pour produire un carbonate de lithium pur par voie hydrométallurgique. Les
parametres étudiés sont la température de grillage, le temps de séjour et le rapport chlorure
de calcium/spodumeéne. Bien que le rapport CaClz/spodumene ait une influence sur la
récupération du lithium, la température et le temps sont les principaux facteurs qui, s'ils ne
sont pas régulés, entrainent I'évaporation du chlorure de lithium. La récupération du lithium
dans la solution de lixiviation augmente généralement avec tous les parameétres étudiés.
Dans des conditions optimales de température de 1000 °C, de temps de séjour de 60 minutes
et un rapport chlorure de calcium/spodumeéne de 2, environ 90 % du lithium est éliminé du
spodumene mais seulement 85 % de lithium est réellement récupére en solution, le reste du
lithium s’étant évaporé. Nous pouvons cependant envisager de récupérer le lithium évaporé
en récupérant les poussiéres en sortie du procédé pyrométallurgiques et en les lixiviant. La
fusion et l'agglomération se produisent a une température supérieure 1000 °C, ce qui
entraine une diminution de la récupération.

L'étude du comportement de la gangue (micas, feldspaths alcalins et amphiboles) en
combinant des informations fournies par la diffraction des rayons X (XRD), des calculs
thermodynamiques réalisés par HSC et des analyses par microscopie électronique a
balayage couplée avec des analyses EDS (SEM-EDS) au cours du processus thermique a
révélé que les micas se décomposent d'abord pour former du feldspath K qui se transforme
ensuite en anorthite en réagissant avec le chlorure de calcium. Les feldspaths alcalins (et le
spodumene) forment également de l'anorthite lorsqu'ils reagissent avec le chlorure de
calcium, tandis que les amphiboles (trémolite) se décomposent pour former du diopside et
de l'enstatite. Les résultats de la XRD ont confirmé les conclusions tirés des calculs
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thermodynamique et les observations réalisées au SEM-EDS, qui révélent que I'anorthite est
la phase prédominante (représentant environ 70 %), tandis que le quartz, la wollastonite et
le diopside sont des phases mineures. L'effet oxydant du systeme sur la faisabilité du
processus a été étudié et s'est avéré plus favorable dans un environnement non oxydant
gu'oxydant.

Le spodumene identifié dans les résidus lixiviés est sous forme a, sans identification
de la forme B. Ceci suggere que l'extraction du lithium sous forme de chlorure se fait
directement a partir de la phase a. Une transformation possible de I'a-spodumeéne en f-
spodumene suivie de la formation rapide de chlorure de lithium a partir du B-spodumene
(2a-spodumene — 2B-LiAlISi20s + CaCl, — 2LiCl + 2Si02 + CaAl;Si20s) peut également
se produire. Cependant, nous n’avons pas pu vérifier totalement cette hypothése a ce stade.
L'énergie d'activation apparente relativement faible de 122+6 kJ mol? obtenue pourrait

suggerer que la diffusion du chlorure de calcium est I'étape limitant la vitesse du processus.

Récupération du lithium contenu dans le jus de lixiviation du spodumene.

L'analyse de la liqueur obtenue apreés la lixiviation des résidus chlorés a révélé que le
calcium provenant du chlorure de calcium utilisé pour la chloruration était I'impureté
préedominante. Nous nous sommes donc intéressés a 1’élimination du le calcium contenu
dans le jus de lixiviation. Les technologies étudiées comprennent la cristallisation sélective
du chlorure de calcium, I’extraction solide/liquide du calcium a I’aide de Lewatit® MDS
TP 208 et la précipitation traditionnelle du calcium par carbonatation.

La cristallisation pour récupérer sélectivement le calcium et réduire sa concentration
était une tache difficile car la viscosité élevée de la solution obtenue apres évaporation
rendait la filtration difficile. Elle n'a donc pas été jugée appropriée pour la suite de 1’étude.
L’élimination du calcium du jus de lixiviation par carbonatation a été réalisée avec succes,
mais la régénération et le recyclage du chlorure de calcium ne sont pas possibles. Cette
méthode a également entrainé une perte d'environ 20 % du lithium. Une approche intégrée
qui associe cette opération au traitement d’une saumure ou il est possible d'utiliser le CaCOs
est suggérée. L’élimination du calcium a 1’aide d’une résine échange d'ions (1X) s'est
également avérée trés efficace puisque presque 100% du calcium a pu étre éliminé. Il peut
étre envisagé de traité ensuite la solution de chlorure de lithium exempte de calcium par
extraction par solvant (SX) en utilisant le Cyanex® 936P pour recupérer le lithium. Cet
extractant recemment mis au point qui présente une grande affinité pour le lithium. Il a été

utilisé dans le procédé Tenova pour récuperer le lithium contenu dans des saumures.
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Schéma du procéde pyro-hydrométallurgique pour la récupération du lithium contenu
dans la spodumene

L’objectif de la thése était notamment de développer un schéma de procédé pyro-
hydromeétallurgique alternatif au procédé actuel reposant sur le grillage sulfatant de
spodumene. Une choruration permettant d’extraire le lithium du spoduméne sous forme de
chlorure de lithium a 1’avantage de produire une solution aqueuse de lithium en milieu
chlorure dont la concentration en lithium et la chimie en milieu chlorure se rapproche de
celle mise en ceuvre dans I’extraction du lithium contenu dans les saumures. Il est alors
possible d’imaginer un procédé de chloruration suivi d’un procédé d’extraction du lithium
en milieu chlorure utilisant les technologies récemment développées pour extraire
sélectivement le lithium d’un milieu chlorure (procédé Solvay-Tenova basé sur I’utilisation
du Cyanex® 936P). La premiére étape de ce procédé doit pouvoir éliminer le calcium qui
est I’'impureté principale générée par la chloruration qui empéche une extraction efficace du
lithium par le Cyanex® 936P. Les deux approches mises au point pour éliminer le calcium
peuvent conduire a deux schémas de procédé permettant d’extraire le lithium contenu dans
le spodumeéne. La Figure 1a décrit le schéma de procédé impliquant I’élimination du calcium
par carbonatation, c’est-a-dire par précpitation du calcium sous forme de carbonate de
calcium, puis I’extraction du lithum par extraction par solvant a lI'aide de Cyanex® 936P.
La Figure 1b présente un schéma de procédé reposant sur I’utilisation d’une résine échange
d’ions (Lewatit® MDS TP 208) pour éliminer le calcium de la solution. La solution obtenue
apres traitement avec la résine échangeuse d’ions, qui est presque dépourvue de calcium,
peut entrer dans I’atelier d’extraction par solvant pour extraire sélectivement et concentré le
lithium. La résine chargee, apres régénération avec de ’acide chlorhydrique, produit une
solution de chlorure de calcium qui, apres évaporation et déshydratation, conduite a la
formation d’un sel de chlorure de calcium qui peut étre recyclée dans I'unité de chloration.
Dans ce cas, le lithium qui aurait pu étre perdu par co-adsorption sur la résine pourrait étre
recyclé avec le chlorure de calcium.
Le schéma de procédé de la figure 1b permet de récupérer et de réutiliser I'agent de
chloration avec peu ou pas de perte de lithium. La figure 1a, en revanche, peut entrainer une
perte de lithium lors de la précipitation du carbonate de calcium, sauf si I’on associe ce
processus au traitement de la saumure, auquel cas le précipité peut étre utilisé pour
I’ajustement du pH et pour la précipitation du magnésium. Dans ce cas, le lithium qui aurait
pu étre perdu pourrait étre récupéré.
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Figure 1 : Schémas de procédé (a) utilisant la précipitation par carbonatation et (b)
une résine échange d’ions suivi d’une étape d’extraction liquide-liquide pour extraire
et concentrer le lithium en cue de sa cristallisation sous forme de chlorure de lithium.

Conclusion

Des recherches ont été menées sur I'extraction directe et la récupération du lithium a partir
de lI'a-spodumeéne. Les investigations thermochimiques ont identifie le chlorure de calcium
comme le sel de chlore le plus approprié pour le processus de chloration ou, dans des
conditions optimales de rapport chlorure de calcium/spodumeéne de 2,0, et de traitement a
1000 °C pendant 60 minutes, on a extrait environ 90 % de la teneur en lithium du minéral.

Gréce a HSC Chemistry® 5.1 et a d'autres outils analytiques, le mécanisme du processus a
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été expliqué pour rendre compte des nouvelles phases synthétisées pendant le grillage. A
ce stade, il est suggéré que les travaux futurs portent sur I'utilisation de mélanges eutectiques
de sels de chlorure pour le processus. En effet, on sait que le mélange a un point de fusion
plus bas que les sels individuels, ce qui rend intéressante I'étude de la possibilité d'utiliser

ces mélanges pour réduire les besoins en énergie lors du traitement du minéral.
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APPENDICES

APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Table A.1: Calculated elemental assay of major elements by MLA and their corresponding oxides.

Element Wit% Oxides Wit%
Al 11.58 AlL,O3 21.87
Ca 1.94 Ca0 2.76
Fe 2.00 Fe,0s 2.86
K 1.34 K,0 3.23
Li 1.96 Li,O 4.22
Mg 0.50 MgO 0.83
Mn 0.22 MnO 0.41
Na 0.76 Na,O 2.05

P 0.17 P,0s 0.22
S 0.07 SO; 0.18
Si 29.47 SiO, 63.15

Table A.2: MLA data for degree of mineral liberation in concentrate used to generate Figure 3.6.

Liberation

Mineral degree
Pyrite 98.3
Quartz 08.8
Orthoclase 93.7
Albite 98.2
Anorthite 97.2
Biotite 98.4
Muscovite 96.0
Chlorite 97.2
Amphibole 96.9
Spessartine 94.1
Spodumene 98.8
Tantalite_ Mn 96.6
Calcite 95.8
Apatite 96.2
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Table A.3: SD on atomic percent of elemental composition of spodumene in concentrate.

Element Atomic % SD
Al 11.3 | 113 11.6 11.5 115 | 115 | 114 11.3 11.3 11.4 11.4 11.2 11.3 0.1036
Si 239 | 239 23.7 23.7 238 | 236 | 237 23.8 23.9 23.6 23.6 23.8 23.7 0.1029
o 64.8 | 64.8 64.7 64.7 64.7 | 64.7 | 64.7 64.8 64.8 64.7 64.7 64.8 64.7 0.0231
Fe 0.2 0.2 0.2 0.3 0.2 0.5 0.0539
Mn 0.2

Table A.4: SD on atomic percent of elemental composition of amphiboles in concentrate.

E* Atomic % SD
Mg |61 |55 46 |73 |105 |6.4 103 |96 7.1 4.2 8.6 6.0 4.3 5.6 2.1346
Al 02 |02 36 |04 |46 2.8 32 1.7 33 4.8 9.1 5.2 9.5 2.9863
Si 19.7 | 197 | 218 | 199 | 183 |19.2 38 196 |18.0 |171 |128 |19.7 |16.8 |14.8 |19.6 | 4.3916
Ca |96 |96 32 |95 |04 5.0 0.3 4.7 5.0 3.9 9.6 4.8 0.2 9.7 3.6591
Fe 36 |39 30 (22 |29 45 203 |28 4.8 6.9 7.4 37 6.2 6.3 4.2 4.3969
o 60.8 | 609 |62.1 |60.6 |604 |61.2 584 | 608 |60.7 |610 |601 |60.8 |608 |613 |609 |O0.7813
Na 0.8 1.3 0.5 04 0.8 0.9 1.0 11 0.2947
K 1.0 1.4 0.4 0.3 04 1.0 1.0 0.5 0.4113
Cr 0.3 2.5 0.2 0.2 1.1491
Mn 0.2 12 0.2 0.2 0.2 8.0 3.1233

*Element
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Table A.5: SD on atomic percent of elemental composition of quartz in concentrate

Element Atomic % SD
Si 333 [333 |333 33.3 | 333 | 333 333|333 |333 (333 |00

o 66.7 | 66.7 |66.7 66.7 | 66.7 | 66.7 | 66.7 | 66.7 | 66.7 | 66.7 | 0.0

Table A.6: SD on atomic percent of elemental composition of albite in concentrate.

Element Atomic % SD
Na 55 7.3 7.0 6.7 7.0 7.0 6.7 55 0.6861

Al 5.4 7.8 7.7 7.8 1.7 7.6 7.7 54 1.0706

Si 26.0 23.1 23.4 23.2 23.5 23.5 23.3 26.0 1.2354

0 63.0 61.7 61.9 61.8 61.9 61.9 61.9 63.0 0.5219

Ca 0.1 0.2 0.1 0.3 0.2 0.1 0.0579

Table A.7: SD on atomic percent of elemental composition of mica in concentrate.

Element Atomic % SD
Al 15.0 15.0 15.1 0.0557
Si 17.7 17.5 17.5 0.1300
K 4.9 51 5.3 0.1823
Fe 0.9 0.9 0.8 0.0702
0] 61.6 61.4 61.4 0.0985

Table A.8: SD on atomic percent of elemental composition of hematite in concentrate.

Element Atomic % SD
Fe 37.9 40.0 38.1 38.7 38.9 0.8418

0 60.1 60.0 60.2 60.2 60.1 0.0728

Si 1.3 1.0 1.0 0.6 0.2971

Ca 0.4

Mn 0.4

Al 0.8 04 04 0.2136
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Table A.9: SD on atomic percent of elemental composition of apatite in concentrate.

Element Atomic % SD
F 7.9 8.1 7.9 8.6 0.3320
P 145 14.6 145 14.6 0.0455
Ca 20.4 19.8 20.1 20.2 0.2443
Mn 0.3 0.6 0.5 0.15875
0 56.9 56.9 57.0 56.6 0.1656

SD* represents the standard deviation on measured atomic percent of elements in mineral phases of the concentrate.
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Figure A.1: Spot analysis (a) and spectrum (b) of elemental composition of spodumene grain in concentrate.

Table A.10: Raw data of spodumene grain generated by SEM-EDS for spectrum 1.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions
Al K 15.23 1.0706 14.23 0.14 11.32 26.88 Al203 1.40
SiK 29.53 0.9441 31.28 0.22 23.90 66.92 SiO2 2.95
o] 48.29 0.27 64.78 8.00
Total 93.79
Cationsum  4.35
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Figure A.2: Spot analysis (a) and spectrum (b) of elemental composition of amphibole grain in concentrate.

Table A.11: Raw data of amphibole grain generated by SEM-EDS for spectrum 2.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions

Na K 0.76 0.7734 0.98 0.09 0.99 1.32 Na20 0.13
Mg K 5.09 0.8572 5.94 0.11 5.65 9.84 MgO 0.74
Al K 4.14 0.8850 4.68 0.10 4,01 8.84 Al203 0.53
SiK 19.24  0.9257 20.78 0.19 17.11 44.45 SiO2 2.26
KK 0.75 1.0364 0.73 0.07 0.43 0.88 K20 0.06
CaK 8.83  0.9932 8.89 0.16 5.13 12.44 Ca0 0.68
Fe K 12.98  0.8989 14.44 0.35 5.98 20.64 Fe203 0.79
O 41.99 0.35 60.70 8.00
Total 98.42

Cationsum 5.18
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Figure A.3: Spot analysis (a) and spectrum (b) of elemental composition of mica grain in concentrate.

Table A.12: Raw data of mica grain generated by SEM-EDS for spectrum 5.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions

Na K 0.25 0.9318 0.27 0.07 0.24 0.37 Na20 0.03
Al K 10.22  1.0583 9.66 0.12 7.41 18.24 Al203 0.96
SiK 31.64 0.9966 31.75 0.22 23.42 67.92 SiO2 3.04
KK 13.62 0.9978 13.65 0.19 7.23 16.45 K20 0.94
0] 47.65 0.28 61.69 8.00
Total 102.98

Cationsum  4.97
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Figure A.4: Spot analysis (a) and spectrum (b) of elemental composition of quartz grain in concentrate.
Table A.13: Raw data of quartz grain generated by SEM-EDS for spectrum 13.
Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions
Si K 51.87 1.0841 47.84 0.25 33.33 102.34 SiO2 4.00
0] 54.50 0.27 66.67 8.00
Total 102.34
Cationsum  4.00
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Figure A.5: Spot analysis (a) and spectrum (b) of elemental composition of albite grain in concentrate.

Table A.14: Raw data of albite grain generated by SEM-EDS for spectrum 3.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions

Na K 8.03 0.9852 8.16 0.14 6.97 10.99 Na20 0.90
AlK 10.59 1.0027 10.56 0.13 7.69 19.95 Al203 0.99
Si K 3165 0.9473 33.41 0.23 23.37 71.48 SiO2 3.02
CaK 0.22 0.9489 0.23 0.06 0.11 0.33 CaOo 0.01
o 50.39 0.29 61.86 8.00
Total 102.74

Cationsum  4.93
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Figure A.6: Spot analysis (a) and spectrum (b) of elemental composition of hematite grain in concentrate.

Table A.15: Raw data of hematite grain generated by SEM-EDS for spectrum 1.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number

Conc. Corrn. Sigma of ions
Fe K 70.80 0.9998 70.81 0.66 40.00 101.24 Fe203 5.33
O 30.43 0.43 60.00 8.00
Total 101.24

Cationsum  5.33
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Figure A.7: Spot analysis (a) and spectrum (b) of elemental composition of tantalite grain in concentrate.

Table A.16: Raw data of tantalite grain generated by SEM-EDS for spectrum 3.

Element

Mn K
Fe K
Nb L
TaM
0]
Total

App

Conc.

12.43
2.77

19.04
35.55

Intensity  Weight%

Corrn.
1.1398
1.1131
0.7267
0.8159

10.90
2.49
26.21
43.57
25.16
108.32

Weight%  Atomic%

Sigma
0.28
0.24
0.54
0.53
0.49

8.49
1.90
12.06
10.30
67.25

Compd%

14.08
3.56

37.49
53.20

Formula

MnO

Fe203
Nb20s
Ta205

Cation sum

Number
of ions
1.01
0.23
144
1.23
8.00

3.90
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Figure A.8: Spot analysis (a) and spectrum (b) of elemental composition of apatite grain in concentrate.

Table A.17: Raw data of apatite grain generated by SEM-EDS for spectrum 5.
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Element | App Intensity ~ Weight%

Conc. Corrn.

FK 1.52 0.2085
PK 30.90 1.4168
CaK 39.28  1.0094
Mn K 1.30 0.9151
o)

Total

7.28
21.81
38.91
1.43
4411
113.53

Weight%
Sigma
0.51

0.22

0.29

0.16
0.32

Atomic%

7.92
14.54
20.05
0.54
56.95

Compd%

0.00
49.97
54.44
1.84

Formula

P20s
CaO
MnO

Cation sum

Number
of ions
0.98
1.79
2.47
0.07
7.02

4.33
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(b)

() (d)

Figure A.9: SEM and spot elemental composition determination for powdered unpolished sample treated in air
at (a) 900 °C, (b) 950 °C (c) 1000 °C and (d) 1050 °C. The numbers (1-5, 7) indicate the locations of the elemental
determination.

Table A.18: Atomic percentage of some elemental composition identified by SEM-EDS at
900 °C.
Elem Spot Spot Spot Spot Spot Spot Spot

ents “1” “2r 73" “4” “5” “gre 197
(@) 64.8 60.6 61.8 66.7 61.9 60.0 56.9
Al 11.2 0.4 74 7.7

Si 23.8 19.6 23.5 33.3 23.4

Fe 0.3 2.8 40.0

Mg 6.8

Ca 9.6 0.1 20.2
Mn 0.3

Na 0.1 7.0

K 6.5

F 8.6
P 14.6
Sn
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Table A.19: Atomic percentage of some elemental composition identified by SEM-EDS at
950 °C.

Elem Spot Spot Spot Spot Spot Spot Spot
ents lllll IIZII II3II II4II ll6ll II7II 119II

o 648 609 615 66.7 2.1 60.1 56.9
Al 11.5 9.5 14.9 15.9 0.4
Si 23.7 14.8 17.8 33.3 17.7 0.6
Fe 45 0.7 0.2 38.9
Mg 0.05
Ca 0.3 0.2 19.8
Mn 9.9 0.6
Na 0.9 -
K 4.3 2.3
F 8.1
P 14.6

Table A.20: Atomic percentage of some elemental composition identified by SEM-EDS at 1000
°C.

Elem Spot Spot Spot Spot
ents “1” “2"  "35&6 “4”
Y 64.6  60.7 61.8 66.7
Al 11.1 3.3 15.9
Si 236  18.0 17.7 33.3

Fe 0.4 4.8 0.2
Mg 7.1
Ca 5.0 0.2
Mn
Na 0.3 0.8 2.1
K 0.4 2.3
Sn
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Figure A.10: XRD patterns of residues obtained during treatment of concentrate in air as a function
of residence time at 925 °C (a), 950 °C (b), 975 °C (c), 1000 (d), 1025 °C (e) and 1050 °C (f).
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Figure A.11: Evolution of the relative y-spodumene content [(y/(a+f+y)*100] during treatment as a
function of temperature for residence times: (a) 7.5 minutes, (b) 30 minutes, (c) 60 minutes and (d) 120
minutes.

Table A.21: Data for determination of apparent rate constants, ki for a-decay from Equation (3.3).

Time/min Yoox In %a
900 °C 925 °C 950 °C 975 °C 1000 °C | 900°C | 925°C | 950°C | 975°C | 1000 °C
7.5 88.07 46.73 24.44 4.48 3.84 3.2
15 75.33 32.8 9.76 4.32 3.49 2.28
30 79.42 55.66 18.2 3.42 4.37 4.02 2.9 1.23
60 88.64 752 43.04 5.89 0 4.48 432 3.76 1.77
120 84.77 67.06 24.47 3.71 4.44 421 32 1.31
240 77.78 51.2 15.01 0 0 4.35 3.94 2.71
480 75.09 33.92 451 0 0 432 3.52 1.51
Table A.22: %y-values for determination of apparent rate constants, k, for y-decay.

Time/min | 900 °C 925 °C 950 °C 975 °C 1000 °C 1025 °C 1050 °C

7.5 6.44 15.45 21.01 21.17 15.63

15 6.78 10.75 20.63 7.18 7.14

30 9.05 12.45 17.82 21.58 11.31 3.42

60 6.33 8.4 17.77 23.02 19.88 53 0

120 6.79 10.85 19.23 24.03 12.02 0 0

240 7.72 13.65 19.53 9.36 7.47 0 0

480 8.12 16.67 20.14 13.47 0 0 0
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Figure A.12: Fitting plot of In %a versus time used for the estimation of ki.

Table A.23: Regression at the varying temperatures for the determination of ki.

Temperature / °C R?

900 0.8509
925 0.9821
950 0.9839
975 0.8823
1000 0.9771
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Table A.24: Data for calculating apparent activation energy for a-decay from Equation (3.5).

Temp/°C E. for o conversion to y and B = 652 k] mol~
10000/Temp (K) k1 In ki
900 8.53 0.0004 -7.824
925 8.35 0.0019 -6.266
950 8.18 0.0054 -5.221
975 8.01 0.0224 -3.799
1000 7.86 0.0850 -2.465
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 4

Table B.1: Standard deviation on measured atomic percent of elemental composition of spodumene (Spot “1”) in leached residue.

Element Atomic % SD
Al 11.3 11.3 11.6 115 115 | 115 114 11.3 11.3 114 114 11.2 11.3 0.11

Si 23.9 23.9 23.7 23.7 238 | 236 | 23.7 23.8 23.9 23.6 23.6 238 23.7 0.11

O 64.8 64.8 64.7 64.7 64.7 | 64.7 | 64.7 64.8 64.8 64.7 64.7 64.8 64.7 0.05

Fe 0.2 0.2 0.2 0.3 0.2 0.5 0.12
Mn 0.2

Table B.2: Standard deviation on measured atomic percent of elemental composition of calcium aluminisilicate (Spot “2”) in leached residue.

Element Atomic % SD
Al 12.24 7.59 7.00 13.39 11.76 11.21 10.10 10.42 9.10 10.68 2.00
Si 17.57 23.18 19.34 16.97 17.21 19.22 21.33 20.71 18.94 20.46 1.97
Ca 7.33 4.64 11.21 7.14 8.60 5.98 5.03 5.18 8.24 5.28 2.07
O 61.81 62.54 60.91 61.72 61.27 62.42 63.12 62.33 60.78 62.87 0.81
Mg 0.28 0.16 0.28 0.07
Fe 0.45 0.34 0.29 0.30 0.79 0.14 0.50 0.36 0.19
Cl 0.32 1.75 1.20 0.24 0.70 0.38 0.13 1.15 2.16 0.14 0.72
Na 0.30 0.25 0.15 0.22 0.22 0.05
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Table B.3: Standard deviation on measured atomic percent of elemental composition of calcium silicate in leached residue.

Element Atomic % SD
Si 19.80 19.07 20.02 20.02 19.84 19.83 20.00 20.33 20.28 20.23 0.36
Ca 19.93 21.12 19.89 19.97 48.15 20.25 19.61 19.12 19.08 19.13 8.99
Cl 0.73 0.57 0.15 0.30
Mg 0.39 0.39 0.50 0.53 0.07
0 59.53 59.25 59.93 60.01 59.92 59.92 60.00 60.16 60.14 60.11 0.29
Table B.4: Standard deviation on measured atomic percent of elemental composition of quartz in leached residue.

Element Atomic % SD
Si 333 333 333 333 333 333 333 333 333 333 0.0

o) 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 66.7 0.0
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Table B.5: Standard deviation on measured atomic percent of elemental composition of calcium aluminisilicate (Spot

“2”) in leached residue.

Element Atomic % SD

Al 6.99 5.60 4.46 4.39 591 1.08
Si 10.09 11.50 20.10 19.95 20.03 5.08
Ca 17.66 17.68 10.93 11.18 9.91 3.86
O 52.46 52.43 59.04 58.83 59.80 3.73
Mg 1.34 221 0.64 0.72 0.52 0.70
Fe 1.86 0.75 0.38 0.29 0.29 0.67
Cl 9.59 9.82 4.44 4.64 3.53 3.04

SD represents the standard deviation on measured atomic percent of elements in mineral phases of chlorinated residue.
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Electron Image 1

Figure B.1: Spot analysis (a) and spectrum (b) of elemental composition of unaffected spodumene grain in chlorinated

residue.

Table B.6: Raw data of unaffected spodumene grain in chlorinated residue.generated by SEM-EDS for spectrum 1.

Element | App Intensity  Weight%  Weight%
Conc. Corrn. Sigma

Al K 15,57 1.0666 14.60 0.15

SiK 29.99 0.9424 31.82 0.23

Fe K 0.44 0.8737 0.50 0.13

o] 49.46 0.29

Totals 96.38

Atomic% Compd% Formula Number
of ions
11.33 27.58 Al20s 1.40
23.73 68.08 SiO2 2.93
0.19 0.72 Fe203 0.02
64.75 8.00
Cationsum  4.36
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Figure B.2: Spot analysis (a) and spectrum (b) of elemental composition of calcium aluminosilicate in chlorinated
residue.

Table B.7: Raw data of calcium aluminosilicate in chlorinated residue.generated by SEM-EDS for spectrum 2.

Element | App Intensity Weight% Weight% Atomic% Compd% Formula Number

Conc.  Corrn. Sigma of ions
Mg K 0.30  0.9735 0.31 0.05 0.28 0.51 MgO 0.04
Al K 15.20 1.0317 14.74 0.15 12.24 27.85 Al203 1.58
SiK 20.44  0.9283 22.02 0.19 17.57 47.10 SiO2 2.26
CIK 0.38 0.7624 0.50 0.07 0.32 0.00 0.04
CaK 1275  0.9721 13.11 0.19 7.33 18.35 CaOo 0.94
Fe K 0.99 0.8785 1.13 0.16 0.45 161 Fe203 0.06
0] 4411 0.30 61.80 7.96

Totals 95.91

Cation sum 4.88
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Figure B.3: Spot analysis (a) and spectrum (b) of elemental composition of calcium silicate in chlorinated residue.

Table B.8: Raw data of calcium silicate in chlorinated residue generated by SEM-EDS for spectrum 3.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula Number
Conc. Corrn. Sigma of ions

SiK 26.05 1.0545 24.70 0.19 19.80 52.84 SiO2 2.63
CIK 0.94  0.8109 1.15 0.08 0.73 0.00 0.10
CaK 35.40 0.9977 35.48 0.29 19.93 49.64 Ca0 2.65
6} 42.30 0.27 59.53 7.90
Totals 103.63

Cationsum  5.27
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Figure B.4: Spot analysis (a) and spectrum (b) of elemental composition of quartz grain in chlorinated residue.

Table B.9: Raw data of quartz grain in chlorinated residue generated by SEM-EDS for spectrum 6.

Element | App Intensity  Weight% Weight% Atomic% Compd% Formula

Conc. Corrn. Sigma
SiK 52.70 1.0841 48.61 0.26 33.33 103.99 SiO2
(0] 55.38 0.27 66.67
Totals 103.99

Cation sum

Number
of ions
4.00
8.00

4.00
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Figure B.5: Spot analysis (a) and spectrum (b) of elemental composition of calcium aluminosilicate chloride in

chlorinated residue.

Table B.10: Raw data of calcium aluminosilicate chloride in chlorinated residue generated by SEM-EDS for spectrum 6.

Elemen | App Intensit Weight Weight Atomic Compd Formula Numbe
t y % % % % r
Conc Corrn. Sigma of ions

NaK [2.26 0.9627 2.35 0.10 211 3.17 Na20 0.26
AIK |11.45 1.0478 10.92 0.13 8.36 20.64  AlOs 1.04
SiK |33.27 09663 3443 0.23 2531 73.66  SiO2 3.15
6} 49.76 0.28 64.22 8.00
Totals 97.47

Cation 4.46

sum
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Abstract: This review adds to the public domain literature on the extraction of lithium from mineral
ores. The focus is on the pyrometallurgical pre-treatment of spodumene. Information on the phase
transformation from « to 3, the heat treatment methods as well as the behavior of various compounds
in the roasting processes are evaluated. Insight into the chemical thermodynamics of the baking
process is evaluated using HSC Chemistry software up to 1200 °C. It was observed that the alkaline,
sulfation, chlorination (using Cl, and CaCl,), carbonizing (to form Li;CO3) and fluorination processes
were feasible either throughout or at a point within the temperature range considered. Chlorination
using KCl and carbonizing to form LiyO are the processes found to be nonspontaneous throughout
the temperatures considered.

Keywords: spodumene; thermodynamics; lithium; roasting

1. Introduction

Lithium is used in several industries as a component of products such as glass—ceramics,
greases and casting-alloys. Over the last two decades, lithium’s use in batteries, particularly for making
vehicles, has resulted in an increased need for lithium compounds. Global lithium demand has risen
to about 60% in this time and a 20% yearly increase is expected over the next few decades [1,2]. Such a
boom in lithium production is accompanied by a drastic increase of its price, which has tripled in
a little more than three years (from 5000 US dollars per ton in 2014 to more than 15,000 US dollars
per ton by the end of 2017) [3]. The astronomical demand for the metal has caught the attention of
metallurgists around the globe and has prompted the development of novel beneficiation approaches
to meet this demand by focusing on extraction from mineral ores. Extracting lithium from ores has
higher operating costs than conventional extraction from brine, however, the theory of supply and
demand makes the processing economically prudent because of the increasing price of lithium.

Spodumene is the main ore of interest due to its high lithium content (~8 wt.% as Li;O in a
pure mineral specimen) [4,5]. Table 1 shows the mineralogical composition of a typical spodumene
ore sample with 2.14 wt.% Li;O. The concentration of Li,O in this ore indicates that it is low grade.
Spodumene is a lithium aluminum silicate (Li;O-Al,03-45i0; or LiAlSi;Og) of the pyroxene group;
it is found in close association with quartz, feldspar and micas [6]. Its color may vary from purple,
green, yellow, gray or white, depending on the presence and concentrations of sodium, manganese,
iron, magnesium or titanium [7-9].

Spodumene is naturally present in the stable «x-monoclinic (highly packed crystal structure) form
with high grindability and hence the mineral is difficult to leach without pretreatment. It is made
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amenable to lixiviation by calcination at 1000 °C to the 3-tetragonal form [5]. During the thermal
process, there is a dislocation of AI** in the a-spodumene leading to a-spodumene crystal structure
with a comparably larger crystal volume. This increases the mobility of lithium atoms which then
become easily accessible to aqueous lixiviant solutions [4,10,11]. The phase transformation has also
been shown to improve comminution, as 3-spodumene is relatively soft and flaky [9,10,12]. Recently,
an intermediary hexagonal metastable y-phase was discovered during calcination. This phase is
predicted to influence the extraction of lithium. Therefore the sequence of the phase transformation is
now understood to be «—vy—f3 [4,10,13]. Though interlocking gangue in spodumene can adversely
affect downstream beneficiation processes, Salakjani et al. [9] as well as White and McVay [14] indicated
that these impurities facilitate heat conduction and efficient transformation since spodumene itself
exhibits low thermal conductivity.

Table 1. The mineralogical composition of a typical spodumene ore sample.

Mineral Cr,03 MgO MnO LiO SO3 FeO3 K;O NaO TiO, P05 SiO, AlLO3 CaO
% 0.03 1.30 032 2.14 0.15 4.29 1.26 1.14 0.10 0.33 61.31  20.79 1.72

Prior to the hydrometallurgical treatment of the ore after calcination, the 3-spodumene phase
is baked or roasted with additional compounds which define the next processing route as acidic,
alkaline or chlorination.

This review focuses on the various methods of processing spodumene ore, providing theoretical
insight from the thermodynamic point of view using the reaction equation and the equilibrium module
of HSC Chemistry software version 5.1 (Outokumpu Research Oy, Pori, Finland).

2. Decrepitation of Spodumene Ore

The amenability of spodumene to lixiviation is greatly enhanced by its transformation from the
a-form to 3-form at elevated temperature, however, a process for direct extraction of lithium from
a-spodumene using the HF/H,SO4 system was introduced by Guo et al. [15]. The thermal behavior of
spodumene has been studied extensively by a number of researchers [4,5,10,11,16] and it is worthy to
note that the process is carried out below 1040 °C which is the fusion temperature of spodumene [17].

It has been established that the phase change of x-phase spodumene starts at 800 °C and is
completed by 1100 °C, though there is a report of the phase transformation commencing above
634 °C using microwave heating [5,10]. Peltosaari et al. [10] considered the effect of particle size to
be insignificant with respect to the conversion rate of spodumene. Salakjani et al. [4] revealed that
heating leads to volumetric expansion and makes the ore porous. The final 3-spodumene consequently
has a larger surface area which enhances subsequent chemical processing. They found that a greater
extent of the 3-spodumene formed corresponded to a higher surface area produced but a relatively low
density. It is anticipated that the inversion of x-spodumene to y-spodumene is exothermic and that the
heat released helps to offset the heat requirement of the process, however, the phase change from «
directly to 3 is endothermic [9,18]. Investigations by Moore et al. [16] indicate that the temperature and
the heating method have negligible effect on the mass fraction of the phases transformed during the
decrepitation process and that the quantities of inversion products are almost equal at the initial stage
before the final conversion to the 3-phase. Conversely, Salakjani et al. [5] explained that temperature
and residence time are the major factors that determine the inversion of the phases in spodumene;
the temperature requirement is subsequently influenced by the chemical composition and the feed
particle size of the spodumene sample.

The phase transformation process at the elevated temperature is known to be influenced by many
factors including the heating method employed, the morphology of the sample after comminution and
the quantity of gangue minerals present [4,10,11,16].

Recently, microwave heat treatment of spodumene has been studied extensively by several
authors and compared with conventional methods [4,5,10,16,19]. Spodumene is passive to microwave
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irradiation so the heat treatment with this method is made possible by hybrid microwave heating with
the aid of SiC [9,10]. It was found that 3-phase spodumene absorbs significantly higher microwave
energy than the a-phase spodumene, resulting in local sintering when the 3-phase is reached [9].
Treatment of spodumene using microwave irradiation is still under development and much additional
research is required to overcome challenges such as local sintering that results in unequal heating,
transparency of spodumene to microwave irradiation and other factors that generally affect the
treatment of ores using microwave irradiation. Salakjani et al. [9] suggested that mechanical stirring
and the addition of additives (which do not affect downstream processes) could be a remedy for the
sintering and passive behavior of spodumene to microwave irradiation, respectively. The microwave
heat treatment was found to have a fast transformation rate compared with conventional heating.
The transformation of a-spodumene commenced and was almost complete at 110 and 170 s of
microwave irradiation respectively [10], but it appears that an hour of heating in a muffle furnace is
needed to achieve a 100% conversion to the 3-phase [9]. The operating temperature was, however,
found to be invariant with regards to the heating methods. There appears to be an inconsistency in the
inversion temperatures of these two investigations during the conventional approach. According to
Salakjani et al. [9], no phase change was observed for temperatures below 950 °C irrespective of the
heating time. They observed the first y and (3-phases at 950 °C for at least 30 min of residence time
but Peltosaari et al. [10] observed the first y-phase at 800 °C. This inconsistency might be due to some
factors such as the concentration of impurities, the amorphous nature created due to the mechanical
treatment and even particle size to a lesser degree. A minimum of 5 min of conventional heating at
1100 °C was observed by Salakjani et al. [4] to almost complete the conversion of « to 3-spodumene
while Peltosaari et al. [10] indicated that 100% conversion was achieved within 15 min. However,
Salakjani et al. [4] observed some y-phase present even after 1-h of residence time at 1100 °C.

Comparing the energy requirement for the microwave and the muffle furnace heating for the
phase conversion process shows that the microwave approach requires a relatively low energy input for
the transformation compared to the conventional method [5]. The conversion to the 3-phase requires
5 times less energy by using microwave heating than conventional furnace. The reason for the high
energy requirement in the conventional process can be due to the fact that heating begins from the
outside and moves to the inside of the sample by conduction (the furnace needs to heat up evenly
before the sample undergoes heating) therefore, most of the energy is wasted while in the microwave
process, heating starts from the inside of the sample and extends radially outside (the sample absorbs
the microwave radiation directly for heating), leading to little or no loss of energy. In another paper [19],
the comparison of the microwave and conventional heat treatment for acid roasting of 3-spodumene
showed that microwave heating resulted in higher lithium extraction than the muffle furnace with
regards to key parameters like processing time, excess acid and energy requirement. Indeed, 10.4 MJ of
energy was needed for the conventional process whereas only 15.4 k] was required for the microwave
for the same quantity of lithium extracted. Microwave irradiation again required shorter time (20 s)
to achieve this goal while an hour was needed in the muffle furnace for the extraction. Particle size
was found to have an important effect on the amount of lithium extracted by microwave heat. Finer
particles have been confirmed to enhance maximum (93%) lithium extraction with as low as 15% excess
acid requirement as compared to 80% excess acid, which is normally used in roasting.

3. Roasting of Spodumene Ore

Roasting 3-spodumene with appropriate reagents results in a chemoselective ion exchange
reaction where lithium is exchanged for atoms of similar characteristics in the reagent used. This may
be done after decrepitation where B-spodumene is roasted with chemicals, or may be performed
in-situ during decrepitation. This leads to the formation of soluble lithium salt (such as LiCl, Li;SO4 or
LiOH). Various reagents have been employed for forming the lithium salt during roasting and rigorous
investigations are ongoing for optimization. Unlike roasting, the decrepitation process appears to be
nearly optimized and little can be done to further adjust parameters like the operation temperature
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and granulometry of the comminuted ore [13]. The reagent used for the roasting determines the name
of the process. Generally, at a given pH, reagents are selected based on their selectivity for the metal of
interest, stability in the aqueous phase, environmental friendliness, cost and ease of regeneration after
dissolution. These reasons have resulted in a series of investigations in search of suitable chemicals
that satisfy a majority of these criteria during lithium ore beneficiation.

There are three well-known methods for roasting spodumene. The first is acid roasting,
which involves baking the calcined spodumene product with an excess of concentrated sulphuric acid
at a temperature of about 250 °C (for conventional heat treatment) or 320 °C (for microwave irradiation
for 20 s) [19]. The second is the alkaline process which utilizes limestone (CaCO3) or lime (Ca(OH),
or CaO) and lastly, the chloride route which uses various chlorinating reagents. There are other new
approaches such as the carbonizing (using Na,COj in the presence of CO, and other additives) and
fluorination (using NaF). Figure 1 shows the main high-temperature routes for spodumene treatments
which are described below (sulfation, alkaline and chlorination processes for processing spodumene).

I Comminution |

1

| Decripitation (800-1100 °C) |

Chlorination Sulfahon Alkalme
Roasting with Cl2 (100-1100 °C) Roasting with HzSO4 (250-300 ° Roasting wuh CaCO;3 (CaO)
CaCl2 (700-900 °C), etc K2504, NazSOq ete (100-1050 °C, 15-250 psi.)
Water Lguhmb )‘—J

d
I Filtration }—0 Residue

Purification (~ 90 °C) ¢
a(OH); =--- ‘e Ca, Mg, Na
Ca(OH), - (pH control) — Al, Fe Ca, Mg, Na
Concentration and Recovery
(ppt, SX, Ion Exchange, Evaporation)
CO2
NayCO3__—— i
! |
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Figure 1. The flow diagram of the major treatment processes for spodumene (chlorination, sulfation
and alkaline processes).

3.1. Sulfation Processing of Spodumene

In this process, alkali metal sulfates, sulfuric acid or SO3 gas in the presence of water and oxygen
are employed as reagent (s) to produce soluble lithium sulfate which can be water leached. This process
benefits from the high stability and solubility of lithium sulfate in the aqueous phase during leaching.
The drawbacks are the difficulty in producing high purity lithium carbonate resulting from the
unselectivity of sulfate reagents towards other metals such as Al, Na, Mg, Fe and K. Aluminum and
iron impurities may be significant such that precipitating them from the leachate carries along some
lithium, decreasing overall lithium recovery [17]. The presence of some alkali metals also affects the
purity of the final product since they are leached alongside lithium and separating them becomes
complicated due to their similar chemistry to lithium in aqueous solution.

The sulfation process consumes a large amount of reagent which affects the economic viability of
the process [20,21]. Sulfates of potassium, ammonium and sodium have been successfully used for the



Metals 2020, 10, 1312 50f17

extraction of lithium from several lithium bearing minerals. Sulfate roasting of lepidolite followed by
water leaching has been studied widely using Nay;SO4/K;S04/CaO, NaySO4 and FeSO; at roasting
temperatures of 880, 1000, 850 °C respectively. The corresponding approximate extraction extents were
95, 99.5 and 90% extraction, respectively [21-24]. The sulfating behavior of zinnwaldite, petalite and
montmorillonite have also been discussed elsewhere [21,25-27] using Na;SO, and HySO4 and yielding
90, 97.3 and 90% lithium extraction, respectively.

In the case of spodumene, the transformation from the « to the 3-phase is crucial before the
application of sulphates as indicated above. Several authors have conducted systematic experimental
studies to understand and optimize the amenability of sulfates to spodumene beneficiation [17,19,28-31].
The use of sulfuric acid is renowned and currently, the commercialized process for lithium extraction
while the others are still undergoing research. In the acid process, the ore is roasted with sulfuric
acid at a temperature of about 250 °C. Investigations by Salakjani et al., [19] indicate that one hour is
optimal for conventional heating while only 20 s is needed with microwave roasting. It is essential that
this process is operated below 337 °C to prevent the evaporation of the acid [19]. During this process,
the H" of the acid is chemoselectively exchanged with Li* of spodumene as indicated in Equation (1) to
form water soluble Li;SOys). The water-soluble part of the roasting process is water leached according
to Equation (2), lime precipitation is conducted at 90 °C for pH adjustment and removal of impurities
from solution. Lithium carbonate is recovered by the addition of sodium carbonate solution to the
extract as indicated by Equation (3):

2LiA15i206(s) + HzSO4(1) e LizSO4(S) + 4Si02(s) + A1203(S) + HzO(g) (1)
Li2504(s) - Li2504(aq) (2)
Li2504(aq) + NaZCO3(aq) - LizCOg(S) + Na2804(aq) (3)

It must be noted that the diffusion of the acid through the ore for the ion exchange is the rate
determining step for the reaction. Unlike gaseous reagents, the viscous nature of the liquids (acid and
lithium bisulphate produced around 170 °C) slows their penetration through tiny pores and cracks,
thereby slowing down the reaction [32].

3.2. Alkaline Process

This process benefits from the economics and the nonaggressive nature of the salt used as a
reagent compared to the acid process which requires the use of concentrated acid [33]. It involves
roasting the lithium bearing ore with lime or limestone within the temperature range of 100-205 °C or
825-1050 °C respectively. Roasting with limestone is specified by Equation (4) where water soluble
Li;O) is formed with calcium aluminosilicate and carbon dioxide. Li;O(s) is water leached to produce
aqueous LiOH [21,34], which is separated from residual solids by filtration. Instead of direct baking
of spodumene with limestone to produce Li;O), limestone can initially be decomposed thermally
to produce CaO (Equation (5)).The CaO that was produced is then roasted with spodumene in the
presence of water to produce LiOH (Equation (6)).

LizO-AlegASiOZ(S) + CaCOss) — LizOs) + CaO'A1203'4SiOZ(S) * COz(g) @
CaCO3(S) - CaO(S) + COz(g) ®)

LiAlSi206(s) + CaO(s) + HzO(l) - LiOH(aq) + CaA1281208(S) 6)
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The lithium hydroxide that is produced can be converted to LiCl or LiCO;3; by reaction with
hydrochloric acid or carbon dioxide, respectively, if they are the final products desired. This process
has been used by Jandova et al. [35] to recover 90% lithium from zinnwaldite waste. Some additives
such as gypsum, lithium carbonate and sodium sulphate may be employed in the baking process to
enhance lithium recovery; recording 96%, 96% and 90%, respectively [33,36,37]. The downside of this
approach is the high energy requirement for the decomposition of limestone and dicalcium silicate.
This may result in the evolution of unbearable heat which makes temperature control in the system
difficult [14].

3.3. Chlorination Process

The use of chlorine gas and chloride bearing salts in mineral beneficiation is the least considered
process due to the toxicity of chlorine gas that may be generated alongside the products, and the high
cost of corrosion resistant equipment needed for the process. However, there are several benefits of
chlorine metallurgy in minerals processing. The main benefit is the high selectivity of chlorine and the
comparatively lower operating temperature. The generated chlorides have low melting and boiling
points and are easily separated from the wastes due to the vapor pressure difference [38—40]. In addition,
the use of chlorine results in high recovery of metals, which makes it easy for treating low grade ores.
Lastly, the process results in the generation of environmentally green waste. These advantages call for
a closer look at chlorine for beneficiating lithium ores, however, it has attracted little attention and few
literature articles have been written about it [41-46].

Peterson et al. [41] patented a blend of muriate of potash and sylvinite ore (sodium and potassium
chloride) to recover lithium from its ores at 980-1100 °C. The reaction of this invention is an exchange
reaction between the alkali metals of the chlorides and the lithium of the ore, thereby forming soluble
LiCl, which was further converted to lithium carbonate by reaction with sodium carbonate. About 97.5%
of the lithium carbonate was recovered by this approach. Chlorination of lepidolite using sodium and
calcium chloride at 880 °C yielded 93% lithium recovery [42]. Recently, the same approach was applied
to recover the lithium value in spodumene using chlorine gas and calcium chloride, respectively;
900 °C and 120 min were suggested as the optimal chlorination conditions, which resulted in 90%
lithium extraction when calcium chloride was used [43,44].

3.4. Other Processes to Spodumene Treatment

Other less known processes for beneficiating lithium ores worthy of discussion are the carbonizing
and fluorination processing. Lithium carbonate can be produced by carbonizing lithium bearing
ore with sodium carbonate between 525 and 675 °C in a solid—solid intimate reaction followed
directly by leaching or hydrothermal decomposition treatment (between 90 and 225 °C) prior to
leaching [47]. The reactions of the process (Equations (7) and (8)) must be carried out above the
minimum temperatures suitable for the individual lithium bearing ore (1080, 850, 980 and 870 °C
respectively for petalite, lepidolite, eucryptite and spodumene). They indicated the need to carry out
this roasting in the presence of alkali metal chlorides, alkali metal sulfate or carbon dioxide which act
as a catalyst for the process. However, a specific preference for sodium and potassium chloride or
sulfate was indicated. By this process, 75-97% of lithium contained in the ore could be leached for
recovery. The inventors of this process [47] highlighted some advantages of this process which include
the possibility of using Na,COj as the only reactant to produce Li;COj3 of high purity. They indicated
that the reagent is ideally employed to decompose refractory ores into fragments to enhance leaching.
The process is therefore expected to require serious purification steps since the decomposition may
give rise to several impurities. Using it as a plant production of Li;CO3 with good recovery and high
purity without major purification is therefore a breakthrough. This approach is also said to have a short
processing time and to be economically viable. This is because, the reagent is added to the cooling
calcined spodumene midway during the process, for it reacts with the mineral, thereby reducing the
time for processing and also utilizing the energy which would have gone wasted.
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2LiAISi206(S) + Na2CO3(S) + 4H20(1) - LizCO3(S) + Na2O.A1203.4Si02.H20(S) (7)

LizCOg(S) + COz(g) + HzO(l) i 2LiHCO3(S) (8)

Owing to this invention several other investigations have revolved around it for its optimization [48,49].
Chen et al. [48] employed pressurized roasting of spodumene concentrate with sodium carbonate in an
autoclave, yielding 94% lithium carbonate production with 99.6% purity. Research by dos Santos et al. [49]
using spodumene and sodium carbonate, promoted by sodium chloride, resulted in 70% lithium yield.
The involvement of NaCl by dos Santos et al. [49] was to aid the extraction of the residual lithium bound at
the interstitial positions of the ore. This reaction was conducted within 550-650 °C for 120 min.

The only fluorination roasting report available in literature was performed by Rosales et al. [50],
though there are some hydrometallurgical processes of spodumene beneficiation using some
fluorination agents [15,51]. In this approach, roasting of NaF with 3-spodumene at 600 °C spodumene:
NaF from 1:1 to 1:2.5 and 4 h was investigated. 90 % maximum lithium recovery was achieved and it
occurred at spodumene: NaF of 1:2 and 2 h of roasting. Equation (9) illustrates the reaction process:

2LiAISi206(S) + 2NaP(S) - 2LiF(S) + NaAlSigog(s) + NaAlSiO4(S) 9)

The processes discussed with some relevant information are summarized in Table 2.
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Table 2. Summary of literature for the recovery of lithium from spodumene using the major beneficiation processes.
Experimental Conditions
Process Roasting Leaching Product Recovery/% Reference
Reagent Temp./ °C Time/min. Time/hr Temp./ °C Lixiviant

Conc.-H,SOy 200-300 30-60 - - H,O Li;SO4 85 [52]
NaSO4 + CaO - - 3 230 Na;SO,4 + CaO LiySO4 93.30 [28]
Na,SO4 + NaOH 200-300 - 3 230 Na,SO4 + NaOH LiySO4 90.70 [28]
Sulfating (NH,),S0, 150-370 - - - NH; (aq) LiySOy - [17]

CaSOy + CaCOs3 1000-1150 120-180 - - H,0O LiySO4 85-90 [53] *
Conc. H,SOy4 250-300 - 1 - H,O Li,SOy4 86 [31]
H,0+0; + 503 350425 10-40 - - H,0 Li; SOy 97 [32]
CaO + H,O 100-205 60 H,0O LiOH ~97 [34]

Alkaline CaO + H,0 1000-1230 100 H,0 LiOH 80 [34] *
KCl, NaCl 1000-1050 15-60 - 85 H,O/HCl LiCl 85-97.50 [41]
Chlorination Cl, 1100 150 - - - LiCl - [43]
CaCl, 900 120 - 60 H,O LiCl 90.2 [44]
CaCl, 800-1200 - - - Alcohol LiCl 9.5-98.5 [46]
Na,;CO3 525-675 10-120 - - H,0, NH4* (aq) Li,CO3 75-97 [47]
Carbonizing Na,CO; 150-250 10-120 - - H,O Li,CO; ~94 [48]
Na,COj3 + NaCl ~923 120 - - H,0 Li,CO3 70 [49]
Fluorination NaF 600 120 0.5 25 HF LiF 90 [50]

* roasting of spodumene done in the alpha phase.
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4. Chemical Thermodynamics of Spodumene Processing

Insight into thermodynamics of the beneficiation approaches of spodumene are scarce in literature.
This section looks at the thermodynamic modelling of the various approaches of lithium processing
encountered in literature using the HSC Chemistry software version 5.1 reaction equation and
equilibrium module. The standard Gibbs free energy changes as a function of temperature for the
following reactions involved during spodumene roasting with various reagents (sulfating, alkaline,
fluorinating, carbonizing and chlorinating agents, Equations (10)—(22) are found in Figure 2:

2LiAlSi,0(B)(s) + CaCly(s) = 2LiClg) + 2SiOn(s) + CaAlySizOgee) (10)
2LiAlISi;O4(B)s) + Clagg) — 2LiClig) + 4SiOx(s) + ALOs(s) + 0.505(g) (11)
2LiAISi,Og(B)(s) + NazCOs(s) = LizOps) + 2NaAlSizOg(s) + COxg) (12)
2LiAISi;Og(B)(s) + NayCOss) = LixCOss) + 2NaAlSipOp(s) (13)
LiAlSi,Og(B)(s) + NaFs) — LiF(g) + 0.5NaAlSizOg(s) + 0.5NaAlSiOy) (14)
2LiAISi;O(B)(s) + K2SO4(s) = LinSOy(s) + 2KAISi;Oge) (15)
2LiAlSi;Og(B)(s) + NaySOy(s) = LizSOy) + 2NaAlSirOg ) (16)
0.5LiAlISi, O (B)s) + CaOys) — 0.5LiAlOy() + CaSiOs) (17)
2LiAlISi,Og(B)(s) + HySO4(aq) — LizSOus) + 4SiOs(s) + ALOs(s) + HyO(g) (18)
2LiAISi,Og(B)(s) + SO3(g) + 3H20(g) — LizSO4s) + 45iOs(s) + 2A1(OH)s3¢5) (19)
LiAlISi,Og(B)(s) + KClig) = LiClg) + 25i05(s) + KAlOy) (20)
6LiAlSi,O4(B)(s) + Fea(SO4)3(s) = 3LixSO4(s) + 3AL,0s() + FerOss) + 125i0x5) (21)
6LiAISi;05(B)(s) + Aly(SO4)3(e) — 3LizSO4(e) + 4A1L05(s) + 125i05¢6) (22)

AG?, kJ/mol of reagent

250 |- % A

-300

100 300 500 700 900 1100 1300
Temperature, °C

Figure 2. The standard Gibbs energies for roasting of spodumene for processes encountered in the
literature (reactions (10)—(22)) versus temperature (data from the HSC Chemistry 5.1 software).
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It is worth noting from Figure 2 that all the reagents used in literature for alkaline, sulfating,
fluorination, chlorination (with the exception of KCl) and carbonizing to yield LiyCO3 were spontaneous
at a point or throughout the operating temperature for roasting spodumene. Chlorination with KCl and
carbonization to produce Li,O were the only processes which are not thermodynamically favorable
throughout the temperature range. All reagents for sulfating roasting except K,SO,4 and the feasible
carbonizing process showed a major variation of spontaneity with temperature while reagents for
other processes did not. Sulfation and chlorination using Na;SO,4, SO3; and Cl, as well as the
spontaneous carbonizing process benefit from feasibility only at low temperatures; they are not feasible
at high temperatures. The observed spontaneity of CaCl, chlorination parallels observations by
Barbosa et al. [44]. However, those observations are contrary to observations made by the same authors
earlier, which indicated feasibility with Cl, even at higher temperatures [43]. The reason for this
difference is not yet apparent.

To gain a deeper understanding of the approaches outlined in literature, the HSC Chemistry 5.1
software equilibrium module was further employed to investigate the equilibrium amount of each
process as a function of temperature. Figure 3 displays the equilibrium moles for the sulfating process
using NapSOy, KoSOy4, HpSO4, SO5(5)/HaO(g), Fea(SO4)3 and Al (SOy); as reagents. As indicated
earlier (Figure 2), NaySOy is feasible only below 400 °C. It is only below this temperature that the
equilibrium moles of the products (lithium sulfate and sodium aluminosilicate, NaAlSiOg) are higher
than spodumene (Figure 3a), confirming feasibility. It can be inferred that the highest amount of
lithium sulfate can be obtained below 200 °C above which it starts decreasing until 400 °C, where the
reaction ceases feasibility Around 400 °C and above, solid lithium sulfate begins to change into a liquid
state due to the increasing temperature but the amount is relatively smaller in the system; resulting
from the decreased feasibility of the reaction. Temperatures less than 400 °C appear to be the best
for NaySO4/spodumene roasting, however, 1000 °C was required to achieve 90.4% lithium extraction
according to Luong et al. [23] for Na,;SOy/lepidolite roasting for 30 min. Unlike NapSO4, K;SOy drives
the reaction to the right within the whole temperature range considered, forming lithium sulfate in
the solid phase (Figure 3b), moles of lithium sulfate then are at levels higher than spodumene within
the entire temperature range considered. There is a steady decrease in moles of solid lithium sulfate
and a simultaneous increase of the liquid phase with increasing temperature. This is a result of the
conversion of the solid into liquid as liquid is formed until around the melting point (859 °C); where
all the solid phase changes to liquid and remains constant. Thermodynamics of the sulfuric acid
process predicts feasibility throughout the entire temperature range considered (Figure 2) with AG°
becoming more negative with increasing temperature. The highest amount of soluble Li;SO4 produced
by modelling of this process occurs around 200 °C. When the temperature is close to 300 °C and
beyond, there is a steady decrease in quantity. These observations are in line with observations by
Salakjani et al. [19] whose maximum recovery occurred at 250 °C, but a decrease in lithium recovery
was observed at 300 °C and beyond. This occurrence is as a result of the decomposition of sulfuric
acid between 300 and 400 °C (Figure 3c). However, the process remains spontaneous even after the
decomposition of the acid because the products of the decomposition (5O3 and H,O) from Equation
(23) are capable of driving the reaction to the product in Equation (25) but with a limited amount of
lithium sulfate production. SO3 breaks down further into SO, and O, (Equation (24)), which remain as
spectator species. Precautionary measures are advised at this point due to the toxicity of SO, produced.
Thus above 400 °C the sulfuric acid process has thermodynamic behavior similar to the sulfation
process using SO3(g)/H,Og) invented by Archambault et al. [32].
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Figure 3. Equilibrium amounts versus temperature for sulfate roasting of spodumene using (a) NaySOy,
(b) K2S04, (€) H2S04, (d) SO5(g), (e) Fea(SO4)3 and () Aly(SO4); (data from HSC Chemistry 5.1 software).

Solid lithium sulfate in the reaction medium melts above 800 °C. The equilibrium amount of
lithium sulfate decreases after the decomposition of the acid but the kinetics of the process is expected
to be favored due to the production of the gaseous reactants which easily access reaction sites by
diffusion compared to the percolation of sulfuric acid as a result of its viscosity. Around 900 °C and
above the sulfation process with sulfuric acid and SO3(g)/H>O/g) ceases spontaneity, signified by a sharp
increase in the amount of spodumene in Figure 3c,d. This observation is attributed to the sintering
effect and the formation of lithium silicate, which has close resemblance to 3-sopodumene [54,55].

Hy504(aq) = SO3(g) + H2Og)

(23)
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2503(g) = 250x(g) + Ox(g) (24)
LizO.A1203.4SiOQ(S) + 503(g) + 4H20(g) d LizSO4(s) + A1203.4Si02.H20(s) (25)

Spodumene roasting using Fe,(SO4)3 and Al»(SO4); have similar behavior (Figure 3e,f), except for
a constant production of LipSOj in the case of Fey(SO4)3, but its amount is higher only at temperatures
below 500 °C for Al»(SO4)3. Metal sulfates also break down, producing SO3/SO; at higher temperatures,
which may influence the roasting process. According to Luong et al. [24], NapSOy like K»SO4 has high
thermal stability, ergo they break down at higher temperatures, producing a small amount of SO3/SO;,
which apparently has no effect on the process. This is confirmed by the absence of these gases in their
modelled process (Figure 3a,b). For iron and aluminum sulfates, the amount of the gases generated
during the decomposition is large enough to influence the process. From Figure 3e f, the sulfate of
these metals is observed to decompose around 700 °C, producing the gases but their effect is minimal
in spodumene as compared to observation in lepidolite by Luong et al. [24], which may be due to the
sintering of spodumene above 800 °C [54,55].

Calcium oxide was considered the reagent for alkaline roasting of spodumene. LiAlO, is
predicted by HSC as a product of the reaction (Equation (17)). Ca(OH), produced from the reaction
of Equation (26) reacts with LiAlO, (Equation (27)), producing LiOH in the solid or liquid phase
depending on the temperature.

CaOg) + HyO(g) — Ca(OH)y(s) (26)

ZLiAIOZ(S) + Ca(OH)z(S) - ZLiOH(S) + CaAle4(s) (27)

It can be found from Figure 2 that the process is feasible throughout the temperature range
considered. This is confirmed by Figure 4 where soluble lithium hydroxide is formed as the useful
product. Other products formed include silica, silicates and other aluminosilicate with traces of calcium
hydroxide. The moles of lithium hydroxide in the solid phase decreases sharply with increasing
temperature. This occurrence is attributed to the conversion of the solid into the liquid phase,
confirmed by the sharp rise of the liquid phase with increasing temperature until around its melting
point (462 °C), where there is a total transformation into the liquid phase (Figure 4).

Equilibrium amount (kmol)

2.0

H20 H20
15 \\ / (@)

LioH() |
1.0 [Lion }
N L—T | sio2
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1

AI28i05 )/ Ca2AI28i07
0.5

N2(g)

LiAISi206(B) _|

0.0 -

0 200 400 600 800 1000 1200

Temperature (<C)

Figure 4. Equilibrium amounts versus temperature for alkaline roasting of spodumene using CaO
(data from HSC Chemistry 5.1 software).

Figure 5a—c shows the modelling of chlorination roasting using CaCl,, Cl, and KCl, performed
experimentally by several authors [41,43,44,46]. From Figure 2, it is observed that the reactions with
CaCl, and Cl, are favored at a point or in the entire temperature range, however, it is not feasible with
KCL This infeasibility is confirmed in Figure 5a where an appreciable mole of spodumene is observed
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in the equilibrium mixture. There is an onset production of solid LiCl which is converted into the liquid
phase as soon as it is produced (Figure 5b,c). At ~610 °C (the melting point of lithium chloride) lithium
chloride in the medium is predominantly in the liquid phase. A high volatilization temperature is
expected due to the high vapor pressure of LiCl. Barbosa et al. [43] observed the gaseous phase at
~1000 °C, however, it was not the case in the chlorination processes that were modelled.
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Figure 5. Equilibrium amounts versus temperature for chlorination of spodumene using (a) CaCly,
(b) Cl; and (c) KCI (data from HSC Chemistry 5.1 software).

Carbonizing roasting of spodumene using Na,COj as seen earlier in in Equations (12) and (13)
may vield either Li,O or Li,COj3.The Li,O that is produced can be made to go into leaching to produce
LiOH but the prediction from the HSC software indicates that the reaction is not spontaneous except
for the production of Li,COj (Figure 2). The infeasibility of Equation (12) is confirmed in Figure 6a,
where there is apparently, no leachable lithium product formed. The production of LiCOj3 from this
process is feasible below 700 °C (Figure 2) which is confirmed in Figure 6b where Li;COj is observed
below this temperature. Around 300 °C, the Li;COj; that was produced decomposes, forming carbon
dioxide, silicates, aluminates and aluminosilicates (Figure 6b). Thus, though there is feasibility until
700 °C, it is not recommended to operate up to this temperature due to the decomposition which occurs
alongside the process. This confirms investigations by [47] that the ideal hydrothermal decomposition
temperature for the process as 90225 °C. It is mentioned that, the mixture of products from the
decomposition process may be converted to sodic zeolite which when tapped increases the recovery
and the purity of lithium carbonate produced. 94% and 70% lithium recovery were reached by working
under high pressure and by adding sodium chloride, respectively, with this process [48,49].
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Figure 6. Equilibrium amounts versus temperature for carbonizing roasting of spodumene using
NayCO3 by considering reactions reported in (a) Equation (12) and in (b) Equation (13), leading to the
formation of Li,O and Li;COj3, respectively (data from HSC Chemistry 5.1 software).

Fluorination roasting of calcined spodumene using NaF is found favored throughout the
temperatures (Figure 2), which is confirmed by the formation of lithium fluoride in the solid or
liquid phase (Figure 7) [50]. On the other hand, the predicted reversal of the process at higher
temperatures, signified by the rise of spodumene in their model with increasing temperature, was not
observed in this study. The disparity may be attributed to the absence of liquid lithium fluoride
in their model. Solid lithium fluoride begins to form but it melts and its amount decreases due
to the simultaneous formation of the liquid phase with increasing temperature. The liquid phase
becomes the stable one at higher temperatures and its absence from the HSC equilibrium calculation
leads to some errors in the result. There is a leveling of the liquid lithium Fluoride production at
around 845 °C (the melting point of LiF) due to the transformation of all of the solid phase into liquid.
Their maximum extraction (~90%) occurred at 600 °C, which is just around what is predicted in this
study. Gaseous lithium fluoride was not observed within this temperature range, but it is expected to
appear around its boiling point (1676 °C) and beyond.
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Figure 7. Equilibrium amounts versus temperature for fluorination roasting of spodumene using NaF
(data from HSC Chemistry 5.1 software).

5. Conclusions

Besides the general review of the processes for spodumene treatment, an evaluation of the chemical
thermodynamics reveals that, sulfation, alkaline, fluorination, chlorination as well as carbonizing
to produce lithium carbonate were processes which had the required thermodynamic driving force
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to move the reaction to the products for the reagents encountered in the literature. It is therefore
not surprising sulfation (using sulfuric acid) and alkaline processes are considered as an industrial
approach for lithium extraction. Looking at the mild nature of the reagents in the alkaline processes,
it will be a real contender to the acidic process if the high energy requirement in the decomposition
of limestone can be decreased by some means. Though roasting with lime is feasible even at lower
temperatures, the decomposition of limestone is a precursor for the industrial production of lime
which makes the overall process energy intensive. Future work must be focused on reducing the
high heat needed for decomposing limestone to make the alkaline process economically viable.
In the acid roasting process, SO3 and HO from the acid decomposition may drive the reaction to
produce at a faster rate due to the higher diffusion rate of gases compared to liquids. In spite of the
expected faster rate of reaction of these gases (SO3 and H,0), little is known concerning their use for
beneficiating lithium bearing minerals. It will be interesting if the behavior of these species as well
as other gases are considered for processing lithium from ores. Sulfation as a method of spodumene
beneficiation is mostly limited to sulfuric acid, with little focus on other sulfating reagents, but from
the thermodynamics of this group of compounds it will also be interesting to pay attention to other
members of this compound. There is considerable literature on the use of some alkali and alkaline
earth metal sulfates as well as sulfates of ammonium for processing other lithium bearing minerals
than spodumene. Even in those cases, there is minimal explanation of the chemical thermodynamics
of the processes. Future work must therefore look at the use of other sulfating reagents for spodumene
processing as well as their thermodynamics, both on spodumene and other lithium bearing minerals.
Chlorination and fluorination have been found to be promising for lithium extraction. Few chlorination
and fluorination agents are encountered in the literature for the process, despite their thermodynamic
feasibility. More research should be pursued in search for new fluorination and chlorination agents and
the processes should be optimized. The thermodynamics of the carbonizing process yielding lithium
carbonate is very interesting; in particular its low operating temperature and the direct production of a
considerably pure product. It is surprising that it has not attracted much attention. Further research
must be pursued to optimize the process. From a thermodynamic point of view, temperatures below
300 °C are predicted for the acid process and the feasible carbonizing process due to the acid and
lithium carbonate decomposition. For the other processes discussed, temperatures less than 600 °C are
advised, except for fluorination, which works well a little above 600 °C.
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Abstract: Spodumene concentrate from the Pilbara region in Western Australia was characterized by
X-ray diffraction (XRD), Scanning Electron Microscope Energy Dispersive Spectroscopy (SEM-EDS)
and Mineral Liberation Analysis (MLA) to identify and quantify major minerals in the concentrate.
Particle diameters ranged from 10 to 200 microns and the degree of liberation of major minerals
was found to be more than 90%. The thermal behavior of spodumene and the concentration of its
polymorphs were studied by heat treatments in the range of 900 to 1050 °C. All three polymorphs
of the mineral (¢, Y and () were identified. Full transformation of the a-phase was achieved at
975 °C and 1000 °C after 240 and 60 min treatments, respectively. SEM images of thermally treated
concentrate revealed fracturing of spodumene grains, producing minor cracks initially which became
Ef;e;!a(tfeog more prominent with increasing temperature. Material disintegration, melting and agglomeration
with gangue minerals were also observed at higher temperatures. The metastable y-phase achieved
a peak concentration of 23% after 120 min at 975 °C. We suggest 1050 °C to be the threshold
temperature for the process where even a short residence time causes appreciable transformation,
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a by-product of lithium processing. In spite of the high processing cost from ores, the
increasing demand and its price make it economically viable. About half of the lithium
produced is now obtained from ores [2] and spodumene (LiAlSi;Og) stands out as the most
significant ore-type due to the high lithium content (about 4%) in its pure state as well as
its ease of processing.

Spodumene belongs to the clinopyroxene group, occurring naturally as & monoclinic
polymorph which is immune to chemical attack due to its compact nature. In this form,
lithium and aluminum sit at the M2 and M1 octahedral sites respectively, whilst silicon
is hosted at the middle of the tetrahedron. The octahedral parts through the sharing
of common oxygen atoms, bridge to form chains. The octahedral chains are parallelly
arranged to Si in the tetrahedron through O-5i-O ionic bond with the Li and Al atoms. Its
original space group is C2/c and in this form, lithium bonds with six atoms of oxygen; with
a pair of oxygen atoms having a definite Li-O bond length of 2.120, 2.267 and 2.281 A [3].
At pressures of around 3.2 GPa, the original stable space group (C2/c) may change to P21/c
upon reversible transition [4-6] and assumes cell parameters of a = 9.471 A, b=8.400A,
c=5223 A, a =y =90.0 degrees and § = 110.2 degrees.

[3-spodumene, another polymorph of the mineral consists of two separate tetrahedron
structures which are joined in a three-dimensional form with their central parts hosting
aluminum or silicon [7]. Lithium in this phase is located between the cavity of five-member
rings, formed by the individual tetrahedron. Zeolite-like channels created from the five-
member rings run parallel to the (100) or (010) planes [8]. The zeolite-like channels which
are parallel to the a and b axis are comparatively larger and account for the tremendous
ion-exchange capacity of 3-spodumene during roasting [8]. It has the space group P432,2
with cell parameters a = b =7.534 Aandc=9.158 A[7]. An intermediary metastable y-phase
which transforms to the -phase upon continuous heating has also been identified. It has a
hexagonal symmetry where Si and Al sit at the middle of the tetrahedrons. This polymorph
of the mineral starts appearing between 700 °C and 900 °C during the thermal process.

Lithium is sequentially extracted from spodumene via three processes namely de-
crepitation, roasting to form soluble salt by sulfation, carbonation, chlorination or fluorina-
tion [9]; followed by water leaching of the products of roasting to form an aqueous lithium
solution. During decrepitation, the mineral is roasted at high temperatures (above 800 °C)
to convert the monoclinic « form to the tetragonal 3 form. The conversion of « to the
-phase leads to volumetric enlargement of the lattice; making the 3-spodumene structure
comparatively open for the chemical attack. A series of investigations were conducted to
enhance the decrepitation process [3,10,11] using different heating techniques [12] as well
as optimizing the extraction efficiency at different leaching conditions [12-16].

The Pilbara region in Western Australia has a rich deposit of LCT-spodumene-type
pegmatite ore where lithium concentrate is produced and exported. Numerous companies
are also on the move to mine this type of ore. The need to understand the physicochemi-
cal characteristics of the concentrate prior to beneficiation is crucial for efficient lithium
recovery. This study aims to characterize that concentrate as well as understand its thermal
transformation behaviors.

2. Materials and Methods
2.1. Spodumene Concentrate Preparation

The concentrate was achieved by several unit operations including crushing, grinding,
gravity separation (Dense Media Separation (DMS)) and froth flotation. The ore was
crushed with primary and secondary crushers to particle size of 32 mm onto a stockpile.
It was then fed into High-Pressure Grinding Rolls to reduce the size further to 3.35 mm.
This was followed by a two-stage DMS which led to the recovery of course spodumene
concentrate. The lower grade unrecovered material was fed into a ball mill which reduced
the size to 115 microns prior to tantalite recovery as a by-product via gravity separation.
The spodumene-containing fraction was conditioned at a little above 50% pulp density
in a neutral pH using sodium oleate as collector. Spodumene in the conditioned material
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was floated at 30% pulp density and gangue minerals rejected to tailings. This led to
85% recovery and an upgraded concentrate of about 4.6% Li;O. The floated material then
entered the cleaning stage yielding the concentrate. The concentrate produced as described
above was provided by Pilbara Minerals for the study. It consisted of damp, fine-grained
material with a significant portion composed of large agglomerated particles that were
several centimeters in diameter. The bulk of the material was greenish-brown in color.
Breaking apart the agglomerate particles revealed a light grey material. An image of the
bulk and grey material is shown in Figure 1. The different coloration observed may be
due to the presence of varying concentrations of Fe and Mn which substitute for Al at
the various locations. Spodumene is usually associated with Fe which gives it a greenish
color. At lower Fe concentration resulting from substitution by Mn, a grey/white color is
observed as in this case [17].

Greenish brown

bulk material

Light grey

material inside

Figure 1. Optical image showing both the bulk and grey material contained in agglomerate particles.

The as-received sample was formed into a cone and tarp and then cut into approx-
imately two portions. A portion was dried at 60 °C for 48 h after which it was passed
through a 3.25 mm screen to break agglomerate particles. The dried material was split
into eight subsamples using a rotary splitter. These subsamples were further split using a
riffle splitter to generate representative samples of about 1 kg in mass. A representative
subsample of the other moist portion was sectioned off by pie splitting which was used to
determine the elemental and mineral composition.

2.2. Particle Size Distribution

A representative subsample of the dried material was used to determine the particle
size distribution. Approximately, 15 g of the sample was slurred in a 1 L stirred baffled
reactor containing water. A small amount of detergent was added to enhance breaking the
agglomerates and reduce hydrophobicity. This slurry was then sampled using a pipette
across the entire depth of the reactor. Sample was transferred to a Malvern Mastersizer for
particle size analysis. A total of 5 repeats with two additional rejected runs were completed.

2.3. Thermal Treatment

Samples were roasted at varying temperatures from 900 to 1050 °C at 25 °C intervals
and residence times of 7.5, 15, 30, 60, 240 and 480 min. A cylindrical quartz crucible
was used to hold the sample for heating using a Carbolite Gero electric furnace which
heats up to 1500 °C. The furnace provides a constant homogeneous heating 20 cm at its
center, therefore, samples placed in the middle have constant temperature throughout the
experiment. It was calibrated such that the extent of deviation from the set temperature
was £5 °C throughout the study. The reactor was made of quartz tube placed inside
the furnace and the whole setup was operated in air with a flow rate of 25 L/h. The
furnace was preheated for 60 min to achieve a steady temperature for samples to attain the



Materials 2021, 14, 7423

40f19

reaction temperature within the shortest possible time. This was important for accurate
time measurements. Residence time was measured immediately after the sample was
introduced into the furnace until the specified time elapsed. Samples were weighed and
some portions pulverized with an agate mortar prior to XRD analysis and the other portions
kept for SEM analyses.

2.4. XRD Analyses

X-ray diffraction (XRD) patterns of samples were collected at ambient temperature,
using a CuK« radiation D2 Phaser Bruker diffractometer which is equipped with LYNXEYE
detector under 30 kV and 10 mA. The analyses were performed on the powdered samples
which have non-oriented flat plates. XRD patterns were recorded between 26 = 2.5° and
20 =70° at a scan step of 20 = 0.02° and step exposure time of 1 s. Semi-quantitative relative
abundances of the phases were estimated using the EVA®© software coupled with the PDF2
database of the International Centre for Diffraction Data. The semi-quantitative analyses
were performed based on the pattern’s relative heights and I/I.or values by assuming that
all crystalline phases were detected and their sum was 100%.

2.5. SEM-EDS Analyses

Two preparation procedures were employed on samples before analysis. First, pow-
dered samples were glued on a graphite support and the surfaces covered with a thin
layer of carbon. The second was performed by placing the powdered sample in an epoxy
resin and allowed to stand until they hardened. Surfaces of the hardened materials were
polished and ultrasonically cleaned with deionized water to achieve a highly polished
surface. The surfaces of the samples prepared by the two approaches were coated with a
thin film of carbon. The coating is to enhance good electrical conductivity during analysis.

2.6. Mineral Liberation Analysis

Mineral Liberation Analysis (MLA) used in this study makes use of BSE images and
point-generated X-ray signals coupled with modern image and pattern identification for its
measurements [18,19]. The samples were prepared by allowing the untreated concentrate to
stand in resin to harden, followed by surface polishing as in Section 2.5 above. The prepared
samples were then subjected to the MLA. Grain particles touching each other due to their
settling mode in the resin were detected by DataView with its online program software
package and then separated from each other using the shadow /boundary identification
procedure. This was to ensure that, all grain particles in the sample were well separated
from each other to avoid possible interference which may lead to errors in liberation results
and mineral phase identification. Mineral phase identification was achieved by comparing
elemental composition X-ray analysis with a standard database. Here, particles of the
concentrate (which are in the resin) were divided into their individual mineral grains and
their boundaries demarcated using their average BSE grey level. The device performs
a systematic point X-ray elemental map which is associated with specific grains based
on the differences in the grey level from the BSE map of the composite particles. The
X-ray elemental map generated is matched to the corresponding average atomic number
(AAN) of each mineral for their identification. In situations where mineral identification
uncertainties arise due to overlap of grey level or minerals of similar AAN, the area X-ray
analysis detects these anomalies and with the help of X-ray mapping, these minerals are
discriminated and identified. Data obtained on the minerals are then stored for presentation
in MLA DataView software.

2.7. X-ray Fluorescence (XRF) Microscopy and Inductively Coupled Plasma—Optical Emission
Spectrometry (ICP-OES)

The bulk assay for the sample was carried out by a commercial laboratory (ALS
Environmental Testing, Stafford, QLD) by combining XRF and digestion/ICP-OES for
major components and minor components, respectively.
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3. Results and Discussion
3.1. Bulk Chemical Analysis

The result of the elemental composition of the concentrate as oxides obtained from
XRF and ICP-OES is presented in Table 1. The lithium concentration was determined as
2.14 wt.%; consequently, the calculated lithium oxide and spodumene concentrations were
4.61 wt.% and 57.39 wt.% respectively. This is in close agreement with the 60.21 wt.%
spodumenes indicated by the MLA result (Table 2) and 3 wt.% Li content in spodumene
from the Pilbara region reported in the literature [17]. All elements identified are also in
agreement with the previous investigation by Aylmore et al. [17] with the exception of Ba
and Co which were not identified in this study.

Table 1. Elemental composition of concentrate determined by XRF and ICP-OES.

Major Al,O3 CaO

Cr,03

Fe;O; KO MgO MnO Na,O P05 SO3 SiO, TiO, Li Cs Rb Ta Nb Sn

(Wt.%)
(ppm)

20.79 1.72

0.03

429 1.26 1.30 0.32 1.14 0.33 0.15 61.31 0.10 2.14

116 1033 202 180 140

Table 2. MLA modal mineralogy.

Mineral Formula wt.%
Spodumene LiAl(Sip Og) 60.21
Pyrite FeS, 0.13
Quartz SiO, 7.58
Orthoclase KAISizOg 4
Albite NaAlSizOg 9.1
Anorthite CaAl,Si, Og 1
Biotite KMg2'5Fez+0.5A15i3010(OH)1'75F0.25 3.32
Muscovite KAIl3Si3019(OH)1 9Fp 1 49
Chlorite (Mg,Fe)3(Si,Al)1010(OH), - (Mg,Fe)3(OH)g 0.33
Amphibole CaFeSipyOg 7.3
Spessartine Mn, 3 AL (Si04)3 0.61
Tantalite-(Mn) MnTa,Og¢ 0.12
Calcite Ca(CO3) 047
Apatite Cas5(POy)(F,CI,OH) 0.93

3.2. Mineralogy

XRD spectra of the concentrate are shown in Figure 2. Spodumene, mica (muscovite
and biotite), quartz, feldspars (orthoclase, albite, anorthite) and the amphiboles are the
predominant minerals identified which are typical minerals of spodumene ore of Pilbara.
XRD has become the common analytical tool for determining the mineral composition of
samples, it has, therefore, been used with the support of other analytical techniques (MLA
and EDS) for the finest detection of mineral assemblage in the concentrate.

The modal mineralogy identified by MLA with their concentrations are shown in
Table 2. This result is consistent with the XRD analyses, however, spessartine, tantalite, cal-
cite and apatite which appeared as trace minerals were not identified by XRD. An operator
decision was made to take into account only minerals that present at least two diffraction
peaks (the main and secondary peaks). Thus, minerals with a very low concentration and
showing only their main peak, which was difficult to dissociate from the background noise,
could have been neglected. This could result in some trace minerals unidentified by XRD
contrary to MLA and EDS point analysis.

The results are in close agreement with the mineralogy of LCT-spodumene ore except
with the presence of amphibole which is identified in this work. Elemental assay of the
concentrate was also calculated by MLA and the results are presented in Table 3. Comput-
ing the oxides of these elements shows a close agreement with chemical analyses in Table 1.
The results of this computation are shown in Table S1 of the Supplementary Material.
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Figure 2. XRD patterns of spodumene concentrate.

Table 3. Calculated elemental assay from MLA.

70

Li Al Si

C

S

Fe K Na

Ta P Mn Mg

Cl

(0]

1.96 11.58  29.47

0.06

0.07

2.0 1.34 0.76 0.09 0.17 0.22 0.5

1.97

0.02

49.39

The particle size of the major minerals was also determined by MLA and the corre-
sponding results are displayed in Figure 3. There are no significant differences between the
particle sizes of the minerals in the concentrate. The grain sizes are small with the majority
below 100 microns (d80 around 100 microns). At this particle size, the minerals are well
liberated as the degree of liberation of all of them is above 90% (Figure 4). Spodumene is
the most liberated mineral as its degree of liberation reaches nearly 99%. It follows that
the comminution conditions employed for processing this ore are good since they yield
concentrate which can be easily processed for maximum lithium extraction, provided the
spodumene itself does not passivate. A raw MLA data generated for obtaining Figure 4 is
provided in Table S2 of the Supplementary Material.
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Figure 3. Mineral particle size determined by MLA.
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Figure 4. Degree of liberation of the main mineral phases.

3.3. Morphology, Texture of Particles and Mineralogy

Figure 5 shows the volume distribution and cumulative passing of the concentrate
particles. Particle diameter ranges from 10 to 200 microns with about 68% of the total
volume being 80 microns in diameter. The d50 and d80 are indicated as 57 and 113 microns
respectively. The d80 found is in close agreement with the 100 microns suggested earlier.
Considering the higher liberation of spodumene grains, it may be indicated that, d80 of
113 microns and particle diameter of 80 microns are good comminution parameters for
processing spodumene ore, particularly pegmatites ores of Pilbara origin.

10 100
Spodumene
concentrate /

8 / 80
B —>
s < "/ <
£ 6 . |® 60 ¥
:-g o ® 2
k] > 1
v 4 AL 40 E
£ v 5
) . \ o
'3 . 57 ym o
> .

2 Bl I = 20

Y [ ]
» / .
i5 ®.
0 ®ecsema )
0.1 1.0 10.0 100.0 1000.0

Particle diameter (um)

Figure 5. Volume distribution and cumulative passing of spodumene concentrate.

The BSE of the SEM was further used to investigate the morphology and texture
of particles in the concentrate. It was coupled with EDS to determine the elemental
composition at some points and hence the mineral composition. Figure 6 and Table 4 are
the SEM photomicrograph and spot elemental composition of the concentrate respectively.
It is observed (from Figure 6a,b) that, it is a well liberated coarse and loose material with
varying particles of several microns in diameter; confirming earlier observation.
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(d)

Figure 6. SEM of powdered (a,b) and polished samples (c,d) of concentrate. The numbers (1 to 7, 9, 10) indicate the locations
of the elemental determination.

Table 4. Atomic percentage of mineral phases identified by SEM-EDS.

Elements Spot“1” Spot“2” Spot”3” Spot“4” Spot“5” Spot“6” Spot“7” Spot“8” Spot“9” Spot“10”
©) 64.7 60.9 54.4 66.7 61.9 61.6 60.1 67.3 56.6 67.8
Al 11.5 52 41 7.7 7.5 0.4
Si 23.6 16.8 16.1 33.3 23.3 23.2 0.6
Fe 0.2 6.2 22 38.9 1.9

Mg 4.3 10.6 0.1
Ca 4.8 0.2 20.2
Mn 0.2 8.5
Na 1.1 6.9 24
K 0.5 3.9 52
F 8.6 8.6
P 14.6
Nb 12.1
Ta 10.3 0.4
N 6.2
Sn 25.6

Spodumene grains were identified using the Si/ Al ratio since EDS cannot detect the
presence of lithium. The atomic ratio of Si to Al in spodumene is 2.0 hence all grains
with spot elemental composition mainly of Al, Si, O and Si/Al ratio of approximately
2.0 corresponds to spodumene. All spots indicated “1” are identified as spodumene.
Figure 6¢,d confirm that spodumene is a coarse, dense, crystalline solid with a smooth
surface, however, scratches were observed on some grains, which may be due to abrasion
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during comminution. It suggests that spodumene is a hard mineral that resists wear and
tear except when in contact with a harder material. This is confirmed by its relatively high
6.5 to 7.0 value on the Mohs scale of mineral hardness. Spodumene is the major mineral
found in the concentrate. It is well liberated but with few mineral associations. Spot “2”
has a complex composition with Fe, Mg, Ca, Al, Si, O as the major elements but with
varying concentrations at different spots. We attribute these grains to the amphibole group
of minerals as indicated in XRD spectra due to the higher concentration of Fe, Mg and
Ca at some spots. We could not attribute them to the mica group since the mica group
identified by MLA in the concentrate are muscovite and biotite which all contain K in
their chemistry but K is absent at these spots. Spots identified as amphibole do not have
specific color but ranges from light gray to white depending on the concentration of heavy
metals that may be present. The micas (muscovite and biotite) are identified by spot 3
where there is an appreciable higher concentration of K. Spots “4” are composed mainly of
Si and O with an O/Si ratio of approximately 2 and therefore identified as quartz. Spots
“5” and “6” have a complex composition of Ca, K and Na and are linked to the feldspars,
specifically, alkali feldspars and anorthite. We specifically identify spot “5” as albite due
to the high concentration of Na at these areas and spots “6” as other feldspars. Hematite
was not identified by XRD nor MLA but Spot “7” is identified as such based on the
composition. It is composed mainly of Fe and O with an O/Fe ratio of approximately 1.5,
confirming its identity. Tantalite and apatite which are typical of LCT-spodumene ore of the
Pilbara region are also identified at spot “8” and “9”, respectively. The standard deviations
calculated for atomic percent obtained on some mineral grains in the concentrate are shown
in Tables S3-59. Spot “10” is composed of Sn, Ta, N and O. Though the identification of
Sn by EDS is a confirmation of elemental composition in Table 1, we could not link the
identity of this spot to any mineral since its composition did not match with any. We
treat it as an impurity that is locked up in the spodumene grain. All major minerals in
the concentrate were identified using spot elemental identification by EDS, confirming
XRD and MLA analytical results. Raw data (elemental spectrum with their corresponding
intensities, weight percent, etc.) generated by SEM-EDS instrument for mineral phases
identified can be found in Figures S1-58 and Tables S10-517. Other elements such as Cr,
Ti, F, Th, Sn, Zn, Cu, Ni, V, and S were also identified which are associated with the fine
inclusion of some minerals. Though Ta, Nb, Sn and other valuable metals were observed,
their concentrations are too low to be extracted in an economical manner.

3.4. Morphological Changes in Spodumene during Thermal Treatment

The morphological changes in the spodumene grain during decrepitation are of great
importance since it gives an indication of the extent of structural changes and openness of
the mineral for chemicals to interact with lithium atoms. Changes in the morphology of
spodumene grains were studied on the residues treated at 900, 950, 1000 and 1050 °C using
the BSE of SEM coupled with EDS. Figure 7 gives the SEM images with spots analyzed by
EDS for both polished and unpolished samples. There are cracks and disintegration fol-
lowed by melting and agglomeration with increasing temperature (Figure 7e-h). At 900 °C,
micro-cracks are observed (Figure 7e) which becomes prominent at 950 °C (Figure 7f) such
that at 1000 °C (Figure 7g), the spodumene grains had disintegrated and was well open
for subsequent processes. From this observation, one may advise that 1000 °C is the ideal
decrepitation temperature for processing the concentrate though 1050 °C has normally
been used by several researchers for processing spodumene ores. At 1050 °C, melting and
agglomeration of spodumene with impurities are observed (Figure 7h). A closer look at
a portion in Figure 7h (square “A”) confirms the melting and agglomeration (Figure 7i).
We observe several regions of dark and light grey as well as dotted white regions with
each coloration corresponding to a mineral phase which are fused together in Figure 7i
due to melting. Specifically, spots “172”4” and “6” were identified in Figure 7i which
corresponds to spodumene, amphibole, quartz and feldspars which were fused together.
Tantalite and other minerals were also seen fused with some spodumene at other portions.
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Most investigations of lithium extraction from spodumene are performed at a decrepitation
temperature of 1050 °C, however, we advise 1000 °C as the ideal decrepitation tempera-
ture for this concentrate owing to the agglomeration at this temperature which can affect
downstream processes and the extraction efficiency of lithium.

Most minerals were identified in the residues and thermal treatment did not have any
major influence on their composition except melting and agglomeration of the particles at
higher temperatures. A representative elemental composition as determined by EDS for
samples treated at 900, 950 and 1000 °C are indicated in Tables S18-520. Though there was
no major effect of thermal treatment on the mineral phases, ionic diffusion was observed
in some of the residues at increased temperatures which becomes prominent at 1050 °C.
Due to this diffusion, the segregation of the feldspars into their individual minerals as
well as differentiating them from the micas by EDS becomes a challenge since they appear
to have similar elemental compositions. Table 5 shows some elemental associations with
spodumene (spot “1”), amphiboles (spot “2”) and representative composition of micas and
feldspars (spot “3”, “5”, “6”) as a result of ionic diffusion between minerals at 1050 °C. The
composition of quartz, hematite, tantalite and apatite were not greatly affected regarding
the ionic diffusion and are indicated at spots 4, 7, 8 and 9, respectively.

Table 5. Atomic percentage of some mineral phases identified by SEM-EDS at 1050 °C.

Elements Spot“1”  Spot“2” s Er(::i 63:: Spot “4”  Spot“7”  Spot“8”  Spot “9”
(@) 64.3 62.8 66.7 60.1 67.3 56.9
Al 114 3.4 6.6 0.4
Si 23.1 19.5 24.3 33.3 0.6
Fe 0.2 144 0.8 38.9 1.9
Mg 0.2 3.9 0.3 0.1
Ca 0.1 1.7 0.5 24
Mn 0.1 0.2 8.5 0.3
Na 0.6 0.9 2.0
K 0.2 0.8 2.7
Ti 0.3
F 7.9
P 14.5
Nb 12.1
Ta 10.3

Figure 7. Cont.
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Figure 7. SEM and spot elemental determination of powdered (a-d) and polished sample (e-h) residues obtained after
concentrate treatment in air at 900 °C (a,e), 950 °C (b,f), 1000 °C (c,g), 1050 °C (d,h) and melting and agglomeration
occurring in square “A” (i). The numbers (1 to 9) indicate the locations of the elemental determination.

3.5. Conversion Extent of a-Spodumene

The extent of conversion of x-spodumene to both y and 3 was studied at temperatures
ranging from 900 to 1000 °C as a function of residence time (7.5 to 480 min). The result is
presented in Figure 8. It is evident that the transformation increases with temperature and
residence time. At 900 °C, conversion of the x-phase was observed after 60 min treatment
which is characterized by peaks of v and 3 in XRD diffractogram in Figure 9a. An almost
full conversion was achieved at 975 and 1000 °C as XRD patterns do not show the presence
of a-phase after 240 and 60 min, respectively (Figure S9¢,d). At 900 °C, transformation
increased slightly over time. Only 25% conversion was achieved even after 480 min, 17%
of the transformed phase being the 3-phase (Figure 8). After 480 min the o-phase was still
dominant indicating that the phase transformation is more sensitive to temperature than
dwelling time. A sharp increase in conversion is observed by increasing the temperature
a little above 900 °C (925 °C). More than 60% transformation was attained after 480 min.
Few of the transformed phase (17%) is due to the y-phase and the majority (50%) are the
-phase. Peaks of the initially dominant x-phase gradually decreased whilst the (3-phase
increased with residence time (Figure S9a), confirming also increasing transformation
with time. The higher experimental temperature required a shorter residence time for the
transformation and vice versa. Further investigations at 1025 and 1050 °C also did not
show any a-phase in the XRD spectrum (Figure S9b,e).

3.6. Evolution Extent of B-Spodumene

The formation of 3-spodumene is favored by increasing the temperature and residence
time (Figure 10). The maximum formed at 900 °C is about 17% while almost 100% was
achieved at 1050 °C after 60 min. Temperature is observed to be the most sensitive parame-
ter for the process and once the threshold temperature is attained, a few minutes of heating
result in appreciable formation. The temperature of 1050 °C is found as the threshold tem-
perature in this study for treating the concentrate; resulting in almost 100% x-conversion
and 85% p-formation in just 7.5 min respectively. This is seen in Figure 9b where only y
and {3-phases are present in the diffractogram after 7.5 min of treatment. The threshold
temperature for the process was also documented elsewhere [20,21]. Investigations by
Peltosari et al. [10] and Salakjani et al. [22] revealed a comparatively higher temperature
(1100 °C) as the threshold for the 3-phase formation. We suspect that the difference in
temperatures reported in the literature and that presented in this study are due to different
gangue concentrations in ores, the heat treatment process as well the nature of calibration
applied to the furnace. Peltosari et al. [10] nor Salakjani et al. [22], however, gave detailed
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information on these parameters in order to confirm this speculation. Additionally, there is
an influence due to particle size; a higher reaction rate at a lower particle size was observed
by Peltosari et al. [10]. The particle size identified in this concentrate is, however, good
enough to achieve considerable mineral liberation as well as a 3-phase formation at a
comparatively lower temperature.

100 A T : ; : o

1000°C | g—
o P

90 /975 °C

80 |

y

70 |
K

60 H _

50 -

925 °C |

Conversion extent of a-spodumene, %

10 Spodumene concentrate
air, 25 L/h
0 - A L - - - L - L
0 100 200 300 400 500

Time, minutes

Figure 8. Conversion extent of a-spodumene into (3 + v) form during treatment of the concentrate
between 900 and 1000 °C as a function of residence time.

3.7. Evolution of the Relative «y-Spodumene

Peaks of metastable y-phase are seen in XRD diffractogram from the start of the exper-
iment and persist throughout until after 60 min treatment at 1050 °C where it disappears.
This phase might be formed at lower temperatures below the minimum temperature of
this study as mentioned by Moore et al. [3] and Peltosaari et al. [10] who identified this
phase at 800 and 896 °C respectively. The present observation is in agreement with what
was reported at 915 °C by Abdullah et al. [11]. The peaks are not very intense compared
to the other phases due to the continuous conversion into 3-form as it is formed. Percent
evolution of the y-phase throughout the operating temperatures as a function of the resi-
dence time in this study is shown in Figure S10. About 23% was the maximum quantity
formed in this study at 975 °C after 120 min (Figure 52d), which is comparable to the
maximum quantity identified by Abdullah et al. [11] at 1125 °C. Likewise, Moore et al. [3]
and Peltosaari et al. [10] recorded 35% and 40% as the highest in their studies, respectively.
According to Abdullah et al. [11] and Gasalla et al. [23], the quantity of this phase formed is
influenced by the particle size of the feed as well as the heat treatment technique employed;
finer particles impact amorphicity which easily recrystallizes into the y-phase on heating
compared to larger-sized particles. The heating rate employed also influences the quantity
formed; slow heating rates form higher amounts due to the slow rate of conversion to the
-form. There was no major change in the quantity of this phase formed as a function of
the residence time in the present work. This may be as a result of the constant heating
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rate which was maintained throughout the study, hence converting it to the 3-form at
the same rate. Though Moore et al. [3] indicated the importance of residence time on the
transformation, they observed only a marginal 20% increase in this phase after increasing
time from 45 min to 240 min at 981 °C.
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Figure 9. XRD patterns of residues obtained after concentrate treatment in air as a function of residence time at 900 °C (a)

and 1050 °C (b).

It is interesting to note that, the shape of the curves in Figure S10 may predict the
rate of its formation and conversion into the 3-phase. There is a gentle rise and fall of the
curve at lower residence time which becomes steeper with increasing residence time. This
indicated a lower rate of formation and conversion at lower residence time and vice versa.
From Figure 11, both y- and 3-phases evolve from the onset of the experiment but their
concentration varies considerably; the quantity of y-phase being lower than the 3-phase at
all times. This observation is contrary to research by Moore et al. [3] who indicated that
both phases occur in equal amounts with no preference of formation of one phase over the
other. We also find that the quantity of each phase formed is temperature dependent with
increasing temperature favoring the quantities evolved; which is also in opposition to their
findings. At 975 °C, almost all the a-phase had decayed and subsequent 3-phase formation
was solely dependent on the available y-phase. Dessemond et al. [24] investigated the
effect of this phase concomitant with the 3-phase and its effect on lithium extraction. They
indicated that its presence adversely affects the lithium extraction if its content is above
10%, however, below it, its effect is minimal, and a typical industrial lithium recovery
of 95% is attainable. This therefore calls for a closer look at the ideal temperature and
residence time required for the porcess, paying attention to the economics, possible melting
and agglomeration and its effects on downstream processes.
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Figure 11. Percentage phase composition of «, 3 and vy as a function of temperature after 60 min
treatment.

3.8. Phase Transformation and Kinetic Parameters

The phase transformation of spodumene during thermal treatment was extensively
studied by many researchers [3,10,11] revealing «, 3 and v as the phases which are present
during the process. The transition is generally known to follow the following pathways:

x« 8 yip (1)
vy &8 @)

where ki and k; are the rate constants for « and y decay, respectively.

Thus, from Equation (1), a-spodumene decays to form y and 3 phases. The y-phase
which is formed finally transforms to the 3-phase (Equation (2)). Previous studies have
suggested a first-order kinetic model for the two transitions. We therefore apply this kinetic
theory to both transitions to estimate the fitting kinetic parameters. From an integrated
rate Equations of (1) and (2), it follows that:

In oy=1In oy—kqt 3)



Materials 2021, 14, 7423

16 of 19

In k,

In v;=1In v, —kat 4)

where o, and vy, are the initial concentration of x- and y-phase; ; and y; are concentrations
of «- and y-phase at time t, respectively.

We estimate the rate constants for the decay processes (k1 and ky) by plotting data in
Tables S21 and S22 using Equations (3) and (4). The resulting k; and k; are indicated in
Table 6. These values are found to increase with increasing temperature and they confirm
the sensitivity of the processes to temperature. The activation energy can be obtained from
a linearized Arrhenius Equation (5):

Eq

Ink=InA - RT (5)
where k is the rate constant; A, the pre-exponential factor; Ea, the activation energy;
R, the gas constant; T, the absolute temperature. The apparent activation energies ob-
tained from the Arrhenius plots (Figure 12) for both decay processes using our data in
Tables S23 and S24 are 655 and 731 k] mol !, respectively. Thus, a comparatively larger
amount of energy is required for the decay of y-spodumene in the second phase of the
process than the decay of the a-phase. This is expected due to the higher temperature
required for the decay of a-phase prior to the y-decay. However, a-decay occurs at a
faster rate compared to 'y-decay (Table 6). Estimated standard errors) for the regression for
obtaining the activation energies are very minimal (0.1297 and 0.0489 respectively for «
and vy decay); suggesting a good fit and reliable activation energy values for a first-order
kinetic model. We record lower apparent activation energy for «-decay than reported
in the literature [3]. Abdullah et al. [11] suggested that y-phase may evolve either from
amorphous or crystalline spodumene and suggested the following reaction pathways for
the process;

Amorphous spodumene—y-spodumene— 3-spodumene (6)

Crystalline a-spodumene—y-spodumene— 3-spodumene (7)

Table 6. Reaction rate constants k1 and k;, estimated for «- and y-decay, respectively.

T°C 900 925 975 1000 1025 1050
kq (min—1) 0.0004 0.0019 0.0224 0.0054 0.0224 0.085
ko (min~1) 0.0048 0.0192 0.065
-25 b\
.\ -3.0
\"\ R*=0.9971— 35 \ R*=0.9993 —
«N
-4.0
¢ 5 \.\
\\. -5.0 \,

-5.5

7.8 8.0 8.2 8.4 8.6 7.55 7.65 7.75 7.85 7.95
10,000/T (K*) 10,000/T (K*)
(a) (b)

Figure 12. (a) In k; against temperature (b) In k; against temperature employing first-order kinetic model rate constants of
decay plotted in Arrhenius form.
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The path of the mechanism may influence the overall activation energy. They predicted
low and high activation energies for (5) and (6), respectively. They indicated that finer
particles introduce amorphicity, which easily crystalizes out with reduced activation energy.
Comparing their particle size to what was used in the current study reveals that our sample
is finer and more amorphous than theirs. This suggests that the evolution of the y-phase
from a-spodumene in this study is from the amorphous phase rather than crystalline.
Reaction path (5) is therefore suggested for this study and as a result, contributes to the
lower activation energy recorded for x-decay in this work than in previous studies.

4. Conclusions

The physicochemical characteristics of spodumene concentrate from the Pilbara re-
gion were studied. The d50 and d80 of the sample were obtained to be 57 microns and
113 microns, respectively. Particle diameter ranges from 10 to 200 microns with about
68% of the total volume being 80 microns in diameter. At these conditions, spodumene
is well liberated at approximately 99%, indicating that sufficient particle size reduction
was achieved to enable further processing. Mineral phase identification by the analytical
techniques employed in this study is consistent with each other for major minerals. The
phase transformation of spodumene from 900 to 1050 °C and 7.5 to 480 min dwelling time
was studied using XRD. o« transformation was complete at 975 and 1000 °C whilst that
of v occured at 1025 °C and 1050 °C all at different treatment times. About 23% was the
maximum quantity of y-phase formed. We indicate 1050 °C as the threshold temperature
for maximum (-phase formation. That notwithstanding, the process must be optimized
since previous studies have indicated that the presence of less than 10% y-phase in the
residue does not have a major adverse effect on lithium extraction efficiency. Should this
study be valid, then we recommend 1000 °C thermal treatment for 60 min as an ideal
decrepitation temperature for this concentrate considering the economics and quantity of
v-phase formed. However, if only a 3-phase is required for industrial application, then a
choice must be made at 1025 or 1050 °C, paying attention to the time required for the trans-
formation, as well as the melting, which occurs at 1050 °C and its effect on downstream
processing. In view of these uncertainties, we recommend further investigation between
these temperatures which leads to good lithium extraction efficiency on this material.

Applying first-order kinetic models to the two processes provides a satisfactory fit
to the experimental data and yields kinetic parameters and apparent activation energies
of 655 and 731 kJmol !, respectively for - and y-decay. SEM investigations reveal that,
with increasing intensity of thermal treatments, spodumene grains undergo cracking,
disintegration, followed by melting and agglomeration.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ma14237423/s1, Figure S1: Spot analysis (a) and spectrum (b) of elemental composition
of spodumene grain in concentrate, Figure S2: Spot analysis (a) and spectrum (b) of elemental
composition of amphibole grain in concentrate, Figure S3: Spot analysis (a) and spectrum (b) of
elemental composition of mica grain in concentrate, Figure S4: Spot analysis (a) and spectrum (b) of
elemental composition of quartz grain in concentrate, Figure S5: Spot analysis (a) and spectrum (b)
of elemental composition of albite grain in concentrate, Figure S6: Spot analysis (a) and spectrum
(b) of elemental composition of hematite grain in concentrate, Figure S7: Spot analysis (a) and
spectrum (b) of elemental composition of tantalite grain in concentrate, Figure S8: Spot analysis
(a) and spectrum (b) of elemental composition of apatite grain in concentrate, Figure S9: XRD
patterns of residues obtained during treatment of concentrate in air as a function of residence time
at 925 °C (a), 950 °C (b), 975 °C (c), 1000 (d), 1025 °C (e), Figure S10: Evolution of the relative
y-spodumene content [(y/(x + B + y) * 100] during treatment as a function of temperature for
residence times: (a) 7.5 min, (b) 30 min, (c) 60 min and (d) 120 min, Table S1: Calculated elemental
assay of major elements by MLA and their corresponding oxides, Table S2: MLA data for degree of
mineral liberation in concentrate used to generate Figure 4, Table S3: Standard deviation on atomic
percent of elemental composition of spodumene in concentrate, Table S4: Standard deviation on
atomic percent of elemental composition of amphiboles in concentrate, Table S5: Standard deviation
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on atomic percent of elemental composition of quartz in concentrate, Table S6: Standard deviation
on atomic percent of elemental composition of albite in concentrate, Table S7: Standard deviation
on atomic percent of elemental composition of mica in concentrate, Table S8: Standard deviation on
atomic percent of elemental composition of hematite in concentrate, Table S9: Standard deviation on
atomic percent of elemental composition of apatite in concentrate, Table S10: Raw data of spodumene
grain generated by SEM-EDS for spectrum 1, Table S11: Raw data of amphibole grain generated by
SEM-EDS for spectrum 2, Table S12: Raw data of mica grain generated by SEM-EDS for spectrum
5, Table S513: Raw data of quartz grain generated by SEM-EDS for spectrum 13, Table S14: Raw
data of albite grain generated by SEM-EDS for spectrum 3, Table S15: Raw data of hematite grain
generated by SEM-EDS for spectrum 1, Table S16: Raw data of tantalite grain generated by SEM-EDS
for spectrum 3, Table S17: Raw data of apatite grain generated by SEM-EDS for spectrum 5, Table S18:
Atomic percentage of some mineral phases identified by SEM-EDS at 900 °C, Table 519: Atomic
percentage of some mineral phases identified by SEM-EDS at 950 °C, Table S20: Atomic percentage
of some mineral phases identified by SEM-EDS at 1000 °C, Table S21: Data for determination of
apparent rate constants, k1 for x-decay from Equation (3), Table S22: Data for determination of
apparent rate constants, k2 for y-decay from Equation (4), Table S23: Data for calculating apparent
activation energy for x-decay from Equation (5), Table 524: Data for calculating apparent activation
energy for y-decay from Equation (6).
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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 (& 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
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been used to treat ore types (silicates, oxides and sulphides) for
subsequent processing according to the reactions below:

1. Introduction

Chlorination is gaining popularity in mineral processing due to

M",Si0; + M'Cl, —»2M"Cl + M'SiO; (1)
the advantages it presents for processing ores, concentrates and
end-of-life resources. The merits of this technique for metal M",S + M'CL, —2M"Cl + M'S 2
extraction stem from the high reactivity and selectivity of ? ?
chlorine and chlorinating agents to many metals at minimal M”,0 + M'Cl, —2M"Cl + M'O 3)

temperatures. The resulting metal chlorides/oxychlorides from
the process have considerable difference in boiling point which
makes management of impurities and product choices easier. M",0 + Cl, —»2M"Cl + 502 (4)
Chlorination agents are also readily available at reasonable

prices. The waste generated can easily be treated and disposed M",S + Cl,—»2M"Cl + S (5)
off with little or no environmental impact compared to other
approaches.’ For instance, chlorinated waste unlike other M",0 4 2HCI—-2M"Cl + H,0 (6)
metallurgical wastes, may be easily neutralized with alkaline
reagents. These factors make chlorination attractive for treating M";S + 2HCl—2M"Cl + H,S )

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, Cl, and HCI have

where M’ is a chlorine bearing metal used as chlorinating agent
and M” 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
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researchers,*® 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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extraction from pegmatite ores, secondary resources and to
a lesser extent, water produced from shale gas®” in order to meet
the increasing demand. Investigations for processing petalite,®
zinnwaldite,”™* lepidolite,"**® spodumene™>* and secondary
sources** are well documented. Of all lithium bearing
minerals, spodumene (LiAlSi,O¢) 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 f-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 investigations**** have revealed two consec-
utive routes for the transition wherein the first involves the
decay of the natural a-monoclinic phase to both y and B-phases.
The second is the decay of the metastable y-phase formed from
the previous decay to the final B-phase. Fosu et al** 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.”® 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.,*
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. After a thor-
ough review of literature by Fosu et al.** 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.*® patented the possible extraction of lithium from a-
spodumene using an alkali metal halide or their mixture
(specifically, 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.*** reported interesting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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results. Studies by Barbosa et al’** revealed the metal's
extraction from spodumene using CaCl, and Cl,. 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
CacCl,, 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, « to B-phase transformation of the mineral, followed
by a comparative study of thermodynamic behaviour of both
phases with CaCl, using HSC Software is considered. The sug-
gested phase transformation and chemical equations of the
mineral in both phases with CaCl, are given as:

EZ-LiAlSi206 - B-L1A1S1206 (8)
2a-LiAlSi,O¢ + CaCl, — 2LiCl + 2Si0, + CaALSi,Os  (9)

2B-LiAlSi,O¢ + CaCl, — 2LiCl + 2SiO, + CaALSi,Og (10)

In Fig. 1, the Gibbs free energy change of the transformation
and the reaction of both polymorphs with CaCl, (eqn (8)—(10))
as a function of temperature up to 1100 °C are plotted. It can be
observed that, the phase transformation is feasible after 750 °C
but after 927 °C (indicated by short dashes), the software 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,* 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

30 T T T T T

AG® (kJ/mol)

100

300 500 700

Temperature (°C)

900 1100

Fig. 1 Standard Gibbs energy changes as a function of temperature
for o to B transformation (egn 8), reaction of spodumene with CaCl, in
a-phase (egn (9)) and B-phase (egn (10)) (data from HSC Chemistry 5.1
software).
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Fig. 2 Equilibrium amounts as a function of temperature for chlori-
nation of a-spodumene using CaCl, (data from HSC Chemistry 5.1
software).

achieved even after 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 Software is due to
the unavailability of data rather than completion of the trans-
formation. Roasting the mineral in the B-phase with CacCl, 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 CaCl,. If the feed spodumene has
already been converted to the B-phase it is then feasible for
a reaction with CaCl, 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 o-phase (eqn (9)). Above this temperature, however,
the phase transformation begins (according to HSC Software)
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 o and B-phase chlorination
(Fig. 1). We name this temperature range as the “reaction
initiation zone” where melting of CaCl, and reaction with the
mineral begin.

A differential thermal analysis by both Barbosa et al.** and
Dang et al.*® revealed interesting results in this temperature
range during their study on spodumene and simulated slag
respectively with CaCl,. 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 CaCl, respectively. Chemical thermodynamic
predictions have a downside of inability to give insight into the

21470 | RSC Adv, 2022, 12, 21468-21481
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kinetics of processes. One may however, suspect that since the
change in the Gibbs free energy remains almost constant for the
B-phase after 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 significantly with increasing
temperature which confirms a strong dependence of a-phase
chlorination on the thermodynamics.

The equilibrium composition module of the software was
further used to simulate the process. Fig. 2 is the simulation
showing the equilibrium composition at varying temperatures.
Anorthite (CaAl,Si,Og) and wollastonite (CaSiO;) 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 after
flotation 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 fluorescence (XRF) microscopy and
Inductively Coupled plasma-Optical Emission Spectrometry
(ICP-OES)) is detailed in our previous work.*> Analytical grade
CaCl, 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 CaCl,. Alumina crucible was used as the reac-
tion vessel while heating in a Carbolite Gero electric furnace
which was conditioned as in earlier work.*> 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™" 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:

o% Li Amount of lithium recovered in solution
o Li=

— - x 100 (11
Amount of lithium in concentrate (11)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD pattern of spodumene concentrate.

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.*?

3. Results and discussion
3.1 Characterization of raw materials

Mineralogical identification and semi-quantitative analyses
were carried out using the EVA© software coupled with the
PDF2 database. The XRD diagram pattern of the raw spodu-
mene concentrate (Fig. 3) shows the feed is predominantly o-
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 d5, to be 57 um (Fig. 4).
Detailed characterization of the concentrate as well as its
thermal transformations can be found in Fosu et al.**

3.2 Chlorination of a-spodumene concentrate

3.2.1 Effect of CaCl,/spodumene molar ratio. The effect of
CaCl,/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
after MR = 2.0. Previous studies*~**** have reported a decreased
recovery for gaseous chlorination agents after the optimum flow
rate is achieved with several explanations proposed by Bidaye
et al.** for the observation. A MR of 2.0 was selected as the
optimum for further investigation since there was no significant
increase in the amount of lithium recovered after that.
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Fig. 5 Percent lithium recovery obtained as a function of CaCl,/
spodumene molar ratio for samples treated at 900 °C for 60 minutes.

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 Software (Fig. 2), it was found that
lithium chloride in the liquid phase attains a maximum

Table 1 Chemical composition of concentrate determined by XRF and ICP-OES

Major Al,O; CaO Cr,0; Fe,0; K,O MgO MnO Na,0O P05 SO; SiO, TiO, Li Cs Rb Ta Nb  Sn
(Wt%) 20.79 1.72  0.03 4.29 1.26 1.30 0.32 1.14 0.33 0.15 61.31 0.10 2.14
(ppm) 116 1033 202 180 140

© 2022 The Author(s). Published by the Royal Society of Chemistry
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lithium chloride versus temperature.

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

Temperature, Residual lithium

°C 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

concentration after 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 CaCl, (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. After 800 °C, a sharp increase in recovery is
observed until 1000 °C. In our previous studies,*” 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 CacCl,. This leads to the
production of more LiCl until it peaks at 1000 °C. After 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
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(a) Percent lithium recovery versus temperature at CaCly/spodumene molar ratio of 2.0 and 60 min residence time; (b) vapor pressure of

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 CaCl, and subsequent
extraction.

Recovery and extraction efficiency are comparable up to
1000 °C after which about 20% higher extraction was observed

850

900 800 °C
1 1 1

0.4 !

Spodumene + CaCly
CaClp/spodumene = 2.0

0.0 —

Ea =122+6 kJ/mol

Ln (Rate of LiCl synthesis, %/min)

16 | | | |
8.0 8.3 8.6 8.9 9.2 9.5
10,000/T (K1)

Fig. 7 Arrhenius diagram for lithium recovery during chlorination of
spodumene concentrate between 800 and 950 °C, residence time =
60 minutes, CaCly/spodumene = 2.0.
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than recovery (Table 2). The difference may be linked to the formation and/or evaporation of lithium chloride at 1000 °C
evaporation of LiCl as well as melting and agglomeration of and above. They suggested the effect of vapor pressure evolution
materials suspected earlier. Previous studies*® have confirmed with temperature as a possible cause of the observation. A plot

@

Fig. 8 SEM photomicrographs showing morphological changes of spodumene during 60 min and MR = 1.75 treatment at (A) 750 °C, (B) 800 °C,
(C) 850 °C, (D) 950 °C, (E) 1000 °C, (F) 1050 °C and their corresponding spot magnification (A1), (B1), (C1), (D1), (E1) and (F1); (G) fibrous-like
structures appearing at the peripheries of spodumene grains during treatment.
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Table 3 Elemental composition (EDS data) of sections of spodumene grain during chlorination

Spot “1” Spot “2” Spot “3” Spot “4” Spot “5”
Elements “Wt% “at% wt% at% wt% at% wt% at% “Wt% 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

“ wt% and at% represent mass and atomic percentage, respectively.

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 CaCl,/LiCl, KCI/LiCl or CaCl,/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 ' (Fig. 7).

3.2.2.1 SEM-EDS investigation. To confirm 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
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extraction is observed in Fig. 8F (treatment at 1050 °C) but it did
not occur at lower temperatures. It is also clear that, CaCl,
selectively attacks spodumene grains at the peripheries at lower
temperatures, decolorizing its dark color to several shades of
grey. Thus, after 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 CaCl, to the spodumene
grains. It can then be supposed that, the process is diffusion
controlled rather than chemical reaction controlled. The
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Fig. 9 XRD pattern of evolving phases as a function of temperature at 60 minutes treatment and MR = 2.0.
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Fig. 10 XRD semi-quantitative analyses of temperature at 60 minutes
residence and MR of CaCl,/spodumene of 2.0.

different colorations due to the chlorination of spodumene
were assigned “1”7, “2” and “3” and identified 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 CaCl,, still
maintained their identity. It is an aluminosilicate with Si/Al =
2.0 which confirms its identity. The total wt% of this portion is
approximately 94 and the difference may be attributed to
lithium which could not be identified by EDS. Iron, the usual
impurity associated with it, is also identified at relatively low
concentrations. The next portion from the unaffected spodu-
mene (“2”) is dark grey area and identified 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 significant portion of the
concentrate, is identified at several portions of the SEM photo
as “4” with O/Si = 2.0. EDS again identified a type of CAS con-
taining a significant 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
identified. We indicate this portion as “5” and call it “calcium
aluminosilicate chloride” (CASCI) for the sake of this study. In
Fig. 8F and F1 where melting and agglomeration was observed,
quartz, CAS and CASCI were found fused in the agglomerated
mater which confirms melting that occurred. EDS could
however, not identify the specific type of mineral giving rise to
these observations. The standard deviations of atomic percent
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of the different portions identified and the raw data including
the spectra generated by SEM-EDS is given in Tables S1-S107
and Fig. S1-S5 of ESL.}

A closer look at the edges of spodumene grains in Fig. 8G
reveals the formation of fibrous-like structures, which gradually
eats into the internal parts suggesting again, an initial attack of
CaCl, 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 after 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 first treatment at
800 °C the chemical composition of the plagioclases shows
a chemical evolution towards the calcium pole. Plagioclases
corresponds to the CAS identified by SEM-EDS. From 900 °C
only anorthite is identified (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
identified until the end of the treatment. Wollastonite is linked
to the calcium silicate identified by EDS. Wadalite (Caq(-
Al,Fe,Mg)55i,0,4Cl;) was also identified 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 identified by EDS.

A thermal influence 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.

2 I R E—

Spodumene + CaCl,

88 |— T=1000 OC, MR=20 |

86 — —

84 —

82 —

Lithium recovery (%)

80 —

78 — —

76 | | | | | | T
15 30 45 60 75 90 105 120
Time (min)

Fig. 11 Evolution of the lithium recovery as a function of residence
time for samples treated at 1000 °C and MR = 2.0.
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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
identified in the residue. Two pathways may therefore be
possible for the extraction; (1) directly from the a-phase or (2) an
initial o to B-phase conversion followed by a quick in situ
lithium chloride formation due to the presence of calcium
chloride (2a-spodumene — 2B-LiAlSi,O + CaCl, — 2LiCl +
2810, + CaAl,Si,0y).

3.3 Effect of residence time

To investigate the kinetics, chlorination was performed at MR of
2.0, 1000 °C temperature and residence time from 30 to 120
minutes. The result is presented in Fig. 11. Recovery increases

(©)

T (A1)

View Article Online
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sharply from 30 minutes and peaks at 60 minutes, achieving
about 85% recovery. A decline is observed afterwards 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 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 A1l (Fig. 12A1) confirms spodumene
(“1”) by EDS at the internal portions of the grain. Two major
phases (dark and light grey) are observed and identified as CAS

shows

Fig. 12 SEM photomicrographs showing morphological changes of spodumene during 1000 °C treatment for (A) 30 min, (B) 60 min, (C) 90 min

and (D) 120 min; (E) and (F) magnification at A1 and C1 respectively.
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Fig. 13 XRD pattern of evolving phases as a function of residence time
at 1000 °C and CaCl,/spodumene of 2.0.

(“2”) and calcium silicate or wollastonite (“3”) after 30 minutes
treatments (Fig. 12B-D). Wollastonite is often 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

75 I
E— 1
60 — i —
=
5 —#i— a-Spodumene
B 45 — —#— Anorthite —
©
B —&— Quartz
§ —&— Diopside
g 30 —¥— Wollastonite
o I —e— Wadalite
@
<
<=
=
15
0

15 30 45 60 75 90
Time (min)

105 120

Fig. 14 Concentration of evolving phases as a function of residence
time at 1000 °C and CaCly/spodumene of 2.0.
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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 fibrous-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 fibrous 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 confirmation
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 confirms 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 significantly higher than
wollastonite which confirms earlier observation. It increases
slightly at the beginning to reach a plateau at 90 minutes. There
is no major and significant 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.
Afterwards, the extraction exceeded recovery. Since no melting
and agglomeration was observed, the difference may be attrib-
uted to the evaporation of lithium chloride after 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 identified in residues obtained beyond the
optimal values of the two critical conditions identified. 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 confirmed 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.*” 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
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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 muscovite**** and biotite,**® (the two mica
species identified in the spodumene concentrate) form K-
feldspar as shown from eqn (12)-(15). The formation is said
to be an ionic exchange process** which is similar to observa-
tion in our previous study.*

KAI;3Si30,0(0OH), + SiO, — [KAISi;Oglmer + ALSiOs

+ HyO(g). (12)
KFe;AlSi;01o(OH), + 38i0, — [KAISisOgler + 3FeSiOs

+ HyO( (13)
KAI;Si30,9(OH), — [KAISi3Og]merc + AlLOs + H,O(g) (14)

KFC3A1Si3010(OH)2 - [KA]Si30g]me]t + 3FeO + H20(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.*”
Wollastonite, quartz and alkali metal chlorides alongside the
synthesized anorthite are products expected at the end of the
process (eqn (16) and 17).

CaCl, + 2NaAlSi;Og — CaAl,Si,Og + 4SiO;, + 2NaCl  (16)

CaCl, + 2KAISi;O5 (M) — CaALSi,Og + 4Si0, + 2KCl (17)

Amphiboles transform to their respective pyroxenes and
quartz through topotactical dehydration decomposition at
temperatures above 600 °C.**° The transformation is pseudo-
polymorphic because it occurs at a fixed 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.*® Using tremolite (the amphibole

AG® (k]/mol)

500
Temperature (°C)

700 900

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).
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considered in this study), the decomposition gives rise to
diopside and enstatite) (eqn (18)) at about 740 °C according to
Xu et al.*®

Ca,MgsSigO22(OH), — 2CaMgSirOg + 3MgSiO; + SiO,
+ HyO(g (18)
CaAl,Si,03 — CaSiO; + ALSiOs (19)
HSC Chemistry software was used to determine the feasi-
bility of phases evolving and predict the influence 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 after 300 °C
and increase with temperature to form K-feldspar which
confirms earlier study.*” 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 confirms 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

150 T T T I T T T T T
100

50

AG® (kJ/mol)

—400

—450

-500

_550 | | I | I | I | "~
100 300 500 700 900 1100
Temperature (°C)

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).
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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 after 527 °C.
However, it is an extrapolated data after 527 °C which may be
due to either lack of data for tremolite in the software or its
breaks down beyond this temperature. Drawing inference from
earlier work,” 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 software. 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.

2KFC3AlSi3010(OH)2 + OZ(g) - Z[KAISi308]meh + 2F6304
+ 2H,0, (20)

2NaAlSi;Oz (A) + 2CaCl, + 0.505,) — 2NaCl + CaAl,Si>Og
+ 38102 + Cale3 + ClZ(g) (21)

2KAISi30g (M) + 2CaCl, + 0.50,,) — 2KCl + CaAlSi,05
+ 38102 + CaSlO3 + ClZ(g) (22)

2NaAlSizOg (A) + 3CaCl, + Oy — 2NaCl + CaAlLSi,Og
+ 25102 + 2C3.SlO3 + 2C12(g) (23)

2KA1S1308 (M) + 3C3C12 + OZ(g) — 2KCl + CaAlzsizog + 2S102
+ 2CHSIO3 + 2C12(g) (24)

20LL1A1812O6 + 3C3C12 + OZ(g) — 2LiCl + CaA12Si208 + 2C3.SIO3
+ 2Clyg (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-
tified by XRD) and the release of chlorine gas. Thus, anorthite
formation is highly suspected by the software which confirms
XRD results. From this observation, wollastonite can be
a possible product in the residue depending on the oxygen
concentration during treatment only if HSC Software 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 deficient atmosphere (eqn (9))
depending on the temperature. In general, the process feasi-
bility is high in oxygen deficient environment than oxidizing.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3.5 Correlating XRD results, HSC software predictions and
reaction mechanisms

HSC software 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
after which they disappear from XRD spectra of leached residue.
This implies that, after 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 after 850 °C may be
linked to the decomposition of tremolite, though enstatite (its
corresponding pyroxene during decomposition) was not iden-
tified, probably it transformed further to another phase. K-
feldspar may evolve from mica decomposition and its feasi-
bility is confirmed by HSC software but it was not identified 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 identified 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 Software
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 influence 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 after MR of 2.0, evaporation coupled
with melting and agglomeration occurs after 1000 °C, which in
addition, leads to a decrease in recovery. XRD results confirmed
HSC software and SEM-EDS predictions which reveals anorthite
as predominant phases (accounting for about 70 percent)
alongside quartz, wollastonite and diopside as minor phases.
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Predictions by HSC software are in good agreement with
experimental observation. Spodumene identified in leached
residue is in the a-form with no identification of the B-form.
This suggests that, the extraction of lithium chloride is directly
from the o-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-LiAlSi,Og + CaCl,
— 2LiCl + 2Si0O, + CaAl,Si,Og) may also occur. However, we
treat this as tentative at this stage. The relatively low apparent
activation energy of 122 + 6 k] mol " obtained could suggest
diffusion of calcium chloride as the rate limiting step of the
process.
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