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Abstract: The aim of this study was to establish the capability of X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR) methods to determine different spodumene forms (a-, -
and y-spodumene) occurring during heat treatment of lithium spodumene. It is essential to correctly
identify and quantify the presence of different forms of spodumene after heat treatment to ensure
optimum lithium extraction. A sample from the Haapaluoma lithium-pegmatite (western Finland)
was used for this study. An experimental programme was initiated to model the progression of the
mineral transformation at different stages through heat treatment. The specimen was broken down
and split into five portions. One of the splits was analysed unheated with XRD, FTIR, XRF and ICP;
the other four splits were analysed with XRD and FTIR after heat treatment at different tempera-
tures from 850 to 1100 °C. In this study, we show that both laboratory-based XRD and portable FTIR
methods are effective in identifying and quantifying a-, $- and Y-spodumene as well as impurities.
The accuracy of the quantification of the minerals with XRD was established by using a mass bal-
ance calculation and was compared with the actual chemistry of the sample measured with ICP
analysis. Fully quantitative XRD analysis of heat-treated spodumene is considered a challenge due
to peak overlaps between the 3-, and Y-spodumene forms, particularly when gangue minerals and
amorphous content are present. The novelty of this study consists of the use of the XRD technique
complemented by the Rietveld method to fully quantify the different forms of spodumene from one
another: a-, 3- and Y-spodumene, along with the gangue minerals and the amorphous content. It is
also shown that reproducible systematic changes occur in the FTIR spectra that track the spodu-
mene transformation during heat treatment. With more samples and cross-validation between the
XRD results, the FTIR methodology could be developed further to provide semi-quantitative infor-
mation on the different spodumene forms in the future. This would permit the use of a fast, cost-
effective and portable technique for quality control of the spodumene forms, which would open
opportunities across the Li value chain.
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1. Introduction

In recent years lithium (Li) has been established as one of the cornerstone resources
for the transition towards a carbon-free economy. Road-based transportation is now being
developed towards lithium-ion battery (LIB) powered electric vehicles (EVs) and lithium-
ion batteries are increasingly utilised in grid storage applications. As lithium end-use is
becoming more focused on batteries (71% in 2020 [1]), it is expected that by 2030 lithium
demand will reach ca. 1.8 M metric tons of lithium carbonate equivalent (up from ca. 0.3
M metric tons in 2019 [2]). Commonly exploited lithium-containing hard rock minerals
include spodumene, lepidolite, petalite, eucryptite, and bikitaite among others. Lithium
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brine is also commonly exploited for Li production. Of the Li-bearing minerals, spodu-
mene has higher grades of Li, less impurities and a simpler composition. Currently, ca.
half of the world’s lithium production is based on mineral sources (mainly spodumene)
in Australia, while Chile and Argentina produce ca. 30% from brines [1]. Li is now con-
sidered a strategic resource due to its relevance for the energy transition and as its price
increases, previously uneconomical Li-bearing deposits are now becoming viable sources
for extraction [1,3].

Among the many different types of lithium minerals, spodumene, an aluminosilicate
of lithium is the most common and studied. The stoichiometric chemical composition of
naturally abundant spodumene LiAlSi2Os contains 8.03 wt.% Li2O, while most other raw
minerals typically contain ca. 1-3% Li20O. The mined natural spodumene, referred to as -
spodumene, is monoclinic and has a low reactivity towards extraction. After high-tem-
perature treatment at ca. 800-1200 °C a-spodumene is converted to a more reactive form,
[-spodumene, with a tetragonal crystal structure. f-spodumene exhibits a much higher
surface area and reactivity due to its zeolite-like channels in its structure, which allow the
lithium cations to move freely [4]. This conversion by heat treatment is the basis of almost
all industrial lithium extraction processes, while some novel methods have also been de-
veloped to extract lithium directly from a-spodumene [3]. However, a third intermediate
phase with a hexagonal crystal structure can also form during heat treatment, known as
y-spodumene. Lithium recovery efficiency during acid leaching of 3-spodumene has been
shown to decrease when y-spodumene is present and, therefore, its amount should be
carefully controlled [5], however, this topic has not been studied in full detail to date.
Distinguishing between (3-spodumene and y-spodumene is known to be difficult, and full
quantification of the different forms after heat treatment even more so [5,6]. This is due to
the fact that the main XRD reflections of 3-spodumene and y-spodumene overlap, which
makes differentiation between the two difficult, especially at low concentrations. This is
likely one of the reasons why y-spodumene has not been a major focus in examining lith-
ium extraction processes thus far [7]. Furthermore, accurate identification of amorphous
content as well as the gangue minerals is of utmost importance when obtaining full quan-
tification with XRD coupled with the Rietveld method, and previous work on this topic is
typically only semi-quantitative. Previously, different methods have been investigated to
identify and quantify the different lithium phases from one another with XRD [5,6,8-10],
while FTIR is sometimes used as a complementary technique to identify spodumene [11-
13].

The present work is motivated by the need for accurate characterisation and quanti-
fication of different lithium phases occurring during heat treatment of spodumene con-
centrates, as these phases have a direct impact on the production efficiency of battery-
grade lithium precursors. In this work, spodumene samples were heat-treated at varying
temperatures to transform spodumene between the a-f3-y phases and then characterised
by two distinct methods: laboratory-based XRD and portable FTIR in order to assess the
capability of these two techniques in identifying and quantifying the different spodumene
phases.

2. Materials and Methods
2.1. Sample Preparation

A lithium spodumene sample originating from Haapaluoma, Finland, was acquired
from a commercial source. The sample was ground with a pestle and mortar and passed
through a 1 mm sieve, as previous studies have shown this to be a preferred particle size
range for a high conversion rate from a-spodumene to the other forms [6] (Figure 1). No
separation of the gangue minerals was attempted. The sample was carefully quartered
and five representative aliquots were obtained, weighing approximately 5 g each. One of
these aliquots was then subject to analysis as a reference sample, while the four remaining
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aliquots were heat treated. After heat treatment, these samples were then cooled down in
ambient conditions and analysed.

Figure 1. Lithium spodumene sample (a) before and (b) after grinding.

The composition of the lithium spodumene ore is shown in Tables 1 and 2aer; 1z, as
determined by inductively coupled plasma mass spectrometry (ICP-MS) with a Thermo
ICAB RQICPMS and by inductively coupled plasma optical emission spectrometry (ICP-
OES) with a Thermo ICAB 7200 at Origin Analytical Ltd., Welshpool, UK. For cross-vali-
dation of the ICP-MS and OES data, the sample was also analysed using X-ray fluores-
cence (XRF) with a Rigaku Supermini200 WD-XRF Spectrometer at X-ray Mineral Services
Ltd., Colwyn Bay, UK. Li composition was determined with ICP-OES using the HF/HCIOx
acid digestion method [14] at the University of Greenwich, UK.

Table 1. Composition of the lithium spodumene ore measured with ICP-OES and XRF.

Al:0s; SiO2 TiO: Fe20s MnO MgO CaO Na:O K:0 P:0s Sc Y S Li LOI

% % % % % % % % % % ppm  ppm ppm ppm %
ICP-OES 169 783 0.02 0.21 0.15 0.29 0.35 036 0.16 004 809 245 272 22485 n.d.
XRF 169 76.6 <0.01 0.08 0.17  0.11 007 034 012 0.04 n.d. n.d. 19.1 n.d. 0.46

n.d.: not determined; LOI: loss of ignition.

Table 2. Composition of the lithium spodumene ore measured with ICP-MS.

ICP-MS Be A% Cr Co Ni Cu Zn Ga Rb Sr Y Zr Nb

ppm ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
7.32 3.56 54.7 0.69 32.5 7.71 13.4 774 22.9 12.9 24.8 355 10.3
Mo Sn Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy

ppm ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
6.78 367 20.8 914 1.12 1.98 0.25 0.86 0.19 0.04 0.18 0.03 0.16
Ho Er Tm Yb Lu Hf Ta W Tl Pb Th U

ppm ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm

0.03 0.06 0.01 0.07 0.01 8.32 5.81 1.35 0.09 3.06 0.40 0.44

2.2. Heat Treatment

The heat treatment process was performed in a Nabertherm LT15/12/B170 furnace at
X-ray Mineral Services Ltd., Colwyn Bay, UK. Each split of the sample was heated at dif-
ferent temperatures (at 850 °C, 950 °C, 1050 °C and 1100 °C) for 30 min then cooled in
ambient air before being analysed. These temperatures and holding time were selected as
they were expected to give a wide range of different concentrations of a-B-y spodumene
for later analysis with XRD and FTIR; full conversion into 3- spodumene or y-spodumene
was not in the focus of this work.
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2.3. X-ray Diffraction (XRD)

Samples for XRD analysis were prepared and analysed at X-ray Mineral Services
Ltd., Colwyn Bay, UK. Before XRD analysis, the samples were micronised in water, using
a McCrone micronising mill, to obtain a powder with an average particle size of 5-10 pm.
The slurry was dried overnight at 80 °C, re-crushed to a fine powder and back-packed
into a steel sample holder, producing a randomly orientated sample for presentation to
the X-ray beam. The samples were analysed before and after being spiked with a silicon
crystalline powder, used as internal standard, for the determination of the amorphous
content. If the samples have amorphous phases, the standard phase fraction would be
overestimated and the crystalline phases recalculated to account for the amorphous con-
tent [X].

XRD analysis was then conducted with a Malvern Panalytical X'Pert® diffractometer
from 4.5 to 75° 26 using a CuKa radiation at 40 kV and 40 mA. The samples were analysed
for 60 min at a step size of 0.013.

Phase identification and quantification, using the Rietveld method, was carried out
using HighScore Plus (v.4.9 by Malvern Panalytical) equipped with ICSD database and
PDF-4 Minerals 2021 database at X-ray Mineral Services Ltd., Colwyn Bay, UK. The
Rietveld method is based upon a full-pattern analysis where a computer model allows a
theoretical diffractogram to be calculated for any phase mixture [14].

2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The sample powders analysed by XRD were also analysed by FTIR. The instrument
used was a Bruker Alpha spectrometer with an attenuated total reflectance (ATR) module
(FTIR-ATR), which simultaneously collects spectral data from a spectral range 4000 to
4000 to 400 cm™. The analysis and spectral output was typically completed within 1 min.
The technique can be applied to very small samples c.0.1 g homogenised powder, while
in this work, 0.5 g of powder was used for each sample and spectra were acquired in
triplicate and averaged. The device is portable, weighing at ca. 7 kg with dimensions of
22 x 33 x 26 cm?® and can be deployed in the laboratory or in remote locations. Qualitative
mineralogical data can be gathered from the raw spectra, or quantitative mineralogical
data can be produced given enough complementary data, produced, e.g., with XRD, to
produce a mineralogical model [15].

3. Results and Discussion
3.1. XRD Analysis of Spodumene

The reference sample (also referred to as sample 25 °C hereafter) consisted of a-spod-
umene, and quartz and albite as gangue minerals, Figure 2. Quantification of the spectra
indicates that the sample consisted of 57.8% of a-spodumene, 40.4% quartz and 1.8% al-
bite. Based on the literature, it is known that during heat treatment in a conventional fur-
nace at 1 atm, conversion from the a-form to both - and [3- forms begins to take place
simultaneously at around 800 °C, albeit slowly. The y-spodumene form is metastable and
will transition to - spodumene at higher temperatures with all the transitions occurring
in the spodumene system being irreversible [7]. Higher conversion rates are observed at
increasing temperatures [8] and full conversion into $-spodumene takes place around
1000-1100 °C at long enough heating times [5,6,10] from ca. 30 minutes to 2 h. The differ-
ences in phase transformations observed in different studies are likely related to differ-
ences in grain sizes, impurities, amount of amorphous material and different heat treat-
ment techniques [16]. Under industrial heat treatment conditions, both y- and [3-spodu-
mene appear simultaneously [5]. Conversion in the temperature range of 850-1100 °C for
a holding time of 30 min was thus chosen for this study to provide a range of different
compositions for identification and quantification with the XRD and FTIR techniques.

The X-ray diffraction patterns from the heat treatment compared with the reference
sample are shown in Figure 3. As noted earlier, due to extensive peak overlap in the
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overall spectra, peak identification between different forms of spodumene is problematic
and, especially small concentrations (in the range of few wt.%), - and y-spodumene are

often indistinguishable [5]. For this reason, a specific smaller range between 18-24° 20 is
shown with annotated peaks for clarity in Figure 4.

s I N R 1 |

Spodumene 57.8 %
Quartz 40.4 %
Albite 1.8 %

200,000

100,000

|
—d _Jgt ,\ \ ZJJLJLJLMAJLA J\]k LW (W

Pos. [°26] (Copper (Cu))

¢ Tt . i
Rwp = 6.9897

Figure 2. XRD diffraction pattern of non-heat-treated lithium spodumene sample. Phase quantifica-
tion using the Rietveld method, zoom in to selected angle (10° to 50° 20). Orange peaks belong to
the silicon powder used as an internal standard. Red trace in the spectra is the observed pattern;

blue trace is the calculated pattern. The red trace in the lower graphic shows the difference between
the observed and calculated patterns (Rwp = 6.99%).

0 o BN 25°C

5 &= —— 850°C
< b 950°C
% 400,000 1050°C
§ 1100°C

300,000

200,000

100,000

50
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Figure 3. XRD diffraction patterns of the heat-treated samples compared with the reference sample
at selected angles (10° to 50° 20), only main peaks are annotated for clarity. Abbreviations: alb =
albite; a-spd = a-spodumene; 3-spd = B-spodumene; y-spd = y-spodumene; qtz = quartz.
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Figure 4. XRD diffraction patterns of the heat-treated samples compared with the reference sample

at selected angles (18° to 24° 20) with annotated peaks. Abbreviations: alb = albite; a-spd = a-spod-
umene; -spd = 3-spodumene; y-spd = y-spodumene; qtz = quartz.

The conversion from a-spodumene is clearly noticeable on the 850 °C sample. Phase
transformation towards y- and [3-spodumene is apparent as the intensity of the a-form
peaks begin to decrease, while the y-peak begins to appear at ca. 19.66° 20 (4.51A) and p-
peak at ca. 19.26° and 22.70° 20 (4.60A and 3.91A respectively). The conversion at 850 °C
occurs slowly as the amount of a-spodumene here is ca. 7 wt.% lower than in the reference
sample with near equal amounts of 3-and y-polymorphs (1.6-2.2 wt.%). A significantly
faster conversion rate can be observed on the sample treated at 950 °C as here the amount
of a-spodumene has decreased to 24.1%, while the amount of $-and y-polymorphs has
increased to 14.9-16.5 wt.% during 30 min of heat treatment. At 1050 °C all the a-spodu-
mene has been converted, mostly to 3-spodumene at 46.9 wt.% with 10.0 wt.% y-spodu-
mene present. At 1100 °C full conversion has been achieved and only B-spodumene can
be seen together with the gangue minerals. These results are well in line with previous
reports on the conversion process [5,6,8] while also successfully quantifying the gangue
minerals, which are often not reported. Figure 5 and Table 3 summarise these key findings
of quantification with the Rietveld method. The possible amorphous content was also
studied by using the internal standard method and no amorphous content was detected.
The verification of amorphous content in the material is highly important as the XRD tech-
nique can only identify crystalline material and, thus, the amorphous content will directly
influence the accuracy of quantification results.
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Figure 5. Compiled results from all XRD analyses.

Table 3. Summary of QXRD results.

XRD 25°C 850 °C 950 °C 1050 °C 1100 °C
wt.% wt.% wt.% wt.% wt.%
a-Spodumene 57.8 50.9 24.1 0.0 0.0
-Spodumene 0.0 2.2 14.9 46.9 55.6
Y-Spodumene 0.0 1.6 16.5 10.0 0.0
Quartz 40.4 43.9 42.7 41.7 43.1
Albite 1.8 1.4 1.8 1.4 1.3

The accuracy of the phase quantification with the Rietveld method has been verified
using a mass balance calculation. Simplified mineral formulas were used to calculate bulk
chemical composition from modal mineral abundances obtained by XRD. This data was
compared with the chemical composition of the same sample acquired by ICP-OES anal-
ysis (Table 1). There is a good correlation between the calculated chemical composition
from XRD and the effective chemical composition by ICP-OES, highlighting the quality of
the XRD results. For example, the spodumene content obtained with Rietveld of the ref-
erence sample is 57.8%, while the normative amount of spodumene calculated from ICP
analysis is 59.7%. This suggests that the error in the quantification of total spodumene
should be within 2% absolute error. Results within 3% absolute error are generally con-
sidered accurate for typical natural rock samples [17]. Another way to estimate the quality
of the XRD results is by checking the Rwp parameter obtained with the Rietveld method to
detect any fit errors. Rwp is the weighted profile residual for the reference sample Rwp was
6.99%, while for the heat treatment samples it varies from 6.82% to 7.13%. Typical values
of Rwp range from a few percent to 20-30% for a good refinement, depending on the count
times, the degree of preferred orientation and the number of variable parameters [18].
Based on the observed Rwp values of the XRD spectra fitting, the visual convergence be-
tween the observed pattern and calculated pattern, as well as the observed 2% absolute
error in quantification it can be concluded that the analytical procedure employed was
accurate for the scope of this work.

3.2. FTIR Analysis of Spodumene

Although accurate mineralogical data can be acquired using XRD, this work also in-
vestigates the potential of using Fourier transform infrared spectroscopy (FTIR) as an al-
ternative tool for the characterisation of spodumene mineralogy. While the XRD tech-
nique is a state-of-the-art laboratory technique capable of highly accurate detection of
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different spodumene phases and providing data for quantification, in geological applica-
tions the FTIR technique is a portable method commonly used in the laboratory or in field
work to provide an understanding of sample mineralogy in significantly faster timescales
and minimal sample preparation [19,20]. Typical FTIR analysis is completed within 1 min,
while accurate XRD spectra in this work required 1 h of scan time. For quantification of
the complex spectra produced by FTIR other complementary methods are required to
build accurate mineralogical models, such as quantitative XRD or automated mineralogy
[15,19,21,22].

To date, the literature on FTIR analysis on heat-treated forms of lithium spodumene
is lacking and the method is typically utilised complementary to other techniques [11-13].
The interpretation of results in this work partly relies on the mineralogical analysis from
Section 3.1. Untreated FTIR spectra from all the samples in the region of 400-1200 cm™ are
shown in Figure 6, with highlights on the main relevant peak positions. Higher wave-
lengths were left out from the presented spectra as they do not include information on the
mineralogy of spodumene samples. In Table 4, all vibrating bands were tabulated, with
ATR units given, when possible, along with a mineral phase assignment together with the
quantitative XRD results.

From the XRD analysis, it is known that the mineralogy of the reference sample (25
°C) is characterised by a-spodumene, quartz and albite. The FTIR spectra of the reference
sample displays a prominent peak at 1054 cm™' with notable peaks appearing around 919,
786 and 450 cm™. The spectral fingerprint of the samples in the ranges of ca. 1000-1200
cm and 760-790 cm™ is expected to relate to the asymmetric and symmetric stretching of
the Si-O-5i bands, while the peak around 450 cm™' corresponds to bending vibrations of
the same bands [11,12,23-26].

At 850 °C, minor changes in mineralogy are manifested in the FTIR spectra (Figure
6). The XRD data (Table 4) confirmed that the spodumene conversion begins at 850 °C
with a few % of both B-spodumene and y-spodumene appearing. The size of the peak
around 1060 cm™ increases slightly to 0.263 ATR Units, but the broad peak position nar-
rows slightly with the peak shoulder moving from 1090 to 1078 cm~'. Meanwhile, the peak
at 919 cm™ remains unchanged. At 25 °C, the peak at 450 cm™ is well defined with ATR
units of 0.234 (Table 4), but the peak decreases slightly to 0.215 ATR units at 850 °C. No
peak is seen at 518 cm™ as this is overlapped by the shoulder of the 450 cm™ peak.

The 950 °C sample is marked by a sharp reduction in a-spodumene (24%) and the
proportion of 3-spodumene and y-spodumene have increased (14.9 and 16.5%, respec-
tively). At this temperature, the FTIR spectra begins to show more distinct differences and
the broad Si-O peak increases to 0.320 ATR Units and the peak maxima shifts to 1020 cm™1.
In addition, the shoulders of the peak also shift to shorter wavelengths, moving 1010 to
1064 cm™ (Figure 6). The peak at 919 cm™ is reduced and overlapped by the shoulder of
the Si-O bond peak and is completely removed from samples treated at higher tempera-
tures (1050 °C and 1100 °C). Notably, at 950 °C, the peak at 450 cm™' remains at a similar
height (0.214 ATR Units as developed at 850 °C). A minor peak is seen at 518 cm™, alt-
hough it appears as a shoulder of the 450 cm™ peak.

At 1050 °C a-spodumene is absent and p-spodumene is the dominant form at 46.9%
with a subordinate amount of y-spodumene left (10%). However, at 1050 °C, the peak at
450 cm™ displays a significant decline, dropping from 0.214 ATR Units at 950 °C to 0.173
at 1050 °C (Table 4). Notably, the broad Si-O peak is diminished slightly to 0.293 ATR
Units, but the peak maxima have shifted further and now lies at 1011 cm!. A minor peak
is resolved at 518 cm! with 0.173 ATR Units (Figure 6).

At 1100 °C a-spodumene and y-spodumene are absent and only -spodumene re-
mains (55.6%). Overall, the spectrum is similar to that at 1050°C with a peak maxima to
1011, with slightly higher 0.316 ATR Units. The peaks at 450 and 518 cm™ are resolved
with values of 0.185 and 0.077 ATR Units, respectively.
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Figure 6. Summary of FTIR spectra through heat treatment stage, original peak maximas on the 25
°C sample indicated with solid lines.

Table 4. A comparison between the magnitude and position of peaks in the FTIR spectrum and the
weight % spodumene from XRD analysis.

Wavenumber cm™? 25°C 850 °C 950 °C 1050 °C 1100 °C Mineral Phase *

425-450 - - (sh) (sh) (sh) (v, B)-Spd
450 0.234 0.215 0.214 0.173 0.185 Spd, Qtz
518 (sh) (sh) (sh) 0.073 0.077 Spd, Qtz
555 - - - (sh) (sh) B-Spd
593 0.08 0.079 0.07 (sh) (sh) Spd
641 0.066 0.067 0.063 - - (o, Y)-Spd
695 0.033 0.039 0.05 0.06 0.07 Qtz
779 0.09 0.1 0.11 0.1 0.11 Qtz
797 0.09 0.11 0.11 0.1 0.1 Qtz
860 0.99 0.098 (sh) - - a, y-Spd
919 0.141 0.146 (sh) - - a, y-Spd

970-1020 (sh) (sh) (sh)

(1011) (0.293) (0.316) B-Spd
1060 0.246 0.263 0.312 0.280 0.304 Qtz
1072 (sh) (sh) - - - a-Spd
1085 (sh) (sh) (sh) - - Qtz
1163 0.10 0.10 0.12 0.13 0.14 Qtz

a-Spodumene 57.8 50.9 24.1 0 0
-Spodumene 0 2.2 14.9 46.9 55.6
Y-Spodumene 0 1.6 16.5 10 0

* Using spectral data from RRUF database [27]; (sh) = shoulder, Spd = spodumene, Qtz = quartz.

To summarise, modifications in the FTIR spectrum clearly correlate with the miner-
alogical changes detected by XRD for each heat treatment stage (Table 4). Notably, the 450
cm! peak decreases in magnitude with heating, particularly above 1050 °C at the point
where the proportion of 3-spodumene increases dramatically. In addition, the peak at 518
cm! also becomes resolved above 1050 °C. At 950 °C, the main Si-O peak shifts signifi-
cantly with the emergence of small amounts of 3-spodumene and y-spodumene. In addi-
tion, the 919 cm™ peak is overlapped by the Si-O shifted peak. This peak shifts further
(1020 cm™), corresponding to the sharp increase in 3-spodumene at 1050 °C. Significantly,
at 1100 °C, y-spodumene is lost and the 1020 cm™ peak increases in magnitude.

The FTIR data was also interpreted in a more qualitative way, so that a more funda-
mental understanding is acquired regarding the structural changes (a-) spodumene un-
derwent during the heating experiments. For that purpose, in Figure S1 (Supplementary
Material), a series of spectra were plotted for the appropriate comparisons made. As the
XRD analysis above showed an assemblage of spodumene, quartz, and albite, nominal
spectra of these phases were taken from the RRUF database. Along with these, spodu-
mene (LiAlSi2Os) and leucite (KAISi2Os) are also shown, which belong to the same mineral
group, too. Regarding the spodumene spectra of this study, the spectra of a-spodumene
(25 °C sample), the sample with most y- spodumene (950 °C sample) and [3-spodumene
(1100 °C sample) were also plotted with an offset. Further to the above analysis already
given, bands of interest were the 518 and 555 cm'. While 518 cm™! for a- and 'y-spodumene
seem to be a shoulder, for the [3- spodumene, this appears more distinctively. At the same
time, a shoulder at 555 cm™ appears when the $-spodumene is in abundance in the heated
samples (1050 and 1100 °C). The 593 cm™ remains also as a shoulder for the [3-spodumene
rich sample while the peak at 645 cm™ seems to disappear at 1050 °C. The two peaks
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around 800 cm™! were strongly associated with the high % of quartz present in the sample
with no significant changes in intensity and wavenumber position. Probably, the most
distinctive changes of the a-spodumene to B-spodumene in this work were taking place
at the wavenumbers of 860 and 919 cm™. Previous calculations have suggested this wave-
number area as distinctive for a- to y- to B-spodumene transformation [28]. As the Al
octahedra in the a-spodumene changes coordination to tetrahedra in $-spodumene, the
interaction length of Al-tetrahedra and Si-tetrahedra, in the fashion of Al-O-Si, increases
significantly, being the most energetically stable [28]. That being the case, Al-tetrahedra
will vibrate in higher wavenumbers (970-1020 cm™, Table 4). The 1072 cm™ can be associ-
ated with Si-O-Si stretching structures in the different phases of spodumene, with slight
changes at the high temperature samples, while the 1060 and 1163 cm™' can be attributed
to quartz vibration. There are minor changes for the band 1085 cm™ which is shouldering
for the 3-spodumene phase. The reason that leucite was selected for comparison in Figure
S1, apart from being very similar to spodumene, in structure and chemical composition,
is also previous work [29] where a Li-recovery mechanism was suggested at a temperature
range of 850-890 °C. The rationale of this comparison is that in order the spodumene to be
able to accommodate potassium instead of lithium, it has to acquire a leucite structure,
the product of the reaction associated to an alternative Li-recovery mechanism suggested
previously [29]. Three wavenumber regions, depicted here, could potentially be linked to
spodumene structural changes towards a leucite-like structure; 420-450 cm, 518 cm™" and
970-1020 cm~'. While the two first regions are more difficult to directly associate with the
leucite, the third is more prominent, coinciding with the previous density functional the-
ory work [28]. These structural changes demonstrated so far, are further discussed below.

To further investigate the differences in FTIR spectra and clarify differences between
the different samples, the FTIR spectra from heat-treated samples were also plotted in an
innovative way, being normalised to the sample at 25 °C, shown in Figure 7. In this way,
the changes occurring on the spectra from the conversion of a-spodumene to [3-spodu-
mene and y-spodumene can be highlighted more easily. This approach clearly demon-
strates that the sample heat-treated at 850 °C displays only minor spectral modification
compared with the reference sample. However, further heat-treatment reveals a distinc-
tive new spectral fingerprint emerging based a series of distinctive peaks at 410, 560, 705,
975 cm™ and troughs (505, 645, 858, 1090 cm™) in the spectral fingerprint for 1100 °C. In-
terestingly, all above peaks, annotated in Figure 7, coincide well with the main leucite
features discussed in the previous Section and shown in Figure S1. Especially, the peak at
705 cm-t does not appear on Figures 6 and S1, while on the normalised spectra in Figure
7, it is well represented.

This initial modelling on FTIR data suggests that these spectral changes could also
be used in the future to develop a semi-quantitative mineral model to determine overall
spodumene content and to differentiate the proportions of a-spodumene, 3-spodumene
and y-spodumene and gangue minerals (chiefly quartz and feldspar) by cross-validation
with XRD results. Further work on this topic should focus on the development of a robust
quantification model of different spodumene forms with a significantly larger number of
samples to provide statistical relevance to the model. It is envisioned that this type of an-
alytical tool would find use in the lithium extraction industry, e.g., in the grading of spod-
umene ore and quality control of heat-treated lithium concentrates.
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Figure 7. Normalised FTIR spectra for heat-treated samples (normalised to 25 °C sample spectra).

4. Conclusions

The a- spodumene to 3- spodumene conversion process by heat treatment is highly
important for the lithium extraction industry as it forms the basis for lithium processing
from spodumene. Reliable identification and quantification between different lithium
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forms occurring during heat treatment is thus of major importance to decrease losses dur-
ing processing. This work highlights the use of laboratory-based X-ray diffraction and
portable Fourier transformation infrared spectroscopy techniques in the characterisation
and quantification of different lithium spodumene forms and gangue minerals. The ap-
plicability of X-ray diffraction coupled with the Rietveld method in accurate characterisa-
tion and quantification of different lithium spodumene polymorphs at suitable analytical
conditions are presented. The complete crystalline status of the starting material was ver-
ified with the Rietveld method using the internal standard method. The quantification of
the minerals in the reference sample was verified using a mass balance calculation and it
is estimated that the absolute error in the quantification of the minerals is within 2%.

The lithium spodumene specimen was ground into five aliquots of which four were
heat-treated at temperatures between 850 and 1100 °C in a furnace at 1 atm to induce
phase conversion from a-spodumene to the y- and $-spodumene varieties. Our study
confirmed that during the conversion of spodumene from a- to the 3-polymorph, y- spod-
umene begins to form as an intermediate phase. The conversion begins at 850 °C with a
few % of 3- and y-spodumene forming during 30 min of heat treatment. After 30 min at
1050 °C all spodumene has converted to 3- and y-polymorphs. Finally, full conversion
into B-spodumene was confirmed on the sample heat-treated at 1100 °C for 30 min. Fur-
thermore, it is also shown that the portable FTIR method is capable of rapid identification
of the different spodumene forms and the most relevant wavenumber regions were re-
ported, with 860 and 919 cm™ peaks being the most notable. It is envisioned that with
enough data collected, the FTIR characterisation methodology could be further extended
for rapid quantification of different lithium forms and related gangue minerals suitable
for mine and processing site deployment.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/min12020175/s1, Figure S1: a-, y-, and p-Spodumene FTIR spectra
comparison with nominal FTIR spectra of spodumene, quartz, albite and leucite taken from RRUF
database. Follow legend for spectra identification. Major vibration bands are annotated and dis-
cussed in the text.
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