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Abstract: Lithium is in high demand: this is driven by current trends in e-mobility and results in
increased global production and record prices for lithium ores and compounds. Pegmatite ores, in
addition to brines, remain of particular interest because of their higher lithium content and lower
geopolitical risks. In this work, we investigated lithium extraction via the mechanochemical treat-
ment of the three most common lithium minerals: lepidolite, spodumene, and petalite. Indeed, we
determine that the petalite crystal structure was much more suitable due to its less dense packing
and the formation of cleavage planes along lithium sites, resulting in substantial lithium extraction
of 84.9% and almost complete conversion to hydrosodalite after 120 min of ball milling in alkaline
media. Further processing of the leach liquor includes desilication, the precipitation of lithium phos-
phate, and the conversion and crystallization of pure LiOH-H20. Special attention was paid to a
holistic approach entailing the generation of by-products, each of which has a specific intended ap-
plication. The leaching residues were investigated by powder X-ray diffraction, Fourier transform
infrared spectroscopy, N2 adsorption/desorption, and scanning electron microscopy. Moreover, hy-
drosodalite was found to have a high potential as an adsorbent for heavy metal ions which were
studied separately using aqueous solutions containing Cu?, Ni*, Pb*, and Zn?*.

Keywords: lithium; mechanochemistry; hydrosodalite; petalite; mineral processing

1. Introduction

In recent years, lithium has become a strategic element, especially in the context of
the transition from combustion engines to electromobility, as it combines the highest elec-
trochemical potential of all alkali metals with its remarkably low atomic weight [1-3].
Currently, about 80% of the world’s lithium demand is used for battery production while
more traditional lithium applications such as ceramics and glasses (7%), lubricating
greases (4%), continuous casting powders (2%), air treatment (1%), or pharmaceutical ap-
plications (1%) play only a minor role [4]. However, due to current developments in elec-
tromobility, lithium is in high demand, leading to an increase in global production of 21%
from 107,000 tons (2021) to 130,000 tons (2022) and record prices for spodumene ore (6%
lithium oxide content; 5800 US$/t) and for the most common compounds Li2COs (67,000
US$/t) and LiOH (78,000 US$/t) in November 2022 [4]. Since the steadily increasing de-
mand has not been compensated by efficient recycling of end-of-life products, the mining
of primary resources is still mandatory to enable large-scale battery production. Econom-
ically viable deposits are only found in specific geological environments such as continen-
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tal brines or granitic pegmatites, although lithium is quite common from a geological per-
spective; however, it is at low concentrations in igneous rocks of the Earth’s crust [5-7]. In
terms of the general size and total estimated resources, pegmatite deposits are often much
smaller than brine deposits but they remain of particular interest due to their higher lith-
ium content and their broader geographic distribution, which consequently poses lower
geopolitical risks [8,9]. In addition, the extraction of lithium compounds from mineral ores
is a much faster process than processing from brine as no time-consuming evaporation is
required, which makes it suitable for responding flexibly to market fluctuations [8,10].

However, in addition to these advantages, the processing of pegmatite ores including
the minerals lepidolite K(Li2Al)(Si4O10)(F,OH)2 to K(Li15Al15)(AlSisO10)(F,OH)2), spodu-
mene (LiAlSi20s), and petalite (LiAlSisO1w) presents some challenges, such as their low
reactivity resulting in poor leachability [9,11,12]. In order to convert these minerals into a
more reactive form, namely that in which the lithium atoms/ions are more accessible to
the extraction reagent, energy-intensive high-temperature treatments such as calcination
and sulfuric acid roasting are mandatory in most established processing routes [3,9,13].
During calcination at about 1000 °C, the monoclinic minerals lepidolite, a-spodumene,
and petalite transform into tetragonal $-spodumene (space group P4:2:2) which has a
lower density, a more open structure, and is therefore much more susceptible to leaching
especially when compared to a-spodumene [7,13,14].

In addition to conventional heating, microwave heating and mechanical activation
are also being considered as alternative pretreatment methods [12]. Especially, the use of
microwave-assisted heating enables faster and more energy-efficient production of {3-
spodumene but requires special furnaces including silicon carbide crucibles for rapid heat
transfer [12,15]. In particular, it has been shown that the mechanical activation of spodu-
mene, which includes ball milling in air and aqueous media, can lead to an increase in
specific surface area, a reduction in particle and crystallite sizes, and the formation of
amorphous phases, which are generally favorable conditions for achieving high leaching
rates [12,16,17]. Moreover, similar experiments on mechanical activation were performed
on lepidolite specimens which confirmed the results obtained for spodumene [11,18].

The industrial state of the art of processing has so far focused only on the compara-
tively low but economically important lithium content of these silicates while the main
constituents Al and Si have been neglected, resulting in 8 to 10 tons of leaching residues
per ton of Li2COs during sulfuric acid leaching of spodumene [9,19]. These findings have
encouraged authors to explore approaches that utilize the entire inventory of lithium min-
erals such as lepidolite [20], spodumene [21], or petalite [22] by alkaline leaching in high
pressure autoclaves. It is noteworthy that these processes are carried out without thermal
phase transformation under strongly alkaline conditions, usually hydrothermally in an
autoclave, to decompose the silicates and enrich lithium in the solution [22-24]. In addi-
tion, Lv et al. [20] and Xing et al. [21] employed the alkaline treatment for the parallel
synthesis of zeolites, while Qui et al. [25] produced KAISiOs as a zeolite precursor as
value-added by-products through the use of Al and Si derived from lithium silicate min-
erals. Especially, sodium zeolites such as hydrosodalites with the general formula
Nas+[ AleSicO24](OH)x-nH20 synthesized along alkaline routes are known for their special
properties in molecular sieving or selective adsorption, rendering them as potential ma-
terials for the removal of hazardous heavy metal ions in aqueous media or membrane
materials [26-28].

In a previous study, the authors already combined the approaches of mechanical ac-
tivation and alkaline decomposition by performing mechanochemical experiments on
lithium extraction and zeolite synthesis from end-of-life Li2O-Al:03-5iO2 glass-ceramics
[29]. There, the possibility of achieving high extraction efficiency with the combined ball
milling approach under rather mild conditions based on the use of NaOH and without
external temperature or pressure supply, which is common in autoclaves, was demon-
strated [29]. In the context of ongoing studies on lithium extraction and zeolite synthesis,
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this work investigated the transferability of the previous extraction route to the three most
common lithium silicate minerals: lepidolite, spodumene, and petalite.

2. Materials and Methods

Samples in this study include spodumene from the Sahatany pegmatite field in the
Vakinankaratra region of central Madagascar (acquired from MIKON Mineralienkontor
GmbH, Gleichen, Germany), lepidolite from the Bikita pegmatite near Masvingo, Zimba-
bwe, and petalite from the Luolaméki pegmatite close to Somero, Finland (acquired from
Rockhunter Handels UG, Waldalgesheim, Germany), which were investigated with re-
spect to lithium extraction and zeolite synthesis.

Pretreatment of the samples became necessary to obtain a fine and homogeneous
powder for the leaching experiments in which the lithium-bearing silicates were crushed
with a jaw crusher (Pulverisette 1, Fritsch, Idar-Oberstein, Germany), comminuted to a
fine powder with a disk mill (Pulverisette 9, Fritsch, Germany), and then sieved to a par-
ticle size of less than 500 um. Moreover, samples were additionally hand-picked after jaw
crushing to remove natural accompanying phases and altered sample parts as both could
influence further analyses and experiments.

Experimental procedures used during the mechanochemical investigations are de-
scribed in detail in one of our earlier publications on the recycling of end-of-life glass ce-
ramics [29]. In this work, the previous findings were extended to the three economically
most important naturally occurring lithium mineral sources: spodumene, lepidolite, and
petalite. During the mechanochemical experiments, the sample powders were milled in a
sodium hydroxide solution of varying concentrations (NaOH; Carl Roth, Karlsruhe, Ger-
many, 299%) using a planetary ball mill (Pulverisette 6, Fritsch, Germany) equipped with
a 250 mL vessel and grinding balls, both of which were made of stainless steel. In the scope
of this fundamental study, only the experimental parameters, namely the milling time and
NaOH concentration, were varied within well-known ranges to investigate their influence
on lithium extraction and zeolite formation, while other parameters such as the rotation
speed, ball-to-powder ratio (BPR), liquid-to-solid ratio (LSR), sample amount, and ball
size were kept constant at 600 rpm, 50 g/g, 10:1 mL/g, 10 g, and 10 mm, respectively,
throughout the study. After alkaline treatment in the ball mill, the resulting suspension
was separated into a lithium-rich liquid and solid sediment. In addition, the solid fraction
was washed with deionized water to remove adhering NaOH, dried at 85 °C for 48 h, and
finally homogenized using a mortar and pestle.

Desilication of the caustic solution after extraction became necessary as an interme-
diate step prior to lithium precipitation. The approach of Xing et al. [30] was chosen here
to remove aluminum and silicon by adding calcium oxide at 95 °C. Therefore, defined
amounts of calcium oxide (CaO; Carl Roth, 296%) were added to the preheated solution
in the molar ratios of 0.6, 0.8, 1.0, and 1.4 according to the CaO/SiO: ratio. After a total
time of 120 min, the solid residue was separated from the lithium rich solution, washed,
dried at 85 °C for 48 h, and then calcined at 900 °C for 30 min in a muffle furnace.

Precipitation and conversion of lithium compounds were achieved following the pro-
cedure of Mulwanda et al. [23]. During precipitation, small amounts of phosphoric acid
(HsPOs, 85%, Carl Roth, analytical grade) were added through a glass cannula to the pre-
heated caustic solution in a round bottom flask to produce lithium phosphate (LisPOs).
The amount used here corresponded to the molar ratios of 1.0:3.0; 1.2:3.0; 1.4:3.0; 1.6:3.0;
and 1.8:3.0 of phosphorus to lithium. After stirring for an additional 60 min, the solid
product was separated, washed several times with deionized water, and finally dried at
85 °C for 48 h. For the conversion into lithium hydroxide (LiOH-H20), 1.65 g LisPOs was
mixed with 50 mL deionized water in a reflux vessel with the addition of calcium hydrox-
ide (Ca(OH), Sigma Aldrich, Burlington, MA, United States, 99%) in a 1.8-fold molar ex-
cess, heated to a temperature of 60 °C, and held for 120 min. After the liquid—solid sepa-
ration, crystallization of the dissolved LiOH-H20 was initiated by evaporating the solution
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under an argon atmosphere which is required to avoid the interaction with carbon dioxide
from the air that would lead to the formation of lithium carbonate.

Adsorption experiments were conducted with synthetic wastewater samples contain-
ing two valent heavy metal ions Pb?, Cu?, Zn%, or Ni* to investigate the adsorption char-
acteristics of the zeolite by-products. For this purpose, single metal solutions of analytical
grade (Titrisol, Merck, Darmstadt, Germany) were diluted to a concentration of 100 mg/L.
In this study, the metal removal efficiencies were monitored for various adsorbent dosages
ranging from 1 g/L to 15 g/L by adding 50, 100, 150, 200, 300, 400, 500, 600, and 750 mg of
zeolite to 50 mL of wastewater. To ensure proper adsorption conditions, the suspensions
were shaken at room temperature (20 + 1 °C) in an overhead shaker at 10 rpm for 120 min
followed by liquid—solid separation by centrifugation.

Analytical methods include inductively coupled plasma optical emission spectrom-
etry (ICP-OES; Optima 8300 instrument, PerkinElmer, Waltham, MA, USA) which was
used to evaluate the extraction, desilication, precipitation, and adsorption experiments.
Prior to analysis, solid silicate samples required fusion with sodium peroxide (Na202;
Merck, 295%) in a zirconium metal crucible (HRT Fusion, Seevetal, Germany) and diges-
tion with hydrochloric acid (HCL; Merck, analytical grade). For the determination of the
loss of ignition (LOI) at 1050 °C, an STA 449 F3 Jupiter thermo-gravimetric analyzer (Ne-
tzsch, Selb, Germany) was selected. Powder X-ray diffraction (PXRD) using an X-ray dif-
fractometer (Empyrean, Malvern Panalytical, Malvern, UK) equipped with a cobalt
source, operating in Bragg-Brentano geometry at 40 mA and 40 kV, was utilized for phase
analysis of solid samples. During measurement, diffraction patterns were recorded for the
20 range of 10 to 75° using a scan speed of 0.006°/s and a step size of 0.013° and analyzed
by the software HighScore Plus (Malvern Panalytical, UK) including the inorganic crystal
structure database (ICSD; FIZ Karlsruhe, Karlsruhe, Germany). Fourier transform infra-
red (FT-IR) examinations were conducted on a Nicolet is50 spectrometer (Thermo-Fisher
Scientific, Waltham, MA, USA) across the wavelength range from 4000 to 400 cm™ using
KBr pellets (Carl Roth, analytical grade) to investigate changes in molecular bonding.
Therefore, 32 scans were performed for each sample with a resolution of 4 cm™. In addi-
tion, the Brunauer-Emmet-Teller (BET) method was applied to determine the specific sur-
face areas of the zeolite samples by measuring Nz adsorption/desorption at -196 °C on a
3Flex adsorption device (Micromeritics, Norcross, GA, USA). Therefore, the specimens are
preconditioned by outgassing using a Smart VacPrep (Micromeritics, USA) preparation
device at 200 °C for 720 min. Moreover, the morphological features and microstructure of
the synthesized zeolite samples were checked by scanning electron microscopy (SEM) us-
ing a Merlin SEM (Zeiss, Jena, Germany) while information on the chemical composition
was obtained by energy-dispersive X-ray spectroscopy (EDS) using an XMAX 80 detector
(Oxford, UK).

The extraction rate for lithium Rui [%] was calculated based on ICP-OES results ac-
cording to Equation (1) where C. [g/L] is the mass concentration of metal ions in the leach-
ate, Vo [L] is the leachate volume, m [g] is the sample mass, and w% [g/g] is the metal mass
fraction of lithium in the source materials.

Rui = (Co x Va)/(m x w%) x 100 1)

Characterization of the feed materials involves ICP-OES measurements (shown in
Table 1) indicating Li2O contents of 5.6 wt% (lepidolite), 7.3 wt% (spodumene), and 5.2
wt% (petalite) besides the main element’s silicon and aluminum. Moreover, the lepidolite
samples additionally show K20 and also Rb20 as main constituents, while the LOI value
of 3.0% indicates the presence of volatile compounds such as OH and F.
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Table 1. Chemical composition of the feed materials based on ICP-OES measurements and trans-

ferred into oxide values.

[wt%] Lepidolite Spodumene Petalite
AlLOs 23.8 27.3 16.2
CaO nn. n.n. 0.1
Fe20s 0.1 04 0.1
K20 12.3 0.2 0.4
Li2O 5.6 7.3 5.2
MnO 0.7 0.1 n.n.
Rb20 1.7 n.n. n.n.
SiO2 52.4 64.5 71.1
LOI 3.0 0.4 0.5

In addition, PXRD measurements (Figure 1) on the source materials yielded rather
pure mineral samples of lepidolite (PDF#98-003-0784), spodumene (PDF#98-028-0109),
and petalite (PDF#98-010-0348) with only minor natural cogenetic phases such as a-quartz
(PDF# 98-020-1354). Furthermore, traces of analcime (PDF#98-004-0451) were only de-
tected in petalite samples as a natural impurity which is consistent with data in the liter-

ature [31].
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Figure 1. PXRD patterns of the investigated feed materials lepidolite, spodumene, and petalite.

3. Results

Mechanochemical treatment combining ball milling of lithium silicates with alkaline
leaching were investigated since it is known from the literature that alkaline solutions are
able to extract lithium from aluminosilicate minerals such as lepidolite [20,23], spodu-
mene [21,24], and petalite [22] by decomposing their silicate structure. Moreover, they are
widely used for alkaline activation in the synthesis of zeolites [32]. Therefore, we studied
the combined approach in terms of lithium extraction and zeolite synthesis. In order to
study whether the promising experimental parameters of our previous work on Li2O-
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Al20s3-5i0: glass-ceramics are transferable to naturally occurring lithium silicates, several
ball milling experiments were performed. For this purpose, the NaOH concentration was
varied between 7 and 9 mol/L at different reaction times of 30, 60, and 120 min to study
their influence on lithium extraction and zeolite formation while the rotation speed, ball-
to-powder ratio, liquid-to-solid ratio, sample amount, and ball size were kept constant.
The overall results of the extraction experiments are summarized in Figure 2 where a lith-
ium extraction rate for lithium as a function of reaction time was calculated for each ex-
periment based on ICP-OES measurements according to Equation (1). As can clearly be
seen, there are significant differences in lithium extraction between the three minerals in-
vestigated. When lepidolite was used as a lithium source, the yield was generally the low-
est, reaching a maximum of 18.2% at 120 min using 7 mol/L NaOH while a slightly higher
yield of 28.4% was obtained when spodumene was processed with the same parameters.

100
—u— Petalite 7 mol/L
{—a— Petalite 9 mol/L
—u— Spodumene 7 mol/L
80 {—a— Spodumene 9 mol/L .
c\'_o' —=— |_epidolite 7 mol/L
'E' 1—a— Lepidolite 9 mol/L
'.g 60
[(8)
©
]
X
o
g 40
=
< m
5 //A
20 - —_—
i/. // 1
.—7"!
A
0 T T X T Y T ¥ T . I
20 40 60 80 100 120

Time [min]

Figure 2. Recovery rates for lithium extracted from the minerals petalite, lepidolite, and spodumene
at different reaction times using 7 or 9 molar concentrations of sodium hydroxide solution.

Surprisingly, the experiments with petalite yielded a remarkably higher extraction
efficiency than the corresponding trials with lepidolite or spodumene. It should be noted
that at a time of 30 min, the yield was only slightly higher, while at 60 and 120 min signif-
icantly higher values of 54.1 and 84.9% could be achieved. For the influence of the sodium
hydroxide concentration on extraction, there is no clear trend to report as there are only
minor differences between the 7 and 9 mol/L experiments.

XRD measurements on leaching residues were chosen to evaluate the effects of mech-
anochemical treatment on the degradation of the lithium-containing phases in addition to
ICP-OES analysis of the liquid samples. In the following (see Figures 3-5), only the dif-
fraction patterns of experiments at 7 mol/L are described since there were only subtle var-
iations between the two investigated sodium hydroxide concentrations.
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Figure 3. PXRD patterns of the leaching residues after mechanochemical treatment of lepidolite us-
ing 7 mol/L NaOH solution at different reaction times.

The results for the lepidolite samples shown in Figure 3 indicate no significant
changes in phase composition or the formation of new phases during ball milling experi-
ments conducted for up to 120 min. Furthermore, similar results were obtained for spod-
umene samples milled for only 30 or 60 min (see Figure 4), with no significant change in
the diffraction peaks monitored. In contrast, the mechanochemical treatment for 120 min
led to less intense diffraction peaks of spodumene and the formation of hydrosodalite
(SOD, PDF#98-003-6050), both of which can be interpreted as the first signs of a break-
down of the initial phase. Investigations on petalite samples (see Figure 5) showed the
appearance of hydrosodalite diffraction peaks after 60 min of milling, which became sig-
nificantly more intense as the reaction time increased to 120 min in parallel with petalite
peaks that became considerably weaker. Accordingly, these results indicate progressive
decomposition, restruction, and transformation of the parent petalite phase into a hydro-
sodalite zeolite while ball milling in alkaline media. These results are consistent with our
previous work using glass ceramics as a lithium source, where SOD was the dominant
zeolite phase along with zeolite N (LTN) using 7 or 9 mol/L NaOH [29]. On closer inspec-
tion, minor remnants of petalite were still present at 120 min, indicating that phase trans-
formation was not yet completed. In addition, traces of quartz and analcime occurred in
several diffraction patterns which can be attributed to inhomogeneities in the natural
source material.
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Figure 4. PXRD patterns of the leaching residues after mechanochemical treatment of spodumene
using 7 mol/L NaOH solution at different reaction times.
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Figure 5. PXRD patterns of the leaching residues after mechanochemical treatment of petalite using
7 mol/L NaOH solution at different reaction times.

FTIR spectroscopy was selected to determine changes in molecular bonding of alu-
minum and silicon during alkaline treatment with 7 mol/L NaOH solution at constant
milling parameters for different times. The resulting spectra shown in Figure 6 indicate a
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reorganization in molecular bonding after mechanochemical treatment. The first changes
became visible in the range of 1000 cm™ in the 60 min sample while the characteristic
stretching vibrations of petalite at 1223, 1084, and 1022 cm™ disappeared completely after
120 min, indicating a structural change. In this sample, SOD could be clearly identified by
its typical Si-O-T (T = Al, Si) stretching and bending vibrations at 993, 734, 706, and 663
cm™ in addition to the bending of oxygen bridges at 465 and 436 cm™. In general, FTIR
spectra obtained for petalite and hydrosodalite agree well with data in the literature and
support the PXRD measurements, both of which indicate the decomposition of petalite
and transformation into sodalite with progressive reaction times.

S ~
Start © o o
e
N -
(3]
= -
5
30 min

Absorbance [a.u.]

T T T T T T T T T
1400 1200 1000 800 600 400
Wavenumber [cm™]

Figure 6. FTIR spectra of petalite source material and leaching residues after mechanochemical treat-
ment using 7 mol/L NaOH solution at different reaction times.

The overall result of the alkaline mechanochemical treatment indicates Equation (2)
in which petalite is converted to basic hydrosodalite while lithium and fractions of silica
(represented by Si(OH)4) are leached into the liquor.

6 LiAl[Si14O10]s) + 8 NaOHg) + 38 H20¢ = NasAleSicO24(OH)2 - 2 H2Og) + 6 LiOHgag) + 18 Si(OH )4 (2)

SEM including EDS analysis were selected to examine the microstructure of the
leaching residues of petalite samples after 120 min of ball milling and to determine the
size, morphology, distribution, and local chemistry of the crystallites. As depicted in Fig-
ure 7, the sample consists mainly of intergrown isometric crystals with a size of about 200
to 800 nm, showing a pronounced dodecahedral habit and are mainly composed of Na,
Al, Si, and O (SEM-EDS) which are all known to be characteristic features of hydrosoda-
lites. In particular, the occurrence of pristine crystals with euhedral habits and sharp edges
was unexpected for a ball-milled sample indicating undisturbed crystallization during the
process. Remnants of unreacted petalite in the form of tiny cleavage lamellae and platelet-
shaped iron-containing fragments were also detected by SEM-EDS analysis, which is in
accordance with the PXRD measurements. Minor amounts of iron in the residues are at-
tributed to a slight abrasion during milling which is most pronounced in the spodumene
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samples (see Figure 4) as a result of its higher hardness. However, this had no effect on
the overall extraction process since iron is insoluble at high pH values.

Intensity [a.u.]
]

Al

1.0
Energy [keV]

1.5

Figure 7. SEM-SE images of leaching residues obtained under optimal conditions show (a) an unre-
acted petalite fragment within hydrosodalite crystals and (b) intergrown isometric hydrosodalite
crystals exhibiting a distinct dodecahedral habit, being mainly composed of Na, Al, Si, and O (SEM-
EDS), while small Cu signals originate from sample coating.

BET measurements were performed on both petalite starting material and samples
milled in 7 mol/L NaOH for different times, corresponding to Figures 5 (PXRD) and 6
(FTIR). As expected, the starting material displayed a low BET surface area of 1 m?/g, while
significantly higher values of 10, 12, and 19 m?/g were obtained with increasing time after
30, 60, and 120 min of ball milling, respectively. An explanation for the increase in N
adsorption capacity for the 30 and 60 min samples is related to the reduction in the particle
size associated with an increase in surface area, while conversion to a more porous zeolite
framework additionally contributed, which is particularly evident for the 120 min sample.

Reference experiments involving ball milling in water and regular leaching were con-
ducted on petalite samples to determine crystallite size without chemical side reactions
and to address the question of whether the use of ball milling is essential for lithium leach-
ing and/or zeolite formation. In this context, PXRD measurements on samples milled just
in water revealed a broadening of the diffraction peaks which were used to determine the
crystallite size (D) according to Scherer’s equation (Equation (3)), where K represents the
Scherrer constant, A the wavelength of the radiation, B the full width at half maximum
(FWHM) intensity, and © the Bragg angle.

D =K % A/(B*cos@) 3)

Calculations using the main diffraction peak at 27.765° assumed K= 0.9 (according to
Salakjani et al. [33]) to reveal a reduction in crystallite size to 1620 and 1480 A (compared
to a starting value of approximately 500 um) after milling for 60 or 120 min, respectively.
At the same time, ICP-OES measurements on water samples indicate a slight loss of lith-
ium of up to 143 mg/L, corresponding to an extraction of about 5.9%. The regular leaching
experiments without intensive milling were performed under parameters as for the mech-
anochemical trials, maintaining the concentration of NaOH, time, temperature, and LSR
at 7 mol/L, 120 min, 90 °C, and 10:1 mL/g, respectively, while the suspension was stirred
at 500 rpm. As expected, the extraction yield was much lower, reaching only 3.4%, while
PXRD data of the leaching residues confirmed this trend by revealing no significant
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changes in the diffraction pattern. Hence, as a result of the reference experiments, it can
be concluded that the ball milling process and the associated mechanical activation, in-
cluding the formation of new reactive surfaces, enables the effective reaction with the
caustic soda, which is apparently essential for effective lithium extraction in parallel with
zeolite formation.

Desilication became mandatory as an intermediate step due to the rather high silicon
content of 38.4 g/L in the petalite leachate, which generally facilitates the formation of by-
products during further processing. Considering that the desilication of similar solutions
using CaO had already been investigated by several authors [21,29], only different
CaO:5i02 ratios between 0.6 and 1.4 were tested in this study while the temperature and
stirring speed were kept constant. Experimental results (see Figure 8) show that most of
the Si was successfully removed after 30 min while a longer reaction time leads only to a
slight increase in yield, reaching a plateau at about 60 min.

100 -
A A
— 80 - —
°\° b, &
S
© 60 -
c
°
E 40 - —=—14
= Ca0:SiO, ratio ~—° 1.0
8 ——(0.8
20 —v—0.6
0 -
T T T g T ) ! ' !
0 30 60 90 120

Time [min]

Figure 8. Desilication of the leaching solution as a function of different reaction time using different
mass ratios of CaO:SiOx.

In terms of CaO consumption and removal efficiency, a CaO:SiOz ratio of 0.8 is pre-
ferred, with 94.6% of the Si removed after a period of no more than 60 min while a slightly
higher value of 95.1% was reached after 90 min time. In addition, ICP-OES measurements
of the solution after desilication revealed elemental concentrations of Al (0.1 g/L), Li (2.7
g/L), and Si (1.9 g/L), indicating constant lithium content, while significantly lower values
were obtained for Al and especially Si. In addition to analysis of the solution, PXRD stud-
ies of the precipitates (see Figure 9) revealed torbermorite (CasSisO16(OH)2-4H20; PDF#98-
008-7690) as the main phase after desilication, which forms according to Equation (4) and
transforms into wollastonite (Ca[SiOs]; PDF#98-020-1537) following Equation (5) when
calcined at 900 °C for at least 30 min. Wollastonite, in particular, is an advantageous by-
product since it offers numerous technical applications due to its high melting point and
fibrous to acicular structure, thus providing an additional benefit for the entire route [34].

6Si(OH), (aq) + 5Ca0 (s) = CasSiz0,4(0H), - 4H,0 1 +7 H,0 (aq) 4)
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Figure 9. PXRD patterns desilication by-products obtained after drying at 85 °C for 48 h and after
calcination at 900 °C for 30 min.

Precipitation of the dissolved lithium (approx. 3.0 g/L) as an easily handled com-
pound can be considered as one of the key factors of the whole process. Since the lithium
content in solution was too low for precipitation of Li2COs, it requires contents of 10 g/L
or more; the phosphoric acid approach [23] was chosen to precipitate LisPOs following
Equation (6), which has a remarkably low solubility of 0.38 g/L at 20 °C in comparison to
the well dissolvable sodium phosphate NasPOs (121 g/L at 20 °C).

3LiOH (aq) + H5PO, (aq) — LizPO, ! + 3H,0 (aq) (6)

Therefore, HsPOs was added to the leachate at a temperature of 90 °C and at different
P:Li ratios ranging between 1.0:3.0 and 1.8:3.0 to examine the influence of this parameter
on the lithium recovery and the composition of the obtained products shown in Table 2.
The recovery increased significantly with higher amounts of phosphoric acid and reached
its maximum at the ratio 1.8:3.0 with 91.1%.

Table 2. Lithium recovery and obtained products using different P:Li ratios.

P:Li Ratio Li Recovery (%) Product
1.8:3.0 91.1 LisPOs; Li2NaPOs
1.6:3.0 86.9 LisPOs; Li2NaPOs
1.4:3.0 81.2 LisPO4; Li2NaPOu«
1.2:3.0 72.9 LisPOu
1.0:3.0 76.7 LisPOs; Li2NaPOu

However, at higher P:Li ratios, mixed phosphates with orthorhombic nalipoite struc-
ture (Li2NaPOs) were formed in addition to LisPOs, as confirmed by PXRD (see Figure 10).
Since the purity of the precipitate is of great importance for further applications, a P:Li
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ratio of 1.2:3.0 is clearly preferred despite the comparatively low recovery of 72.9%, since
here, pure LisPOs was detected in the corresponding diffraction patterns.

o 0 + Li,PO, 0 NaLi,PO,
F P:Li ratio 1.8:3.0
0
S| 0 P:Li ratio 1.6:3.0
S, *
2|81
2|l® : P:Li ratio 1.4:3.0
0
g
= o *
- | §- § J * . »
- *
N P:Li ratio 1.2:3.0
i LA L O 0
8 7] *
| = * * *
) T M R s o o\ PiLiratio1.0:3.0
i T T T T T T T v
10 20 30 40 50 60

2 Theta [°]

Figure 10. PXRD pattern of different phosphates after precipitation using different P:Li ratios.

It should be mentioned that the absolute yield is not that important since the spent
liquor still has a high pH, which potentially allows reuse in another extraction process
after adding fresh NaOH, with the added benefit that unprecipitated lithium remains in
circulation. However, the formation of mixed Na-Li phosphates, especially at higher P:Li
ratios, has already been mentioned by several authors and is generally a challenge due to
the low lithium-sodium ratio in the liquor [20,23,29]. In addition, it is worth mentioning
that the optimal ratios at which pure LisPOs could be obtained vary slightly between au-
thors, from 1.2:3.0 to 1.6:3.0, which may be due to different Na:Li ratios in the different
approaches [20,23,29].

In general, lithium phosphate is versatile as a precursor for the synthesis of Li-Fe
phosphate cathode materials or lithium-based compounds such as carbonates or hydrox-
ides, which are currently in high demand [23,35,36]. In the following section, the conver-
sion of lithium phosphate to lithium hydroxide is shown using calcium hydroxide, which
acts as a phosphate collector in accordance with Equation (7).

3Li3PO, ) + 5Ca(OH); ) = ILiOH(eq) + Cas(PO,);0Hq) | @)

To confirm this reaction, PXRD measurements were chosen to reveal the presence of
hydroxylapatite (Cas(PO4)sOH, PDF#98-008-1442) besides non-converted Ca(OH):
(PDF#98-007-3467) in the precipitates (see Figure 11), while lithium hydroxide initially
remained in solution and may be obtained after crystallization in the form of LiOH-H20
(PDF# 98-003-5155).
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Figure 11. PXRD patterns of hydroxylapatite by-product and lithium hydroxide obtained after com-
plete crystallization of the solution.

Since apatite is one of the most commonly used P sources for fertilizers [37], it can be
considered as a value-added by-product within this process. When assessing the purity of
the hydroxide, PXRD showed traces of Na2COs-H:0 (PDF#98-000-6293) while ICP-OES
indicated minor impurities of Na and Ca, resulting in an overall purity of 99%, since C is
not detectable by this method. In particular, because of its high affinity for COs, crystalli-
zation in an inert atmosphere is essential to avoid the formation of Li2COs during this final
precipitation step.

Adsorption experiments on synthetic wastewater samples containing heavy metal
ions were adopted to investigate the sorption behavior of the synthesized zeolite by-prod-
uct. Therefore, a removal efficiency was calculated for each experiment based on ICP-OES
results and plotted in Figure 12 as a function of zeolite dosage.

The removal efficiency for all metal ions significantly increased with rising zeolite
dosage, as expected. Here, the excellent sorption of Pb? is most noticeable as 99.7% was
adsorbed already at 2 g/L whereas a nearly complete adsorption of Cu?, Zn?%, and Ni*
requires higher dosages of at least 6 or 8 g/L, respectively. Comparing the obtained results
(see Table 3) with similar studies of He et al. [38], Esaifan et al. [26], and Necke et al. [29]
using hydrosodalites or related zeolites at the same dosage of 6 g/L, it is observed that the
sorption of Cu? and Pb? is generally preferred, reaching removal efficiencies between 90
and 100%.

Table 3. Removal efficiencies [%] for divalent heavy metal ions in synthetic wastewater solutions at
a zeolite dosage of 6g/L.

[%] This Work Necke et al. [29] Esaifan et al. [26] He et al. [38]
Pb2+ 99 99 99 100
Cu* 100 100 90 95
Ni2+ 92 100 54 65

Zn** 100 86 62 -
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Figure 12. Removal efficiency (%) for divalent heavy metal ions of Pb, Cu, Zn, and Ni in synthetic
wastewater solutions as a function of zeolite dosage (g/L).

An explanation for the rather high sorption of Pb and Cu can be rationalized by dif-
ferent ionic radii which significantly control the mobility of the heavy metal ions within
zeolite pores and channels. Therefore, sorption would be expected in the order Pb?* > Ni?*
> Cu? > Zn* corresponding to hydrated ionic radii of 4.01, 4.04, 4.19, and 4.3 A [26,38,39],
respectively, which is consistent with the experimental results for Pb and Cu. In the case
of Ni, ionic radii may also play a role but here the initial pH of the water is of considerable
importance, as reported by He et al. [38] who studied the sorption behavior at different
pH values. Therefore, the high sorption of nickel in this work (92%) and our earlier study
(100%) may be related to the slightly higher pH of 5.8 which is quite close to the full ad-
sorption potential of nickel at pH 6 [38]. Besides the ionic radii and the initial pH of the
solution, it can be assumed that the different synthesis routes for hydrosodalites, e.g., hy-
drothermal vs. mechanochemical as well as the different starting materials such as fly ash
[38], low-grade kaolin [26], LAS glass-ceramics [29], or petalite (this study) can influence
the resulting sorption behavior due to differences for instance in particle size and/or spe-
cific surface. In conclusion, this type of adsorption is clearly the result of a cation exchange
(e.g., Pb? vs. 2 Na*) within the zeolite structure which is possible since the hydrated radius
of Na* (5.6 A) [40] and its charge are similar to the heavy metal ions studied here.

4. Discussion

When comparing the ICP-OES and the PXRD data, a clear trend becomes visible, in-
dicating that effective lithium extraction only takes place if it is possible to decompose the
parent phase by intense mechanical and/or chemical forces. An explanation of a much
higher leachability and reactivity of petalite compared to spodumene or lepidolite during
the experimental investigations can be given by a closer look at the crystallographic fea-
tures. Comparing the crystal structure at the unit cell level (see Figure 13), it is obvious
that petalite is generally less densely packed than lepidolite and a-spodumene, having a
more open three-dimensional network structure which is generally advantageous for the
leaching process.
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Figure 13. Idealized crystal structures on the unite cell level of the investigated minerals (a) lepido-
lite, (b) spodumene, and (c) petalite. The grayish colored areas indicate the most important cleavage
planes within the structures while the orientation of the unit cell is given next to each structure.
Notably, the figures were created using VESTA 3 employing atomic radii [41].

Moreover, apart from the lower packing density of petalite, Li* and Al**reveal a tet-
rahedral rather than octahedral coordination in addition to a lower refractive index and a
lower birefringence when petalite is compared to lepidolite or spodumene (see Table 4)
[42,43]. In addition, atomic packing calculations by Welsch et al. [44] gave an ionic porosity
of Z = 43.5 for a-spodumene; whereas, studies on petalite samples resulting in a much
higher value of Z = 57.8 suggest a much more open crystal structure which is in general
favorable for lithium leaching. Indeed, evidence for higher lithium mobility in petalite
could be given by Effenberger et al. who replaced lithium against hydrogen using concen-
trated H2SOs at 300 °C for 90 h to prepare Li/H-exchanged petalite (HA1SisOw) for struc-
tural investigations [45].

Table 4. Selected physical and optical properties of investigated minerals [46-48].

Lepidolite Spodumene Petalite
Density [g/cm?] 2.84 3.18 24
Refractive Indices na 1.530 1.648-1.661 1.504
Refractive Indices nf3 1.551-1.556 1.655-1.670 1.510
Refractive Indices ny 1.555-1.559 1.662-1.679 1.516
Birefringence 0.025-1.559 0.014-0.018 0.012
Coordination of Li 6 6 4

In addition to packing and bonding within the unit cell, the activation of specific
cleavage planes within the silicate minerals by intensive ball milling is considered to be a
crucial factor for lithium release during mechanochemical treatment.

In lepidolite (see Figure 13a), a typically layered phyllosilicate, the relatively strong
bonding forces of Si-O and Al-O within the tetrahedral layer and the tight bonding to the
octahedral layer are responsible for the perfect cleavage between the layer packets along
(001), where the relatively large K* cations are located for charge balance while Li* is
bound to the octahedral layer replacing part of the Al** [49]. In consequence, mechano-
chemical treatment of the lepidolite samples results in cleavage along the 001 plane, pref-
erentially leaching K*, while Li* remained trapped in the octahedral layer, resulting in an
extraction rate of 32.0% for K while at the same time only 18.2% of Li was extracted.

In contrast, the crystal structure of the inosilicate spodumene (see Figure 13b) con-
sists of parallel chains of [SiO4]-tetrahedra and [AlOs]-octahedra which both run in the
direction of the c-axis and are connected by corners while Li* cations fill gaps within the
structure [49]. Spodumene exhibits perfect cleavages along the (110) and (1-10) directions
and intersects at an angle of 87° which is a characteristic feature of the entire pyroxene
group [49]. Ball milling of spodumene is expected to lead to the activation of both cleavage
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systems, resulting in the breaking of several bonds which only slightly increases the leach-
ability of lithium. However, since lithium has a 6-fold coordination in spodumene, this
effect is negligible which can be confirmed by the experimental results indicating a low
extraction rate of 28.4% for lithium even under the most intense conditions.

The crystal structure of petalite (see Figure 13c) consists of a three-dimensional ar-
rangement of TOu tetrahedra (with T =Li; Al or Si) connected by corners sharing one oxy-
gen [50]. Due to the perfect arrangement of cations on certain crystallographic planes, pet-
alite can also be considered as a phyllosilicate built up of folded [SisO10] layers perpendic-
ular to (001) connected by LiOs and AlOs tetrahedra [50]. Particularly noteworthy is the
tetrahedral coordination of Al* and Li* [43] which distinguishes petalite from lepidolite
and spodumene. The perfect cleavage of petalite runs exactly parallel to these sheets and
perpendicular to (001) where the weakest bonds in the structure are expected to be pre-
sent. During the mechanochemical treatment, petalite crystals are preferentially cleaved
along this direction, leading to new surfaces containing Li sites, which, in addition to the
more open petalite framework and the lower coordination of Li, are essential for success-
ful lithium extraction, reaching 84.9% under optimum conditions.

The overall results for the processing of petalite in the context of mechanochemical
lithium extraction are summarized in a flow chart (see Figure 14) containing both the op-
timum experimental parameters and the yields achieved.

Petalite

chem|sty Hydrosodalite

o weo, »Fm ¢
<ca<omz)-»mm»<@

Mechanochemistry  Desilication Precipitation Transformation
NaOH 7 mol/L Ca0:Sio, P:Li LisPO,4:Ca(OH),
120 min =08 =1.2:3.0 =1.0:1.8
L:S =10 ml/ig 60 min 60 min 120 min
Rate 84.9 % Rate 94.6 % Yield 72.9 % Purity 99.0 %

Figure 14. Flowchart of the mechanochemical extraction of lithium from petalite.

5. Conclusions

In this work, we investigated the transferability of our previously established mech-
anochemical route for lithium extraction to the three most common lithium silicate min-
erals: lepidolite, spodumene, and petalite. The insights gained from these investigations
were as follows.

Experimental results show that petalite is much more suitable for the alkaline mech-
anochemical approach than spodumene or lepidolite, resulting in a substantial lithium
extraction of 84.9% and almost complete conversion to hydrosodalite after 120 min of ball
milling in alkaline media. An explanation for the higher reactivity under these circum-
stances is related to special features of the petalite crystal structure which include less
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dense packing and the activation of cleavage planes along lithium sites during ball mill-
ing.

After mechanochemical leaching of petalite, 60 min of desilication of the caustic so-
lution at a CaO:5iOz2 ratio of 0.8 already resulted in a silica removal of 94.6%, whereas, the
lithium content was not affected. In addition, wollastonite was recovered as a value-added
by-product by this intermediate step. Subsequently, lithium was precipitated as pure
LisPOs by adding HsPOs in a P:Li ratio of 1.2:3.0 where a yield of 72.9% was achieved.
Finally, the conversion of LisPOs to LIOH-H20 with a high purity of 99% was demon-
strated using Ca(OH)z.

Hydrosodalites obtained as a by-product of petalite leaching exhibit a relatively high
specific surface area up to 18.5 m?/g and excellent sorption efficiency for Cu?* (100%), Zn2*
(100%), Pb?* (99.1%), and Ni?* (92.5%) at a dosage of 6 g/L when used to treat synthetic
wastewater samples.

The results obtained during this study encourage the authors to extend the described
mechanochemical route for the recovery of lithium from end-of-life batteries in the future.
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