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Abstract: An enhanced leaching of Li from α-spodumene was carried out using a mixture of hydrofluoric and sulfuric acid 
(HF/H2SO4) as the medium. Based on the optimized leaching conditions, the leaching kinetics of Li was investigated in an 
ore/HF/H2SO4 ratio of 1:3:2 g:mL:mL with leaching temperature ranging from 50 to 100 °C. The results indicate that the leaching 
kinetics of Li fitted well with a model based on the shrinking core model. In addition, the leaching rate of Li was controlled by 
chemical reactions and diffusion through the product layers. The apparent activation energy Ea was calculated to be 32.68 kJ/mol. 
Solid films were formed because of the generation of insoluble products such as cryolithionite (Na3Li2Al2F12), cryolite (Na3AlF6), 
calcium fluoride (CaF2), potassium cryolite (K2AlF5), aluminum fluoride (AlF3), and fluorosilicates (Na2SiF6 or KNaSiF6). 
Furthermore, the effects of the ore/HF ratio and leaching temperature on the leaching behavior of Li, Al and Si were investigated. 
The results indicate that the ore/HF ratio and leaching temperature could clearly affect the distribution of HF molecules on the 
leaching of Li, Al and Si, which are important for the selective leaching of Li over Al and Si with this fluorine-based chemical 
method. 
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1 Introduction 
 

Lithium is considered to be a strategic and 
exceptional element in the preparation of novel energy 
materials for electric vehicles and portable devices 
because of its fascinating and rechargeable electro- 
chemical properties [1,2]. The wide application of Li in 
ceramics, glass and pharmaceutical fields has also driven 
the rapid development of efficient processes to extract 
lithium [3−5]. 

Traditionally, the extraction of lithium is often 
emphasized from some brine deposits or some 
commercial ore resources containing Li [3−7]. 
Spodumene, which has theoretical formula LiAlSi2O6, 
has been widely employed to produce high-purity lithium 
products because of its high lithium content (up to 8.03% 
Li2O). However, spodumene usually exists as α phase, 
which is resistant to most chemicals. Consequently, 
pre-treatments such as calcination have often been 
performed at temperatures over 1000 °C to transform 

α-spodumene into a much more reactive β phase, which 
has resulted in a large consumption of energy [8−11]. 

Here, a novel process with a fluorine-based 
chemical method was proposed to extract lithium from 
α-spodumene without pre-calcination for phase 
transformation [12,13]. Combined with the high 
efficiency of the sulfuric acid method, a hydrofluoric and 
sulfuric acid (HF/H2SO4) mixture was employed to leach 
lithium from α-spodumene and theoretically investigate 
the reaction mechanism of the fluorine-based chemical 
method, because the HF molecules were the main 
reaction forms [14,15]. 

A series of leaching experiments were conducted, 
aiming to optimize the leaching conditions of Li. Then, 
the leaching kinetics of Li was investigated based on the 
optimal conditions. Empirical models were employed to 
determine the steps controlling the leaching of Li. 
Moreover, the obtained residues and corresponding 
lixiviums were analyzed to understand the leaching 
behavior of α-spodumene in HF/H2SO4. Leaching 
behaviors of some typical elements such as Li, Al and Si 
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were also investigated for different ore/HF ratios 
(1:1−1:3 g/mL) and leaching temperatures (50−100 °C). 
The kinetics investigation aims to reveal the mechanism 
of α-spodumene involved in HF/H2SO4, which is 
important for the selective leaching of Li over Al and Si 
with this fluorine-based chemical method. 
 
2 Experimental 
 
2.1 Materials and chemicals 

The concentrate α-spodumene ore was sampled 
from Greenbushes, Australia, and contained 5 wt.% Li2O. 
Analyses of other major elements were carried out by 
X-ray fluorescence (XRF) and the results are listed in 
Table 1. The ore sample was first ground and then sieved 
with a particle size <75 µm to carry out the leaching 
experiments. 
 
Table 1 Elemental analysis result of concentrate ore of 

α-spodumene (wt.%) 

Si Al Li O Na K Ca Fe 

32.63 11.43 2.56 41.04 0.35 0.68 0.45 0.54

 

X-ray diffraction (XRD) analysis (Fig. 1) of the 
concentrate ore indicated that the ore mainly consists of 
α-spodumene (LiAlSi2O6) and is also associated with 
slight albite (NaAlSi3O8) and quartz (SiO2). 
 

 

Fig. 1 XRD pattern of α-spodumene ore sample 

 
The chemicals used, HF (40%) and concentrated 

H2SO4 (98%), were both of analytical grades. The 
concentrated sulfuric acid was pre-diluted with an equal 
volume of deionized water. 
 
2.2 Procedures 

The leaching experiments were performed in a 
closed Teflon crucible, equipped with a magnetic stirring 
device and heated by an oil bath. About 10 g of the ore 
sample was first added into the crucible and then stirred 

continuously with 1:1 H2SO4 and deionized water. Once 
the desired temperature was reached, the HF was 
immediately added while still stirring the solution for a 
certain leaching time. Then, water-leaching was 
subsequently performed to stop the reaction and obtain 
kinetics data for different leaching time. The obtained 
lixivium and insoluble residues were analyzed separately 
to reveal the leaching behavior and further determine the 
leaching kinetics of lithium. 
 
2.3 Analytical methods 

L was introduced to determine the leaching 
efficiency of lithium, which was calculated using Eq. (1). 
Similarly, leaching efficiencies of silicon and aluminum 
were also determined. In addition, the percentage of 
insoluble residues (R) was introduced using Eq. (2) to 
evaluate the generation of the insoluble solid phase: 
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where Qm is the concentration of Li in lixivium, mg/L; V 
is the volume of lixivium, mL; more is the mass of the 
sampled ore, g; w is the mass fraction of lithium in ore 
sample; mres is the mass of insoluble residues obtained, g. 

The lithium contents were determined by atomic 
absorption spectroscopy (AAS−6800, Shimadzu). Other 
major elements in lixivium were analyzed using an 
inductively coupled plasma atomic emission 
spectrometer (PS−6, Baird). The elemental analysis of 
the solid phases was determined by XRF (ZSX Primus II, 
Rigaku). XRD analysis (D/max−2550, Rigaku) was 
employed to determine major compositions of the solid 
phases. The morphological changes were observed using 
a field-emission scanning electron microscope (MIRA3 
LMU, TESCAN), which was equipped with an 
energy-dispersive X-ray spectrometer (EDS; X-Max 20, 
Oxford Instruments). Fourier-transform infrared 
spectroscopy (FTIR, IRAffinity−1, Shimadzu) with a 
frequency range of 400−4000 cm−1 was employed to 
reveal the interaction of lattices in the ore sample or 
insoluble residues. Nuclear magnetic resonance (NMR) 
analyses were performed by a Bruker AM400 
spectrometer to determine the compositions of lixivium 
by analyzing the chemical environments of 27Al and 19F. 
 
3 Results and discussion 
 
3.1 Optimal conditions for leaching 

A series of leaching experiments were conducted 
under different conditions, including various ore/HF 
ratios (1:1.5−1:3.5 g/mL), ore/H2SO4 ratios (1:1−    
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1:3 g/mL), leaching temperatures (50−125 °C), and 
leaching time, to establish a suitable leaching process to 
maximize the leaching of lithium and utilization of HF 
during the acid treatment employing HF/H2SO4 as the 
medium. The results in Fig. 2 indicate that more than 
96% of lithium could be leached under optimized 
conditions: ore/HF/H2SO4 ratio of 1:3:2 (g/mL/mL), 
100 °C for 3 h with a fixed stirring speed of 150 r/min. A 
detailed explanation can be found in our previous 
investigation [13]. 

It was found from the optimal investigation that the 
leaching of Li was affected much more significantly by 
the ore/HF ratio and the leaching temperature than the 
ore/H2SO4 ratio and leaching time. Detailed effects of the 
ore/HF ratio and leaching temperature on the leaching 
were further investigated by analyzing the leaching 
behavior of some typical elements such as Li, Al and Si. 
 
3.2 Leaching behavior of Li, Al and Si 
3.2.1 Effect of ore/HF ratio 

The above-mentioned experiments show that the 
ore/HF ratio plays a dominant role in the leaching 
process, which also affects the generation of insoluble 
products such as cryolithionite (Na3Li3Al2F12), cryolite 

(Na3AlF6), and AlF3 or fluorosilicates (Na2SiF6 or 
KNaSiF6). Thus, the leaching behavior of elements Li, Al 
and Si was investigated under different ore/HF ratios, 
which is important for the efficient utilization of HF and 
selective leaching of Li over Al and Si. 

The results in Fig. 3 indicate that the leaching 
efficiencies of Li, Al and Si clearly increase with the 
ore/HF ratio. However, the leaching efficiency 
differences between Li and Al gradually merge with the 
addition of HF. While the differences of Si over Li and 
Al are still clear because of the different reactivity of 
Si−O, Li−O, and Al−O in the lattice of α-spodumene, it 
is more difficult to destroy the less reactive [SiO4], 
resulting in an incongruent leaching of Li and Al over  
Si [16]. This incongruent leaching leads to siliceous 
residues, which could be verified by further XRD and 
SEM−EDS analyses of the obtained insoluble residues. 
3.2.2 Effect of leaching temperature 

The leaching temperature, another important  
factor, clearly affects the reaction, especially for the 
reactivity of HF molecules and the diffusion of Li. The 
results in Fig. 4 indicate that the differences among the 
leaching of Li, Al and Si merge with the increase in 
temperature. 

 

 
Fig. 2 Effect of different factors on leaching of lithium from α-spodumene using mixed acid HF/H2SO4: (a) Ratio of HF/ore;      

(b) Leaching temperature; (c) Ratio of H2SO4/ore; (d) Leaching time 
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Fig. 3 Effect of ore/HF ratio on leaching rate of Li, Al and Si 

(ore/H2SO4 ratio 1:2 g/mL, 100 °C, stirred at 150 r/min):     

(a) 1:3 g/mL; (b) 1:2 g/mL; (c) 1:1 g/mL 

 

However, more Li could be converted into lixivium at 
higher temperatures. The selective leaching of Li and Al 
over Si is enhanced at 100 °C compared to 75 °C, which 
can be attributed to the increasing generation of K2SiF6 
or Na2SiF6, resulting in a decrease in retention of Si in 
liquid. 

To briefly summarize, the ore/HF ratio and leaching 
temperature clearly affect the leaching behavior of Li, Al 
and Si because of the effects on the distribution of HF 

molecules to attack Li—O, Al—O or Si—O. Then, the 
incongruent leaching of Li and Al over Si takes place, 
which is important for the selective leaching of Li and 
subsequent purification of lixivium. 
 

 

Fig. 4 Effect of leaching temperature on leaching of Li, Al and 

Si (ore/HF/H2SO4 ratio 1:3:2 (g/mL/mL), stirred at 150 r/min):  

(a) 100 °C; (b) 75 °C; (c) 50 °C 

 
3.3 Analysis of leaching under optimal conditions 
3.3.1 Leaching of lithium under optimal conditions 

To further understand the leaching behavior, 
leaching experiments under optimal conditions were 
conducted at 100 °C in the ore/HF/H2SO4 ratio of   
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1:3:2 (g/mL/mL) for different leaching time. The results 
in Fig. 5 indicate that the leaching rate of lithium 
increases with the leaching time; 96% of Li and <10% of 
R are obtained. 
 

 

Fig. 5 Leaching of lithium from α-spodumene under    

optimal conditions (ore/HF/H2SO4 ratio 1:3:2 (g/mL/mL), 

100 °C, 150 r/min) 

 
3.3.2 XRD analyses of insoluble residues 

The disappearance of characteristic peaks in Fig. 6 
indicates that α-spodumene and albite are gradually 
dissolved while the typical peaks of quartz remain, 
indicating that the preferential dissolving of 
α-spodumene and albite over quartz occurs and results in 
a certain selective leaching of Li over Si. Moreover, 
peaks of some insoluble fluorides can be seen as the 
leaching progresses. The XRD analyses indicate that 
most of the major phases of the insoluble residues remain 
constant from 30 min to 3 h, indicating that the extension 
of the leaching time slightly affects the leaching process. 
To maximize the leaching of Li and minimize the 
generation of insoluble residues, 3 h was employed based 
on the above-mentioned investigation in Section 3.1. 
3.3.3 SEM−EDS analyses of insoluble residues 

The SEM images in Fig. 7 indicate that clear 
morphology changes occur during the leaching process. 
The original flat surfaces and regular edges of the ore 
sample gradually turn into porous and irregular residues, 
which results from the selective attacking of HF 
molecules onto the preferential sites located on the 
mineral surfaces or edges. In addition, some insoluble 
fluorides are generated on the surfaces. Combined with 
the XRD analyses (Fig. 6), some fluorides (cryolite 
(Na3AlF6), cryolithionite (Na3Li3Al2F12), CaF2, K2AlF5, 
and AlF3) and fluorosilicates (Na2SiF6 or KNaSiF6) are 
determined. These morphology changes are important for 
understanding the leaching process and determining the 
controlling steps in the kinetics investigation, as 
discussed in Section 3.4. 

 

 
Fig. 6 XRD patterns of residues obtained at different   

leaching time under optimal conditions (ore/HF/H2SO4 ratio 

1:3:2 (g/mL/mL), 100 °C, 150 r/min): (a) Ore sample; (b) 15 

min; (c) 180 min 

 
3.3.4 FTIR analyses of insoluble residues 

Compared to the FTIR spectra of the ore sample in 
Fig. 8, the M—O bonds at 462.82 cm–1 (M represents Li, 
Al, Ca or other metal atom) dramatically decrease in the 
insoluble residues [17,18]. The broad peaks at 778.25 
and 623.13 cm–1 can be attributed to the generation of  
Si—F—Si [19,20] and AlIV—F, respectively [17]. In 
addition, the 1088.92 cm–1 peak corresponds to the 
remaining stretching vibration of Si—O in the partially 
dissolved mineral particles [17]. The peaks at 1648.81 
and 3177.07 cm–1 are attributed to the bending and 
stretching vibration of vOH and H2O [17], respectively, 
resulting from the moisture property of 2

6SiF .  
Moreover, the H+ introduced by H2SO4 increases     
the amount of Si—OH and Al—OH by protonation, as  
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Fig. 7 SEM−EDS images of residues under optimal conditions for different leaching times: (a, b, c) Ore sample; (d, e) 15 min;     

(f, g, h) 30 min; (i) 180 min 

 

 

Fig. 8 FTIR spectra of ore sample and insoluble residues under 

optimal conditions for different dissolution time: (a) Ore 

sample; (b) 15 min; (c) 180 min 

shown in Fig. 9 [14]. Further, the 1706.32 cm–1 peak can 
be assigned to the formation of Na3AlF6 [18]. 
3.3.5 27Al and 19 F NMR analyses of lixivium 

The 27Al NMR in Fig. 10 indicates that Al in the 
lixivium is mainly presented as tetra- (near 80×10−6) or 
hexa-coordinate aluminum (near zero). However, the 
resonances slightly shift between 15 and 180 min 
because of the rapid exchange between F– and other 
ligands such as H3O

+ [21,22]. As the leaching progresses, 
the coordinated Al gradually shifts from the tetra- 
coordinate to the six-coordinate because of the different 
substituted degrees of F–. 

The 19F NMR spectra of the lixivium for 15 and  
180 min in Fig. 11 are the same. The decrease in 
intensity at 180 min is due to the consumption of HF 
molecules for further reaction. The F in lixivium mainly 



Hui GUO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 407−415 

 

413
 

 

 
Fig. 9 Protonation of bond lattices by introduced H+ (M represents Si, Al or other metal elements) 

 

 

Fig. 10 27Al NMR spectra of obtained lixivium under   

optimal conditions (ore/HF/H2SO4 ratio 1:3:2 (g/mL/mL), 

100 °C): (a) 180 min; (b) 15 min 

 

 

Fig. 11 19F NMR spectra of obtained lixivium under    

optimal conditions (ore/HF/H2SO4 ratio 1:3:2 (g/mL/mL), 

100 °C): (a) 180 min; (b) 15 min 

 
exists as HF/F–, 6SiF ,  and some complex groups 

3AlF ,n
n
 n=1, 2, 3, … , 6 [21−23]. The major 

compositions of F in lixivium are consistent with the 
analyses of the corresponding insoluble residues. 
 
3.4 Kinetics analyses 
3.4.1 Leaching kinetics of lithium 

A previous investigation of the acidizing of 
sandstone using HF/HCl revealed that the process 
seemed to fit well with the Freundlich adsorption 
isotherm equations, and no insoluble products were 
generated [14]. However, insoluble fluorides such as 

cryolite (Na3AlF6), cryolithionite (Na3Li3Al2F12), CaF2, 
K2AlF5, AlF3 and fluorosilicates (Na2SiF6 or KNaSiF6) 
are clearly observed in this investigation. In addition, the 
spodumene composition is clearly different from that of 
the sandstone, which is mainly composed of carbonate 
minerals. Here, an intensive investigation was carried out 
on the leaching kinetics of lithium from α-spodumene in 
HF/H2SO4. 

Based on the optimal leaching conditions, the 
kinetics data under different leaching temperatures   
(50, 75 and 100 °C) were obtained (Fig. 12(a)) with an 
ore/HF/H2SO4 ratio of 1:3:2 g:mL:mL and a fixed 
stirring speed of 150 r/min. The investigations of the 
leaching kinetics could allow for the determination of the 
controlling steps and evaluation of the effects of different 
factors on the leaching of Li, which is important for 
understanding the leaching behavior and providing 
theoretical constructions for further industrial 
applications of this fluorine-based chemical method. In 
addition, the distribution curve of particle size in     
Fig. 12(b) (D50=6.03 µm, D75=12.45 µm, D90=22.56 µm) 
was determined using a laser particle size analyzer 
(LS-POP(6), Omec). The leaching kinetics of lithium in 
Fig. 12(a) shows that the leaching efficiency clearly 
increases from 0 to 30 min and then increases slightly 
from 30 to 180 min. 
3.4.2 Model analyses 

The process of α-spodumene ore involved in 
lixiviant HF/H2SO4 can be divided into several steps: (1) 
diffusion of HF molecules and H+ onto active sites of the 
mineral surfaces, (2) further reaction with Si—O and  
Al—O, protonated by H+, and (3) generation of products 
and diffusion of Li+ from the particle surface/product 
layer into the bulk solution. Meanwhile, other metal ions, 
K+, Al3+, etc., can also be leached into the bulk solution 
with the destruction of the lattice. Here, this dissolution 
process can be treated as a liquid–solid pseudo- 
heterogeneous reaction system. Empirical equations 
based on the shrinking core model with different 
mechanisms were employed to fit the leaching kinetics 
data of lithium, aiming to determine the steps controlling 
the leaching rate of lithium [24−26]. 

Chemical reaction is 
 
1−(1−x)1/3=kt                                (3) 
 

And diffusion through product layer is 
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Fig. 12 Kinetics of lithium leaching from α-spodumene in HF/H2SO4: (a) Kinetics at different temperatures; (b) Particle size 

distribution; (c) Fitting results of leaching kinetics data; (d) Arrhenius fitting results 

 

1−3(1−x)2/3+2(1−x)=kt                         (4) 
 

However, the fitting results indicate that the kinetics 
in this leaching system does not fit well with Eqs. (3) and 
(4). Thus, a developed model based on the shrinking core 
model was employed, assuming that the reaction rate is 
controlled by a chemical reaction at the surface and 
diffusion through the product layers [26,27]: 
 
1/3ln(1−x)−[1−(1−x)−1/3]=kt                     (5) 
 

The results in Fig. 12(c) indicate that the developed 
model of Eq. (5) actually fits well with the leaching rate 
of Li, indicating that the leaching rate of Li is controlled 
by chemical reactions occurring at the surface and 
diffusion through the insoluble product layers. Moreover, 
the apparent energy is calculated to be 32.68 kJ/mol  
(Fig. 12(d)), verifying the fact that the leaching of 
lithium is controlled by chemical reactions and diffusion 
through the product layers (14−40 kJ/mol) [28]. 
 
4 Conclusions 
 

(1) About 96% of Li was effectively leached from 
α-spodumene in a HF/H2SO4 medium under optimized 
conditions: ore/HF/H2SO4 ratio 1:3:2 (g/mL/mL) at 

100 °C for 3 h. 
(2) A model developed from the shrinking core 

model: 1/3ln(1−x)−[1−(1−x)−1/3]=kt, was suggested to 
describe the leaching kinetics of Li, which indicated that 
the leaching rate of Li is controlled by chemical reactions 
and diffusion through the solid product layers because of 
the formation of insoluble fluorides: cryolithionite 
(Na3Li2Al2F12), cryolite (Na3AlF6), calcium fluoride 
(CaF2), potassium cryolite (K2AlF5), aluminum fluoride 
(AlF3), and fluorosilicates (Na2SiF6 or KNaSiF6). 

(3) The selective leaching of Li over Al and Si was 
affected by the ore/HF ratio and leaching temperature via 
the influence of the distribution of HF molecules on the 
leaching of Li, Al and Si. 
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摘  要：基于单因素条件实验结果，对 α 型锂辉石在混酸介质 HF/H2SO4中不同温度下的浸出动力学进行系统研

究。结果表明：在矿物/HF/H2SO2比 1 g : 3 mL : 2 mL、50~100 °C 条件下，锂的浸出过程符合缩核动力学模型，

浸出速率主要由表面化学反应以及产物固膜扩散共同控制，表观活化能 Ea为 32.68 kJ/mol。对固相不溶渣及浸出

液组成的分析结果显示：固膜的形成主要由浸出过程中不溶氟化物，如锂钠冰晶石(Na3Li2Al2F12)、钠冰晶石

(Na3AlF6)、氟化钙(CaF2)、钾冰晶石(K2AlF5)、氟化铝(AlF3)及少量氟硅酸盐(Na2SiF6、KNaSiF6)的生成所致。此

外，氢氟酸添加量及浸出温度可通过影响 HF 分子在浸出锂、铝和硅间的分配而影响浸出过程的选择性。 
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