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ARTICLE INFO ABSTRACT

Keywords: Calcination of spodumene is a pre-treatment stage in preparation for sulfation roasting and
Spodumene ore leaching in lithium recovery. During calcination, a-spodumene (less reactive, monoclinic crystal
Calcination

structure) is converted to f-spodumene (more reactive, tetragonal crystal structure). A third,
metastable y-phase has been identified at lower temperatures than full conversion to the p-phase.
It has been previously observed that calcination greatly alters the physical properties of the
various minerals in pegmatite ores, impacting comminution energy and liberation. Thus, this
work investigates the relationships between calcination temperatures and the physical behaviour
of hard rock lithium ores. The results showed that the increase in calcination temperature resulted
in a higher lithium deportment in the finest size fraction (—0.6 mm) and thus a higher lithium
grade and recovery. The samples calcined at 813.15 K and 1223.15 K did not show a significant
increase in lithium grades in the finest size fraction. This work shows the incremental change in
the physical properties of various minerals in the ore with increasing calcination temperature.

Lithium deportment
Coarse gangue rejection

1. Introduction

Spodumene (LiAlSi5Og) is a lithium aluminosilicate that acquired its name from the Greek word “spodumene” (burnt to ashes) due
to its post-grinding ash-like grey colour. Spodumene is the most important lithium mineral to produce lithium compounds from hard
rock lithium ores because of its significant Li;O content [1-3]. This mineral is found in association with other minerals like quartz,
albite, and beryl traces [4].

There are three known phases of spodumene: a, p, y. Naturally occurring a-spodumene has the highest density (3.27 g/cm®) due to
its monoclinic crystal structure [5]. p-Spodumene has an open tetragonal structure [6,7] while y-Spodumene [8,9] has a hexagonal
structure; however, both p-Spodumene and y-Spodumene have the same density (2.45 g/cm®). It should be noted that y-spodumene is
recently discovered as a meta-stable phase [8,10-12].

a-Spodumene is weakly reactive in the presence of strong acids and thus a common practice is to convert a to f-spodumene through
a thermal treatment [13]. The extraction process of lithium from spodumene was patented in 1950 [14] using the heat treatment to
transform a-spodumene to B-spodumene which is a less dense tetragonal allotrope of spodumene. The phenomenon of thermally
activated phase transition is known as calcination or decrepitation [14]. During calcination, crushed spodumene concentrate is heated
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in a furnace at temperatures above 1223.15 K for more than 30 min. This thermal treatment allows a-spodumene to convert completely
to B-spodumene, leading to a crystal lattice expansion of f-spodumene. The lattice volume of y-spodumene is 8% more than that of
a-spodumene while that of f-spodumene is 17% more than y-spodumene [5]. It means that the lattice volume of p-spodumene is the
highest while the lattice volume of a-spodumene is the lowest. For energetics, a-spodumene to p -spodumene and y -spodumene to
B-spodumene transition are reported to be endothermic [10,11,15,16] while the transition from a-spodumene to y-spodumene is
exothermic [17].

Numerous authors have investigated the phase transformations that takes place during calcination of spodumene [5,10-12,18,19].
A study by Salakjani et al. [11] showed that the dislocation of AI™® during calcination is responsible for the volumetric expansion of
spodumene crystal structure making lithia species mobile and reactive with strong acids [19]. Comminution was observed to be
improved as a result of this phase transformation attributed to a flaky and softer structure of f-spodumene [8,12]. With the recent
discovery of a third meta-stable y-phase, the sequence of the phase transformation during calcination is now described as a—y—p [5,8,
10]. The interlocking gangue associated with spodumene can play a detrimental role in downstream beneficiation process, but some
studies have shown that the presence of these impurities can expedite the heat conduction and thus effective phase transition of
spodumene [18,20].

Moore et al. [21] observed that the mass fraction of transformed phases during calcination was unaffected by the heating tem-
perature and the heating method, however, Salakjani et al. [11] showed that the temperature and residence time are the major factors
to define the phase transformation during calcination of spodumene. Various studies [5,10,12,21] have shown that a number of factors
can influence the phase transformation during the calcination of spodumene at elevated temperature, that include the heating
technique, the morphology of the spodumene sample after initial comminution, and the quantity of gangue materials present in the
sample.

Most research work and studies have focused on two stable phases of spodumene that are o and p. These two phases got more
attention due to their known reactions with strong inorganic acids. Our previous work showed that calcination altered the physical
properties of spodumene, reducing comminution energy requirements and thus improving lithium grade and recovery [22]. However,
it has not been quantified the effect of different calcination temperatures on the deportment of lithium to the finest size fraction by
screening. Therefore, this study aims to examine the effect of calcination temperatures on lithium grade and recovery by screening
hard rock lithium ores.

2. Materials and methods
2.1. Ore

A spodumene ore (Bald Hill Mine Eastern Goldfields, Western Australia) was used in this work. The ore had quartz and albite as
main gangue minerals with spodumene as a valuable mineral as found using XRD (X-ray diffraction). The ore grade was 0.3% lithium
(i.e., 8.5% of spodumene), and the particle size was —15 mm.

2.2. Calcination

The ore (see Fig. 1) was split into four samples, and the mass of each sample was 1500 g. All these samples were calcined at 813.15,
1223.15, or 1373.15 K in a muffle furnace (Cupellation furnace, Carbolite Sheffield England) for 1 h, which was sufficient for complete
phase transformation at the given temperature; the air atmosphere was used for calcination. After calcination, the mass of the sample
was reduced by 0.6% (at 813.15 K), 1% (at 1223.15 K), and 1.4% (1373.15 K). It should be noted that one sample was not calcined.
Fig. 2a, b, 2c and 2d show the photos of both non-calcined and calcined samples. The increase in temperature affected the physical
appearance of the samples. For example, the fracturing of the sample calcined at 1373.15 K was evident due to the conversion of a to
B-spodumene, which agrees well with the literature [18,23].

After calcination at 1373.15 K, the variations in ore properties were characterized by MLA (mineral liberation analysis) and
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Fig. 1. XRD for the non-calcined spodumene ore.
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Fig. 2. The images of a) non-calcined ore, b) calcined ore at 813.15 K, c) calcined ore at 1223.15 K and d) calcined ore at 1373.15 K.
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Fig. 3. Estimation of particle properties a) before calcination and b) after calcination [24].
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represented in Fig. 3a and b. The MLA contains a FEI Quanta 600F field emission SEM (US, Oregon), two Bruker Quantax X-Flash 5010
EDX detectors (US, Massachusetts), and FEI's MLA software 3.1.3 for data acquisition and processing. Fig. 3 shows that spodumene was
more fractured after calcination due to the complete conversion of o to § spodumene [10,23].

2.3. Grinding

Both non-calcined and calcined samples (1500 g of the ores) were ground in a laboratory mill. The mill had 12 forged balls that had
27.3 mm in diameter, and a sample mass of 1060 g (the ratio of the forged balls to the ore was 0.7). The mill speed was 70 rpm. Each
sample was ground for 20 min and subsequently screened in the following fractions: +3.35 mm, —3.35 + 2.36 mm, —2.36 + 1.7 mm,
—1.7 + 1.18 mm, —1.18 + 0.6 mm, —0.6 mm. The lithium content of each size fraction was determined by preparing a fusion glass
bead, digesting in 10% citric acid, and using ICP-OES (Agilent Technologies, US).

2.4. X- ray diffraction (XRD)

Mineralogical analyses of the lithium ore samples were performed using an Olympus BTX™ III Benchtop (Co-Ka) X-ray diffrac-
tometer (XRD) to study the phase transformation of spodumene in the range between 20 and 40° (20) as a function of different
calcination temperatures; this instrument is a transmission XRD and it does not have steps. The AMCSD database cards for the phases
are: a-spodumene — Set 1 (file 408), p-spodumene Set 2 (file 2119), quartz — Set 2 (file 1936), albite — Set 1 (file 2289).

The XRD experiments were conducted on fine fractions (—0.6 mm) and coarse fractions (+0.6 mm) of all four products obtained
after calcination and grinding. It should be noted that the maximum lithium content was found in the finer size fraction after calci-
nation. The finest fraction is generally the most relevant for coarse gangue rejection since lithium tends to deport to the finest fractions.

3. Results and discussions
3.1. Effect of calcination temperature on ore retention

Fig. 4 shows the influence of different calcination temperatures on particle size distribution. The vast majority of the non-calcined
material was oversized, reporting to the +3.35 mm fraction. However, the minimum ore retention was obtained for the grinding
product calcined at the highest temperature (i.e., 1373.15 K); the ore retention represents the amount of the ore retained on each
screen after sieving. Fig. 4 also shows that calcination shifted the particle size distributions toward the finer fraction and to a greater
extent with higher temperatures.

The reason is that the increase in calcination temperature made spodumene and albite more brittle, resulting in more efficient
grinding and thus more deportment of the grinding products to the finest screen size.

3.2. Effect of calcination temperature on lithium grade and lithium recovery

Fig. 5 shows the influence of calcination temperature on cumulative lithium grade; the cumulative lithium grade represents the
accumulation of lithium in the finest size fraction (—0.6 mm). As seen in Fig. 5, for the non-calcined sample (i.e., 298.15 K), the higher
the lithium grade, the largest the screen size. It means that the lithium deportment to the finest screen did not happen after the grinding
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Fig. 4. The influence of calcination temperature on ore retention.
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Fig. 5. Effect of calcination temperature on cumulative lithium grade.

of the non-calcined sample. However, in the case of the sample calcined at 1373.15 K, the opposite trend was observed, indicating an
improvement in coarse gangue rejection. In other words, the maximum lithium grade was obtained in the smallest screen size (0.6 mm)
while the minimum lithium grade was achieved in the coarsest screen size (3.35 mm). The reason is that when the sample was calcined
to 1373.15 K, a-spodumene was completely transformed tof-spodumene, making the sample very brittle and thus leading to coarse
gangue rejections after grinding and screening operation.

However, when the sample is calcined to 813.15 or 1223.15 K, the lithium content was similar across the screen sizes, demon-
strating some shift from the non-calcined sample behaviour was achieved but not to the extent of the sample treated at 1373.15 K. This
observation could be due to the incomplete transformation from o to f-spodumene and dilution in the fines due to greater grinding of
other phases. It is worth mentioning that the lithium grade in the case of the sample calcined to 1223.15 K was lower than that in the
case of the sample calcined to 813.15 K. The reason is that at 1223.15 K albite deported to the fine fraction, leading to a lower lithium
grade of the sample in all the screen sizes (see Fig. 6).

Fig. 6 shows the mineralogy of the fine size (—0.6 mm) and coarse size (+0.6 mm) fractions which are required to understand the
lithium deportment as a function of temperature. As seen in Fig. 6a, the maximum amount of p-spodumene was found when the
calcination temperature was 1373.15 K. The amount of g-spodumene in the non-calcined sample was almost the same as that in the
samples calcined at 813.15 K and 1223.15 K because a-spodumene did not transform to -spodumene at these temperatures. Fig. 6a
also shows that the higher the calcination temperature, the higher the amount of albite in the fine size fraction. As a result, the lithium
grade in the fine size fraction for the sample calcined at 813.15 K was higher than that for the sample calcined at 1223.15 K. However,
due to a complete phase transformation from a to -spodumene at 1373.15 K, most of p-spodumene deported to the fine size fraction,
leading to the highest lithium grade in the fine size fraction.

Fig. 6b shows that the amount of f-spodumene in the coarse size fractions followed the same pattern as that in the case of fine size
fractions. However, the amount of albite for the coarse size fraction was the highest at 1223.15 K. Therefore, due to a significant
amount of albite present in the finest size fraction at 1223.15 K, the lithium grade for the sample calcined at this temperature was lower
than that at 813.15 K.

Fig. 7 shows the influence of calcination temperature on cumulative lithium recovery with size fraction; the cumulative lithium
recovery is the sum of the recovered lithium (i.e., the sum of the mass of lithium on each screen divided by the mass of lithium in feed)
for each size fraction. As seen in Fig. 7, in the finest size fraction (—0.6 mm), the increase in calcination temperature led to a higher
lithium recovery due to the department of lithium to the finest size fraction. A similar trend was also observed for particle sizes higher
than 0.6 mm. However, when the screen size was higher than 0.6 mm, the recovery for the sample calcined at 1223.15 K was slightly
higher than the sample calcined at 1373.15 K. The reason is that the transformation from « to  spodumene at 1223.15 K was not
complete.

This work shows the correlations between calcination temperature, coarse gangue rejections and physical properties of the
spodumene ore. A similar correlation may exist for other minerals in which there are phase transformations during the calcination
process, leading to the change in the physical properties of these minerals.

4. Conclusions

This work investigates the influence of calcination temperature on lithium grade and recovery by screening a spodumene ore. It was
found that the lithium grade in the finest size fraction (—0.6 mm) was the lowest when the sample was not calcined. A strong lithium
department to fines was observed at 1373.15 K but not after calcination conducted at temperatures lower than 1223.15 K. The reason is
due to incomplete transformation from o to p spodumene at temperatures below 1223.15 K, leading to a higher amount of non-brittle
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Fig. 6. Mineralogy of a) the fine size fraction (—0.6 mm) and b) the coarse size fraction (+0.6 mm).

spodumene phase (i.e. a-spodumene). The lithium grade in the finest size fraction when the sample was calcined at 813.15 K was
slightly higher than that when the sample was calcined at 1223.15 K. The reason is that at 1223.15 K albite deported to the finest size
fraction, reducing the lithium grade. The highest lithium grade in the finest size fraction was obtained when the sample was calcined at
1373.15 K due to the complete transformation from «a to p spodumene. The highest lithium recovery was also achieved at the same
temperature in the case of the finest size fraction. Further work is required to investigate calcination as a potential treatment for

increasing grade and recovery by screening hard rock ores in which phase transformations of some minerals occur as a function of
calcination temperature.
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