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Abstract: Lithium is a significant energy metal. This study focuses on the extraction of lithium from
lithium-bearing clay minerals utilizing calcination combined with oxalic acid leaching. The relevant
important parameters, leaching kinetics analysis, and the lithium extraction mechanism were deeply
investigated. The results demonstrate that a high lithium recovery of 91.35% could be achieved under
the optimal conditions of calcination temperature of 600 °C, calcination time of 60 min, leaching
temperature of 80 °C, leaching time of 180 min, oxalic acid concentration of 1.2 M, and liquid-to-solid
ratio of 8:1. According to the shrinkage core model, the leaching kinetics of lithium using oxalic
acid followed a chemical reaction-controlled process. XRD, TG, and SEM analysis showed that
the kaolinite, boehmite, and diaspore phases in raw ore transformed into corundum, quartz, and
muscovite phase in calcination products when the calcination temperature was higher than 600 °C.
Moreover, the expansion of the interlayer spacing of minerals during the calcination process could
promote the lithium release. During the leaching process, lithium present in the layered silicates
was efficiently recovered through ion exchange with the dissociated H* from oxalic acid. This study
could provide a promising guide for lithium extraction from lithium-bearing clay minerals.

Keywords: lithium extraction; clay minerals; calcination; oxalic acid leaching

1. Introduction

Lithium holds vital significance as an indispensable constituent within rechargeable
batteries, fuel cells, and electronic devices [1]. The escalating production of electric vehicles
poses a potential increase in demand for lithium resources in the forthcoming decades [2].
Lithium was traditionally recovered from brine, pegmatite lithium mines, and sedimentary
lithium mines [3]. As a potential lithium resource, lithium-bearing clay minerals have
recently attracted great attention and could be used to provide a promising strategy to meet
the lithium demand [4].

Currently, lithium extraction methods from lithium-bearing clay minerals include
direct leaching, chlorination-sulphuration, and assisted roasting leaching [5]. It has been
shown that direct water leaching yields a low lithium extraction rate of less than 1%, while
direct sulfuric acid leaching could achieve an 89% of lithium extraction rate with the con-
sumption of 0.56 kg of sulfuric acid per kilogram of lithium-bearing clay minerals, leading
to issues of equipment corrosion and high cost [6]. The chlorination-sulphuration method
involves the use of significant amounts of harmful gases and can extract 85.8% of lithium
when consuming 0.45 kg of SO, per kilogram of lithium-bearing clay minerals. However,
this method suffers from poor operability and safety issues [7]. In contrast, the assisted
roasting leaching method has gained widespread application in lithium extraction from
clay minerals owing to its simplicity and high extraction rate. For example, by using 50 g
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of calcium sulfate as an assisting agent, a high lithium extraction rate of 72% could be yield
under the conditions of 100 g of lithium-bearing clay minerals, 1000 °C of temperature, and
4 h of time [5]. However, the addition of assisting agents increases the amount of residue
remaining after leaching, making waste residue disposal more challenging. To address
this issue, Hannian Gu et al. [8] studied lithium extraction from lithium-rich aluminum
clay ores and directly calcined the raw ores without adding assisting agents at 500 °C and
600 °C, followed by leaching with sulfuric acid. The resulting lithium extraction rates were
72.34% and 73.61%, respectively. Wencai Zhang et al. [9] conducted a leaching experiment
using 1.2 M hydrochloric acid at a reaction temperature of 75 °C. The lithium recovery from
clay minerals was less than 10%. However, after combination of calcination at 600 °C, the
lithium recovery significantly increased to 70%-80%. Evidently, calcination treatment can
effectively activate lithium-bearing clay minerals, making lithium exchangeable. Moreover,
compared to assisted roasting, calcination is generally conducted at lower temperatures
without additional assisting agents, which is beneficial for green production.

This research focuses on lithium extraction from lithium-bearing clay minerals utiliz-
ing the calcination-leaching method. Conventional inorganic acids, such as sulfuric acid
and hydrochloric acid, are known for their high corrosiveness and the potential release
of harmful gases, such as Cl,, SO3, and NOx, during the leaching process [10]. Therefore,
this study employed oxalic acid, an organic acid, as the leaching agent. Furthermore,
the produced lithium oxalate is one of the raw materials that can be used in the prepara-
tion of the high-performance lithium battery electrolyte, lithium difluoro(oxalato)borate
(LiODEFB) [11]. At the same time, lithium oxalate itself can also be utilized as a cathode
material for lithium storage batteries. The influence factors, kinetics, and the mechanisms
involved in the calcination and leaching processes are thoroughly investigated.

2. Materials and Methods
2.1. Materials

The lithium-bearing clay minerals were taken from Yunnan Province, China. As shown
in Figure 1, this mineral primarily comprised chlorite, kaolinite, diaspore, muscovite, and
boehmite, with a minor proportion of anatase. The predominant chemical composition
comprised 0.75% of LiyO, 48.36% of Al,O3, 28.53% of SiO;, 2.53% of Fe,O3, and 10.11%
of KzO
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Figure 1. XRD result of the lithium-bearing clay minerals.
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2.2. Experiments

During the calcination-leaching experiments, 150 g of mineral samples ground with
a cone ball mill (XMQ-240*90, Jiangxi WKD, Ganzhou, China) were placed in a muffle
furnace (KSL-1200X, Shanghai Yiheng, Shanghai, China) and calcinated for a certain time at
various temperatures. Then, the calcinated samples were put into the oxalic acid solution
for leaching at a certain condition. After leaching and filtration, the residue and filtrate
could be obtained. The lithium concentration in filtrate was measured using an inductively
coupled plasma emission spectrometer (ICP-OES, SPECTRO BLUE). The lithium recovery
was calculated using Equation (1).

= Z—‘fy % 100% (1)

where 7 represents the lithium recovery, v represents the volume of the filtrate, p represents
the lithium concentration in the filtrate, m represents the mass of the raw ore, y represents
the lithium content in the raw ore. The tests were conducted in triplicate, and thus, the
results presented in this work are average values with the standard deviation.

2.3. Characterization

The thermal properties of raw ore were investigated using a thermogravimetric an-
alyzer (STA 8000, perkinelmer, Waltham, MA, USA). Samples were heated from 20 to
800 °C at 10 °C/min with a heating rate in dry oxygen flow of 40 cm?/min. The crystalline
structure of the sample was studied using X-ray diffraction (X'Pert3 POWder, PANalytical
B.V., Almelo, The Netherlands). The Cu Ko radiation, nickel filter, and an energy-dispersive
one-dimensional array detector were employed, and the scanning rate was set at 8°/min
over a range of 20 from 5° to 80°. The XRD instrument operated at 40 kV and 40 mA. The
surface morphology of the sample was characterized using a scanning electron microscope,
with the SEM HYV set at 15.0 kV (TESCAN MIRA3, TESCAN, Brno, The Czech Republic).

3. Results and Discussion
3.1. Calcination Process

The influences of calcination temperature and calcination time were investigated, and
the results are shown in Figure 2. The clay mineral samples were calcined for 60 min at
temperatures of 400 °C, 500 °C, 600 °C, 700 °C, and 800 °C, as shown in Figure 2a. The
lithium recovery at calcination temperatures of 400 °C and 500 °C showed a low value of
4.28% and 8.96%, respectively. Notably, when the calcination temperature was raised to
600 °C, the lithium recovery exhibited a significant increase to 78.01%, which was then
stable when the calcination temperature increased further. This is because the elimination
of adsorbed and interlayered water dominated at a low temperature while a substantial
change in clay minerals properties, such as structural transformation, occurred at a high
temperature of 600 °C [12], making it more favorable for lithium extraction. Therefore,
the liberation of lithium from the lithium-bearing clay mineral was predominated at a
relatively high temperature, and the calcination temperature of 600 °C is determined.

Figure 2b shows the results of calcination of lithium-bearing clay minerals at a tem-
perature of 600 °C for 30 min, 60 min, 120 min, 180 min, and 240 min. It can be observed
that the calcination time has little influence on the lithium recovery. The lithium recovery
remained stable in the calcination time range from 30 to 240 min. This may be attributed
to rapid lithium release from the layered structure of calcinated clay minerals [13]. The
calcination time of 60 min is determined.
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Figure 2. Effect of (a) calcination temperature and (b) calcination time on lithium recovery from
clay minerals.

3.2. Leaching Process
3.2.1. Effect of Stirring Rate

The effect of stirring rate at different leaching times on the lithium recovery from clay
minerals is shown in Figure 3, under the conditions of an oxalic acid concentration of 1.2 M,
a liquid-to-solid ratio of 8:1, and a leaching temperature of 90 °C. It can be observed that
when the stirring rate ranged from 300 rpm to 1200 rpm, the lithium recovery remained
stable at approximately 68% at a leaching time of 60 min, and at about 90% at a leaching
time of 180 min. Agitation can bring adequate interaction and reaction between the lithium-
bearing clay minerals and the oxalic acid solution [14]. Nevertheless, it is indicated that
augmenting the stirring speed cannot enhance the leaching rate much, and instead, it led
to a greater energy consumption [15]. A stirring speed of 300 rpm can achieve sufficient
reaction efficiency. Therefore, the stirring rate is determined to be 300 rpm.

100
80 [
= 60 -
> 60 min
St 120min
S 180min
e 40 240min
L 300min
20 oxalic acid concentration:1.2 M
leaching temperature:90°C
i liquid-solid ratio:8:1
| 1 I | | I 1 | I 1 1 I 1 1 | 1 1
200 400 600 200 1000 1200 1400

Stirring rate /rpm

Figure 3. Effect of stirring rate on the lithium recovery from clay minerals.
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3.2.2. Effect of Oxalic Acid Concentrations

The influence of oxalic acid concentration on lithium recovery is shown in Figure 4. It
can be observed that, as the oxalic acid concentration increased from 0.4 mol/L to 1.5 mol/L,
the lithium recovery gradually increased and remained stable when the leaching time was
lower than 2 h. When the leaching time was more than 2 h, the lithium recovery rapidly
increased, and then grew slightly as the oxalic acid concentration increased from 0.4 to
1.5 mol/L. Since oxalic acid can dissociate in aqueous solution according to the following
equations [16], elevating the oxalic acid concentration facilitates the dissociation of H,
which consequently promotes the leaching of lithium. In comparison, similar lithium
recovery was obtained at oxalic acid concentrations of 1.2 mol/L and 1.5 mol/L. Therefore,
the optimal oxalic acid concentration is determined to be 1.2 mol/L. Additionally, extending
leaching time can help to enhance the lithium recovery. It can be seen that the lithium
recovery increased from 60.62% at a leaching time of 1 h to 88.26% at a leaching time of
4 h, when the oxalic acid concentration was 1.2 mol/L. This is probably because the longer
leaching period offered ample opportunity for intermolecular interactions and chemical
reactions, facilitating the release of more lithium ions from the structure of lithium-bearing
clays, which in turn boosts the efficiency of lithium extraction [16].

HyCy04 <+ HY + HG,0; K1 = 5.6 x 1072 2)
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Figure 4. Effect of oxalic acid concentration on the lithium recovery from clay minerals.

3.2.3. Effect of Liquid-Solid Ratio

Figure 5 illustrates the impact of the liquid-solid ratio on the lithium recovery during
leaching process. It is evident that the lithium recovery exhibited a general upward trend
with increasing liquid—solid ratio, and kept steady when the liquid-solid ratio was more
than 5:1. The lithium recovery reached to 91.35% under the optimal condition of liquid—
solid ratio of 8:1 and leaching time of 180 min. Moreover, increasing the liquid—solid
ratio can effectively shorten the equilibrium time for lithium recovery. Since elevating the
liquid-solid ratio promotes the dissolution of lithium from clay ore, offering ample reaction
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space for interaction with oxalic acid and improving the rate of lithium leaching [17].
Nonetheless, excessively high liquid—solid ratios can yield a barely significant improvement
in the lithium recovery and result in additional wastage of the oxalic acid. Therefore, the
optimal liquid—-solid ratio was determined to be 8:1.

100
r’fﬁr
80
%‘? 60} i i A
b ry
g - | —+—60 min
3 - 120 min
e 401 | —e— 180 min
—»— 240 min
i +— 300 min
2or oxalic acid concentration: 1.2M
L | leaching temperature: 80°C
|]||||I||||I||||I||||I||||I||

2 4 6 8 10
Liquid-solid ratio

Figure 5. Effect of liquid-solid ratio on lithium recovery from clay minerals.

3.2.4. Effect of Leaching Temperature

The effect of leaching temperature at different leaching times on the lithium recovery
is shown in Figure 6. The lithium recovery exhibited a direct correlation with increasing
leaching temperature. The lithium recovery rose rapidly with the increase in leaching
temperature. In particular, the rise in leaching temperature could enhance the leaching
efficiency. At leaching temperatures of 50 °C and 60 °C, the lithium recovery after 180 min
of leaching time reached between 37.61% and 58.87%, respectively. Further increasing
leaching temperature to more than 80 °C, the lithium recovery significantly elevated and
then remained stable. This is probably because the temperature during the leaching process
typically influenced both the rate of the leaching reaction and the rate of diffusion [18]. As
the temperature rose, the energy associated with particle agglomeration also increased,
thereby improving the capacity to disrupt or attenuate the crystal lattice within the min-
eral [19]. This resulted in a greater number of molecules possessing kinetic energy that met
or surpassed the threshold of the activation energy, consequently accelerating the leaching
process and improving the rate of lithium extraction per unit of time [20]. Furthermore,
a rise in temperature led to an increased molecular thermal motion rate, which, in turn,
quickened the dissociation of oxalic acid. This process facilitated a greater exchange of
H* ions with Li* ions within the lithium-bearing clay minerals, effectively extracting Li*
from the silicate layers. Therefore, the temperature of 80 °C was selected as the optimal
condition, at which the lithium recovery could reach to 91.35%.
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Figure 6. Effect of leaching temperatures on the lithium recovery from clay minerals.

3.2.5. Leaching Kinetics

The leaching process of calcined lithium-bearing clay minerals using oxalic acid is
a regular heterogeneous liquid-solid non-catalytic reaction. The calcined clay minerals
were selectively leached as they reacted with oxalic acid, and a certain amount of solid
residue was produced during the leaching process. According to the kinetic principle of
hydrometallurgy, when some minerals in the raw materials cannot be leached and solid
products are formed, a shrinking core model was used to reveal the reaction type of this
leaching process. The following steps are often considered in the leaching process in
heterogeneous models: (1) diffusion through the solid product layers (internal diffusion
control); (2) control of the reaction by the surface chemistry (chemical reaction control);
(3) control of mixed reactions. The rate equations for chemical, diffusion, and mixed
reactions are given using Equations (4)—(6), respectively.

1—(1—a)b = kit (4)

2 2
1-Za—(1-0)° =kt ®)
%ln(l — )+ (1 — @) 5 —1=kst 6)

in which « represents the lithium leaching rate (n (%)), t is the leaching time (h), and
k1,k>, ks are all rate control constants.
The chemical reaction equation for the leaching process is shown in Equation (7).

LiO + HyCy04 = LinCo04 + Hy0. AG = —228.702K] (353K) 7)

The experimental data on leaching at various oxalic acid concentrations and tempera-
tures were fitted with the kinetic equation mentioned above. The plots of the fitting curve

forl—(1— 0()%, 1—2a—(1— vc)%, and 1In(1 —a) + (1 - tx)’% — 1 over time at various
oxalic acid concentrations using the governing equation of chemical reactions (4)~(6) are
depicted in Figure 7. And Table 1 displays the rate control constants and correlation coeffi-
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cients for the various models. As illustrated, the chemical reaction control model exhibited
overall a higher regression coefficient R? than that of the internal control diffusion and the
external control diffusion. The control step in the process of determining the oxalic acid
leaching of lithium from calcined clay minerals at oxalic acid concentrations of 1.2~1.5M
was chemical reaction control.

0.55
(a) T ® 04My=0.0748x +0.1594 3
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Figure 7. Graph of the relationship between the fitted model and time at different oxalic acid concen-
trations: (a) chemical reaction control, (b) internal diffusion control, and (c) mixed reaction control.
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Table 1. The rate control constants and correlation coefficients for dynamic models at each oxalic

acid concentration.

Chemical ReactionlControl

Internal Diffusion Cozntrol

Mixed Reaction Control

Oxalic Acid 1-(1-a)s 1- 20— (1—a)s Hn(1—a)+(1-0) 75 -1
Concentration/(M)
k1 R? ks R? k3 R?
0.4 0.0748 0.987 0.0317 0.979 0.0498 0.962
0.7 0.0702 0.985 0.0305 0.988 0.051 0.981
1.2 0.1221 0.961 0.0567 0.948 0.1324 0.867
1.5 0.1077 0.977 0.0493 0.966 0.1032 0.908

The plots of the fitting curve for 1 — (1 — a)%, 1— %tx -(1- uc)%, and %ln(l —a) +

1 . . , . . .
(1 —a)~3 — 1 over time at various temperatures using the governing equation of chemical

reactions (4)~(6) are depicted in Figure 8. And Table 2 displays the rate control constants
and correlation coefficients for the various models. As illustrated, the chemical reaction
control model exhibited a higher regression coefficient R? than that of the internal control
diffusion and the external control diffusion at the temperature of 333~353 K. The control
step in the process of determining the oxalic acid leaching of lithium from calcined clay
minerals at 333~353 K was chemical reaction control.
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Figure 8. Cont.
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Figure 8. Graph of the relationship between the fitted model and time at different temperatures:
(a) chemical reaction control, (b) internal diffusion control, and (c) mixed reaction control.

Table 2. The rate control constants and correlation coefficients for dynamic models at each

temperature.
Chemical ReactionlControl Internal Diffusion Cozntrol Mixed Reaction Conltrol
Temperature/(K) 1-— (1 — a)§ 1-— %a — (1 — a)§ %ln(l — a) + (1 — l)()7§ -1
k1 R? k» R? ks R?
323 0.0163 0.973 0.0037 0.983 0.0029 0.987
333 0.0431 0.977 0.0152 0.966 0.0147 0.949
353 0.1485 0.960 0.0698 0.948 0.1907 0.857
363 0.137 0.995 0.0665 0.994 0.228 0.963

3.3. Lithium Extraction Mechanism

The thermal properties of the lithium-bearing clay minerals and phase transformation
during the calcination process at various temperatures of the lithium-bearing clay mineral
were investigated using the DTA-TGA (Figure 9a) and XRD analysis (Figure 9b). As shown
in Figure 9a, the initial mass loss of about 1% occurred at around 77 °C, which can probably
be attributed to the removal of adsorbed water from the clay mineral [21]. The clay mineral
underwent a considerable weight reduction in the temperature range of 400 °C to 600 °C,
exhibiting the most substantial rate of weight loss at 522 °C [22]. The substantial mass loss
of 10% at 522 °C was associated with the release of structural water from the interlayers [21].
And then the interlayer cations migrated to the vacant positions created by -OH groups to
satisfy their coordination requirements [23]. A total weight loss reached 12.89% at 796 °C.
As shown in Figure 9b, the phases composition of the samples calcined at 400 °C and
500 °C remained relatively unchanged compared with the raw ores, involving chlorite,
boehmite, kaolinite, diaspore, and muscovite. As the calcination temperature increased to
600 °C, the peak intensity for kaolinite, boehmite, and diaspore diminished, accompanied
by the formation of corundum, quartz, and muscovite. This may result from the solid phase
transformation during the calcination process, according to Equation (8).

4LiAly(Siz Al)O,y(OH)g = 4LiAl(SiO3)y + Aly(SiO3)3 4+ 7ALO3 + SiO; + 16H,O  (8)
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Figure 9. (a) DTA-TGA of the raw ore and (b) XRD results of the raw ore and products obtained after
calcination process.

During the leaching process, the phase composition of the samples obtained under
the condition of various oxalic acid concentration was studied, and the results are shown
in Figure 10. As illustrated, the samples obtained at different oxalic acid concentrations
shared similar mineral compositions. This is probably because the calcinated ore comprised
mainly muscovite, quartz and corundum phases, which cannot react with oxalic acid
during the leaching process. Also, it could indicate that, during the leaching process, the
dissociated H* from oxalic acid engaged in ion exchange with the Li* present in the layered
silicates [24]. The surface morphology of the raw ore, calcinated ore, and the leaching
residue was investigated, and the results are shown in Figure 11. It can be seen that the
layered silicate structure of the calcinated clay minerals was destroyed during the leaching
process, but the crystal aggregation occurred after leaching process [25]. This is because the
Li* present on the surface of the separated silicate mineral layers was leached out through
ion exchange, and some oxalate ions were adsorbed on the surface of clay minerals [26],
promoting the aggregation of mineral grains.

* 0——quartz Y——muscovite
] * 0 *  Sk—corundum @——anatase
v O ® *

Intensity

26 /(°)

Figure 10. XRD results of the calcined ore and leaching residue under various oxalic concentration
conditions.
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— Sum —S5um

Figure 11. SEM images of (a) the raw ore, (b,c) calcined ore at 600 °C, and (d) leaching residue
obtained under optimal conditions.

The results of the lithium extraction mechanism from lithium-bearing clay minerals
are illustrated in Figure 12. During the calcination process, the layered structure of the clay
mineral underwent partial destruction. Due to the expansion of the interlayer spacing of
minerals during the calcination process, lithium can be released more easily. During the
leaching process, the dissociated H* from oxalic acid engaged in ion exchange with the Li*
present in the layered silicates, resulting in the extraction of lithium from lithium-bearing
clay minerals.

removal of adsorbed water i
and structural water "o Li*
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Figure 12. Schematic diagram of the calcination-leaching process for lithium extraction from lithium-
bearing clay minerals.
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4. Conclusions

This study achieved a high recovery of lithium (91.35%) from a lithium-bearing clay
mineral in Yunnan Province, China, under the optimal condition of calcination temperature
of 600 °C, calcination time of 60 min, leaching temperature of 80 °C, leaching time of
180 min, oxalic acid concentration of 1.2 M, and liquid—solid ratio of 8:1. According to the
shrinkage core model, the leaching kinetics of lithium using oxalic acid followed a chemical
reaction-controlled process.

TG analysis showed a substantial mass loss of 10% at 522 °C, which was associated
with the release of structural water from the interlayers. According to the XRD analysis,
the calcination process plays a crucial role in disrupting the layered structure of the clay
mineral, leading to the phase transformation from kaolinite, boehmite, and diaspore in
raw ore to corundum, quartz, and muscovite in calcination products. During the leaching
process, the minerals phase hardly changed, and thus the lithium present in the layered
silicates was efficiently recovered through ion exchange with the dissociated H* from oxalic
acid. This study presents a novel approach involving a sequential process of calcination
followed by organic acid leaching, which holds significant implications for the lithium
extraction from lithium-bearing clay minerals.
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