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Abstract: The leaching process and kinetic behavior of lepidolite in hydrochloric acid were explored systematically. The
influence of leaching conditions on the leaching efficiency of valuable metals in lepidolite was investigated. Under
optimized conditions, the leaching efficiencies of Li, K, Rb, Cs and Al are 92.02%, 93.31%, 88.59%, 86.75% and 81.07%,
respectively. Kinetics research results show that the leaching process conforms to the shrinking core model that is under
the mixed control of chemical reaction and diffusion through the solid product layer. In addition, the contribution of solid
product layer diffusion to the leaching gradually expands as the temperature rises, but it is still significantly less than the
contribution of chemical reaction. Cost saving in the neutralizing agent and leaching processes makes hydrochloric acid
an economical leaching agent for lepidolite. Finally, the Li,CO;3 product with a purity of 99.89% was synthesized from

the hydrochloric acid leachate.
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1 Introduction

Lithium is the lightest metal and exhibits unique
physical and chemical properties [1,2]. Lithium
chemicals are now widely used in batteries, medicine,
lubricants, ceramics, and glass [3—5]. Implementing
the global carbon neutrality strategy promotes the
continuous development of rechargeable lithium-ion
batteries and drives the ever-growing demand and
consumption for lithium chemicals [6,7]. As such,
the annual growth rate of lithium consumption is
expected to be 15% to 30% in the next few decades,
and is predicted to reach as high as 1.6x10%t of
Li,COs equivalent by 2030 [8,9]. Therefore, it is

essential to develop lithium extraction technology to
satisfy the demand for lithium consumption.

The identified global lithium resources are
89x10°t of Li>COs based on the latest data from the
U.S. Geological Survey (USGS) [9]. The primary
lithium resources include surface or underground
brine, lithium-bearing hard rock ores and clay
minerals [10]. The brine lithium resources account
for 78% of the total global lithium resources, and
more than 60% of lithium products are extracted
from brine lithium due to the lower costs [11,12].
However, as the demand for lithium production
continues to expand, lithium-bearing hard rock ores
have also become the raw materials for lithium
extraction [13]. Brine contains 0.06%—0.15% Li [14],

Corresponding author: “Jie-xi WANG, Tel: +86-731-88836633, E-mail: wangjiexikeen@csu.edu.cn

https://doi.org/10.1016/S1003-6326(25)67010-5
Received 3 July 2024; accepted 4 March 2025

1003-6326/© 2026 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


http://www.tnmsc.cn/
https://www.sciencedirect.com/journal/transactions-of-nonferrous-metals-society-of-china
mailto:wangjiexikeen@csu.edu.cn
https://doi.org/10.1016/S1003-6326(25)67010-5

Song-lin LIU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 974—987 975

the spodumene LiAlSi»Os contains 6.0%—7.5% Li,
and lepidolite (K(Li,Al)3(Al,S1)s010(F,OH)2) contains
3.3%—7.74% Li[15—18]. Spodumene has the highest
purity of hard rock ores, and lepidolite contains more
valuable elements, such as Rb and Cs [19]. Generally,
Rb is separated from lepidolite during lithium
extraction [20] since it has no independent mineral
so far.

The processes for extracting lithium from all
types of lithium-bearing solid minerals mainly include
pyrometallurgy and hydrometallurgy [21—23]. The
primary step of pyrometallurgy is roasting, which
causes phase transfer of the minerals to obtain
soluble lithium. Then, water or acid leaching is
adopted to obtain a lithium-containing leaching
solution [13]. The pyrometallurgy is generally
divided according to the type of roasting additives,
which include sulfuric acid, lime, and sodium/
potassium/calcium salts [24,25]. As roasting
additives, sodium/potassium/calcium salts can
effectively improve the extraction efficiency of
rubidium and cesium from lepidolite. The
hydrometallurgy is divided into alkaline and acidic
leaching processes according to different leaching
agents, and it is divided into high-pressure and
normal-pressure processes according to various
operating conditions [26].

Roasting-leaching and direct acid leaching
are the main methods for extracting lithium from
minerals. The roasting-leaching process has a high
extraction efficiency with short reaction time [27].
The sulfuric acid roasting-leaching is a traditional
and typical process for spodumene. It begins
with calcining for converting a-spodumene to f-
spodumene at 1373 K. Then, the f-spodumene is
roasted with an excess of concentrated H,SO, at
473-523 K. Finally, a solution containing lithium
sulfate is obtained by water leaching [28]. Although
this process is suitable for most lithium-containing
minerals, it consumes a large amount of energy with
significant sulfur-containing gas emission, which is
not in line with policies for achieving global carbon
neutrality and environmental protection [29,30].

Direct acid leaching is conducive to extracting
valuable elements with low energy consumption
from minerals with high amounts of Si and waste
rock tailings, and it dramatically reduces the
emission of gas pollutants [31-33]. Researchers
have studied the sulfuric acid leaching method to
extract valuable elements from lepidolite [34]. For

lepidolite with a high content of impurities such as
Al Fe, Ca, and F, sulfuric acid leaching will consume
a large amount of leaching agent, and the high
concentration of residual acid in the leaching
solution will expend a mass amount of neutralizing
agent [35]. Hydrochloric acid is easy to recycle after
leaching due to the easy volatilization of HCI, and it
can solve the problem of large acid consumption
[26,36,37]. It also reduces the concentration of
residual acid in the leaching solution and the burdens
of subsequent neutralization processes. However,
there are no reports on the direct use of hydrochloric
acid to leach various elements from lepidolite and its
kinetic characteristics.

In this work, the effect of hydrochloric acid
direct leaching on the extraction of valuable
elements from lepidolite minerals was studied by
optimizing the factors of reaction time, temperature,
initial HCI solution concentration, liquid/solid ratio
(L/S), and particle size. Through analyzing the
influence of the above factors on lithium leaching
efficiency, the leaching kinetics of Li from lepidolite
was studied using a constrained multiple linear
regression analysis method. The economic
estimation results of the leaching-neutralization
process confirm the advantages of hydrochloric acid
as the leaching agent. Finally, a high-purity Li»CO;
was synthesized using a multi-step precipitation
method, demonstrating the practical application
potential of the hydrochloric acid leaching of
lepidolite. The element extraction effect from
lepidolite by hydrochloric acid and the leaching
kinetics of lithium were analyzed, which helped to
develop new strategies to process lepidolite minerals.

2 Experimental

2.1 Materials

The raw material lepidolite used in this study
was obtained from southern China. It was ground in
a ball mill before being used as the samples for the
leaching tests. The chemical compositions of the
lepidolite are listed in Table 1. The contents of Li, Rb,
and Cs in lepidolite are low, and the contents of Si,
Al, K and F are high. The phase compositions of the
lepidolite are presented in Figs. 1(a) and (b). The raw
material contains primarily lepidolite (K(Li,Al)3-
(ALS1)4010(F,OH),), quartz (SiO;) and albite
(NaAlSizOs). The SEM—-EDS results of typical
areas in lepidolite as shown in Figs. 1(c) and (d) are
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Table 1 Chemical compositions of raw lepidolite (wt.%)

Li Na K Rb Cs Al

F Ca Si Fe Mn Others

2.12 1.25 6.50 1.21 0.20

14.26

4.46 0.14 23.70 0.13 0.24 45.79
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Fig. 1 Characterization results of lepidolite: (a) XRD pattern; (b) FTIR spectrum; (c, d) SEM—EDS results

consistent with the results of the chemical analysis.
All chemical reagents used in the experiments are
analytical grade, and all solutions are configured
with deionized water.

2.2 Experimental procedure
2.2.1 Leaching

The leaching experiment was carried out in a
three-neck round bottom flask connected with a
condenser pipe and agitated by a mechanical stirrer.
The reactor was placed in a constant-temperature oil
bath with an automatic temperature control system.
All the experiments were conducted in batches with
100 g lepidolite. Firstly, a certain amount of HCI
solution with a designed concentration was added to
the reactor. Then, the solution was heated under
stirring. 100 g of lepidolite was added to the reactor
for a leaching reaction when the temperature of
the leach solution reached the set value. At certain
intervals, 2 mL of the slurry was taken out and

filtered to analyze the concentration of elements
and calculate the leaching efficiency. A graduated
syringe with a filter device was used in the
experiment to ensure that the original L/S in the
slurry was not changed after sampling. After reaction,
the slurry was separated by vacuum filtration, and
the leaching residue was dried in an oven at 393 K
for 4 h.
2.2.2 Neutralizing and impurities removal

After recovering HCl by evaporation and
calcination [26], a NaOH solution with a
concentration of 6 mol/L was added to the mother
liquor at a dropping speed of 2 mL/min and aged for
60 min at a temperature of 333 K and a stirring speed
of 300 r/min for neutralization and impurity removal.
Then, a NaxCOs solution with a concentration of
2.12 mol/L was added to the filtrate, and the molar
amount of CO; was equal to that of Ca®" in the
filtrate. Finally, the Ca-removed solution was
obtained by filtrating.
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2.2.3 Precipitation of Li,CO;

A NaxCOs solution with a concentration of
2.12 mol/L was firstly placed in the reactor and
heated to 368 K. Then, the above-mentioned Ca-
removed solution was added at a rate of 5 mL/min.
After controlling the equimolar amount of Na and Li,
the solution was aged for 60 min. Finally, the residue
was washed three times with ultrapure water in
countercurrent flow, and dried in an oven at 393 K
for 2 h.

2.3 Characterization

The powder X-ray diffraction (XRD, Empyrean
2) using Cu K, radiation was employed to identify
the crystalline phase of the samples. The
microstructure and element distribution of the
samples were examined by scanning electron
microscope (SEM, JSM—7900F) coupled with
energy-dispersive X-ray spectroscope (EDS). The
analyses of metal ions in the digesting solution of
solid phase products and leaching solution at
different purification stages were carried out by an
inductively coupled plasma (ICP, ICAP7400radial).
The determination of F in lepidolite, intermediate
solid, and liquid samples was conducted by using the
fluoride ion selective electrode. The particle size
distribution of solid samples was characterized by a
laser particle size analyzer (Mastersizer 3000). The
structure of samples was tested using the Fourier
transform infrared spectrometer (FTIR, Nicolet
1550).

2.4 Analytical methods

All element contents were tested three times
using the corresponding method, and the average
value was obtained, with the relative standard error
within £0.5%. The leaching efficiency of valuable
elements was calculated according to Eq. (1) (taking
Li as an example) [38]:

i—1 i—1
[Vo - ZV;jWLi,i + ZV;'WLi,i

X,.= ’ ' x100% (1)

mwry;

where Xi; is the leaching efficiency of lithium (%),
Vo is the initial volume of the leaching solution (L),
Vi is the volume of sample solution 7 (L), wi; is the
content of lithium in the lepidolite (dried solid, mass
fraction, %), wwi; is the concentration of lithium in
sample 7 (g/L), and m is the initial mass of lepidolite
(g, dried solid).

3 Results and discussion

3.1 Chemical reactions during leaching process
Researchers have explored the dissolution
mechanism of lepidolite in sulfuric acid. During the
sulfuric acid leaching process, lepidolite is only
partially dissolved and reacts with sulfuric acid to
form alkali metal sulfate and aluminum sulfate. The
contents of alkali metal and aluminum in the residue
are low. Trace amounts of Fe and Mn in the mineral
are dissolved in the leaching solution. This result has
little impact on the acid consumption of the leaching
solution, the leaching efficiency of valuable
elements, the concentration of lithium in the leaching
solution, and the composition of the product. The
reaction of lepidolite and hydrochloric acid will form
soluble chlorides, making lepidolite more easily
dissolved. As such, the valuable metals can be
recovered effectively from minerals. For alkali metals
and Al, the possible reactions are Reactions (2) and
(3) [26]. Since iron, manganese, and calcium exist
in lepidolite, the possible reactions are shown in
Reaction (4). Therefore, quartz and feldspar are the
main components of the leaching residue after the
complete erosion of lepidolite by HCI solution.

Me:O (s)+2HCI (aq) =
2MeCl (aq)+H:20 (1) (Me=alkali metals) (2)

Al,O3 (s)+6HCI (aq)=2AICls (aq)+3H20 (1) 3)

(Fe,Mn,Ca)O (s)+2HCI (aq)=
(Fe,Mn,Ca)Cl, (aq)+H-O (1) 4)

3.2 Effect of experimental parameters on leaching
process

Both alkali metals and Al can be dissolved in
the hydrochloric acid leaching solution, so the
leaching efficiencies of these metals reflect the
extent of mineral leaching. The effects of leaching
time, temperature, initial HCI concentration (cuci),
L/S (mass ratio) and mineral particle size (dso)
on the leaching efficiencies of these metals were
systematically studied. The change in the leaching
efficiency of valuable elements in lepidolite with
time is shown in Fig. 2(a). When the reaction time
extends from 2 to 4 h, the leaching efficiency of Li
increases from 77.32% to 92.02%, and continues to
grow to 94.18% at a time extended to 6 h. The
changing trends of the leaching efficiencies of K, Rb,
and Cs with time are similar to that of Li. When the



978 Song-lin LIU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 974—987

100
(@) . .
— =
_90F /Q A
L A A——
5
.§ 80 - */* * *
8:2 Temperature: 373 K
b L Cucp: 6 mol/L
R L/S: 4
§ dsp:32um o i
3 60r —o0—K
—A— Rb
50 —A— Cs
. , , ) . —%— Al
1 2 3 4 5 6
Time/h
100 }© R
Time: 4 h p——f—
Temperature: 373 K -
< 80 -L/s:a * ol
é‘ dsy: 32 pm
.g 60 -
5
%’) 40 - —o— Li
< —O0— K
B —A— Rb
= 201 —A— Cs
—x— Al
0 1 1 1 1 1
2 4 6 8 10
cher/(mol-L71)
10
(©) e o dsp: 17 um
o */\* ——dSO: 32 pm
8 i ./. \l L \_‘_dso: 36 pm
%o J >.’[M /& *\—A— dsy: 61 pm
S 6} Dok B\ e dsgr 93 um
3} / A/'! 'é X
s .
: YA
g 4 [ /. ‘A * *
5 f AL \
S SOEET
> 5l - e % \A &,
.,o‘ M“ AA*”*’* | \\A \
o.AA**;"*«** \ \\A\ &\*\
0 o,
10° 10! 10? 103

Size/um

100
(b)

90

Time: 4 h / A A
eyl 6mol/L
80 L L/S: 4 */*
dsy: 32 WV /
ol (\/

Leaching efficiency/%

o *
/ / —o— Li
ol * —0— K
® —A— Rb
* —A— Cs
50 & —x— Al
343 353 363 373 383
Temperature/K
d
100 -( ) ~
Time: 4 h —2— %
. Temperature: 373 K JA———8——
é 80 l-cyer: 6 mol/L * * *
5 dsg: 32 pm /
R -
= 60
k5! o
%n —o— Li
S 40t —o—K
§ —A— Rb
—A— Cs
20 —x— Al
2 3 4 5 6
L/S
100
(® Time: 4 h
O— o Temperature: 373 K
90" a A\ cyer: 6 mol/L
S ATAR L/S: 4
> * A
Q
580f T 3
2 *.
= \
o
°D - .
-_E 07 —e— Li x
3 —0— K
3 60l —A— Rb o
—L— Cs
—%— Al *

50 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100
ds/um

Fig. 2 Effect of various experimental parameters on leaching efficiencies of alkali metals and Al from lepidolite:
(a) Leaching time; (b) Leaching temperature; (c) Initial HCl concentration; (d) L/S; (e) Particle size distribution of

lepidolite raw materials; (f) Mineral particle size

reaction reaches 6 h, the leaching efficiencies of
metals no longer increase significantly, and most
of the lepidolite is dissolved. In particular, the
leaching efficiency of Al tends to decrease after 4 h
of reaction because Al and F can form a stable Al-F
complex [26]. Considering the energy consumption
and production efficiency issues caused by extending
the time, the preferred leaching time here is 4 h.

As shown in Fig. 2(b), the leaching efficiency
of wvaluable elements in lepidolite increases
significantly with increasing temperature. When
the temperature increases from 343 to 373 K, the
leaching efficiency of Li rises from 56.39% to
92.02%. However, the leaching efficiency of Li only
increases by 2.19% when the temperature continues
to increase to 383 K, and the increase rate of the
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leaching efficiency of other elements also slows
down. HCI solution is easy to volatilize during
high-temperature reaction. Considering energy,
equipment investment and operating environment,
the preferred reaction temperature here is 373 K.

As shown in Fig. 2(c), the leaching efficiency
of valuable elements increases significantly with
the increase of initial HCI concentration from 2
to 6 mol/L. When the concentration continues to
increase, the leaching efficiency no longer increases
significantly. When the acid concentration is 2 mol/L,
the leaching efficiency of metals is around 20% due
to the lack of acid in the slurry. More H" participates
in the surface diffusion of the leaching process
as the initial HCI concentration increases, thereby
increasing the leaching efficiency of wvaluable
elements in lepidolite. Although the Ileaching
efficiency of Li reaches 96.42% when the initial HCI
concentration is 10 mol/L, the preferred initial HCI1
concentration here is chosen as 6 mol/L because the
HCI solution is volatile and corrosive.

The leaching efficiency of valuable elements
during the leaching process of lepidolite changes
with the L/S. As shown in Fig. 2(d), when the L/S
increases from 2 to 4, the leaching efficiency of Li
increases from 26.96% to 92.02%. When the L/S is
between 4 and 6, it has little effect on the leaching
efficiency of valuable elements. The effect of L/S on
the reaction is consistent with that of initial HCI]
concentration, because both affect the total amount
of acid in the slurry that can be used for leaching
reaction. The L/S greater than 4 will cause problems
such as increased material flow, low concentration
of components in the leaching solution, and large
consumption of leaching agents. Therefore, the
preferred L/S here is 4.

According to the particle size, lepidolite is
divided into five parts by passing through the sieves
with different standard aperture sizes. The size
distribution of the five parts detected by laser particle
size analyzer is shown in Fig. 2(e), where dso is 17,
32, 36, 61 and 93 um, respectively. The effects of
mineral particle size on the leaching efficiencies of
valuable elements are studied over the dso range
from 17 to 93 um. As shown in Fig. 2(f), when dso
of lepidolite is from 32 to 93 um, the leaching
efficiency of valuable elements gradually increases
as the particle size shrinks. The leaching efficiency
of Li is 63.08% and 94.83% when dso of lepidolite
is 93 and 17 um, respectively. The particle size

dramatically influences the leaching behavior of
valuable elements in lepidolite. Reduced particle size
means increased mechanical grinding of lepidolite,
which will enhance the degree of peeling and
disintegration of lepidolite and feldspar, increasing
the reactivity of raw materials and the contact area
between the leaching agent and mineral particles
[39]. At the same time, the fine particles are
conducive to shortening the distance for the products
to diffuse into the solution and strengthening the
dissolution of lepidolite. Considering the energy
consumption of ball milling for particle refining,
the optimized mineral particle is considered as
dso:32 pm.

3.3 Physicochemical properties
residue

The optimized experimental conditions are
determined to be the leaching time of 4 h, the
temperature of 373 K, the initial HCI concentration
of 6 mol/L, the L/S of 4, and the mineral particle
size dso of 32 pm. In such conditions, the leaching
efficiencies of Li, K, Rb, Cs and Al are 92.02%,
93.31%, 88.59%, 86.75% and 73.84%, respectively.
The main components of leaching residue are Si, Al,
F and Na, while the contents of Li, K, Rb, and Cs are
low (Table 2).

The phase composition of the leaching residue
is lepidolite, albite and quartz, which is consistent
with the chemical composition (see Fig. 3(a)). In
addition, the intensity of the characteristic peak
representing SiO- is low, indicating that SiO, present
in the leaching residue is an amorphous phase. The
lepidolite phase in the leaching residue is still the
primary phase, indicating that the crystal structure of
lepidolite in the mineral is not entirely destroyed
during the hydrochloric acid leaching process
[32,40,41]. During leaching, lepidolite is converted
into amorphous SiO; and soluble salts. The
main composition of leaching residue is SiOa,
accompanied by a small amount of incompletely
reacted lepidolite and albite. It can be seen that after
leaching with HCI solution, the stretching vibration
absorption peak of lepidolite near 3622.06 cm™!
(Fig. 1(b)) that is attributed to the O—H group has
disappeared (Fig. 3(b)). The two absorption peaks of
lepidolite at 755.52 and 787.84 cm™! merge into one
absorption peak near 796.91 cm ™ after leaching due
to the degenerate stretching vibration of the [SiOs]
group [42]. It remains a fact that Al is able to split

of leaching
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Table 2 Chemical compositions of leaching residue (wt.%)

Li Na K Rb Cs Al F Ca Si Fe Mn Others
0.26 1.16 0.30 0.01 <0.01 3.53 2.27 <0.01 48.83 <0.01 <0.01 43.64
@) " = K(Li,Al)(ALSi),0,,(F,0H),
* NaAiSi:O,
+ Si0,

1101.18

60 70

* i =
A ¥, R 100 um [l
Pt —

Fig. 3 Characterization results of leaching residue: (a) XRD pattern; (b) FTIR spectrum; (c, d) SEM images

the Si—O bending vibration. Therefore, after Al
leaching, the absorption peaks at 476.51 and
530.75 cm™! in the low-frequency region degenerate
into an absorption peak near 467.96 cm™!. As shown
in Figs. 3(c) and (d), there are many sporadic debris
particles in the leaching residue, and the particles are
uneven, irregular, and small-sized blocks.

3.4 Kinetics analysis results

The Kinetics models reflect comprehensive
information about the leaching mechanism. In the
solid—liquid reaction, lepidolite mineral particles
are regarded as non-porous particles. During the
leaching process of valuable elements, the mineral
particles gradually shrink and form a product layer
around the unreacted mineral particles, while the
shape and size of the particles do not change. When
hydrochloric acid is far in excess, it can be
considered that the concentration of acid remains
unchanged during the reaction. The reaction of
hydrochloric acid leaching process is a non-catalytic

80 4000 3500 3000 2500 2000 1500

1000 500
Wavenumber/cm™
P

heterogeneous reaction. Therefore, the shrinking
core model (SCM) is used to explain the kinetics
here [43,44].

Research results on the SCM model show that
three main mechanisms, i.e. liquid film diffusion,
solid product layer diffusion and chemical reaction,
affect leaching kinetics. If one of the above
mechanisms is significantly slower than the other
two steps, that step becomes the controlling step in
the leaching process. The relevant equations for
different control mechanisms are as follows [43,45]:

Liquid film diffusion control:
t/te=x (5)
t—t,

Ehovey (6)
43

Solid product layer diffusion control:

L 130—0 +2(1-x) (7)

Tp

o3 -x)™ — (-0 -2 - ) (8)

Tp
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Chemical reaction control:

Lzl_(l_x)lB

TR

)

t—t

1 :(1_x1)1/3 _(l_x)l/S (10)

TR

where ¢ is the real leaching time, ¢, is the time at the
change in the rate-controlling step, x is the leaching
efficiency of Li, x; is the leaching efficiency of Li at
t1, and 75, 70 and wr are the time constants of
completion of leaching in liquid film diffusion
control, solid product layer diffusion control and
chemical reaction control, respectively (contribution
of each mechanism in the time of complete
dissolution of particles).

According to Egs. (5), (7) and (9), when a
contain step is the rate controlling step, a plot of x,
1-3(1—x)**+2(1—x) and 1—(1—x)"” versus time is a
straight line with a slope of 1/, 1/tp and 1/,
respectively. To determine the control step of the
leaching process and conduct kinetics analysis, the
changes in leaching efficiency with time under
different experimental conditions were analyzed. As
shown in Fig. 4, increasing the temperature, initial
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HCI concentration and L/S and reducing the mineral
particle size are beneficial to improving the leaching
efficiency of Li.

The leaching efficiency data are substituted
into Egs. (5), (7) and (9) for calculation, and the
results are shown in Figs. 5(a—c), respectively. The
dependence of results and the kinetics equation is
evaluated with the correlation coefficient (R?) values,
and the slope of the fitted line is defined as the rate
constant (k). The results indicate that the straight
lines of Figs. 5(a) and (¢) have an obvious inflexion
point at 20 min, which often means that a change in
the rate-control mechanism has occurred at this
time [43,46]. It is worth noting that the straight
lines in Fig. 5(b) have linearity within 0—120 min,
indicating that the solid product layer diffusion is one
of the steps controlling the leaching reaction rate in
this time region. The main component of the solid
product layer is unreacted SiO» [26], silica lepidolite
and albite (Table 2 and Fig.3). The apparent
activation energy (F,) is determined using the
slopes of all straight lines in Fig. 5(b) based on the
Arrhenius equation:
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where A is the pre-exponential factor, R is the
molar gas constant (8.314 J/(mol-K)), and T is the
thermodynamic temperature.

Arrhenius plot of In & vs 7! for leaching data
of Li is shown in Fig. 5(d). The apparent activation
energy (E.) calculated from the slope of the line is
36.983 klJ/mol at 343—383 K. According to previous
kinetics studies [47,48], when the apparent
activation energy is between 20 and 40 kJ/mol, it
often means that the reaction is controlled by mixing
steps. The results show that solid product layer
diffusion is just one of the influence factors of the
leaching reaction. Since the control mechanism of
the leaching reaction rate changes at 20 min, it is
necessary to explore the kinetics characteristics of
the leaching reaction starting from 20 min [49]. The
leaching reaction may be controlled by mixed liquid
film diffusion, solid product layer diffusion and
chemical reaction. Therefore, 20 min was selected as
a starting point for calculating the weight of different
independent control steps using the following

generalized formulas [43,45,50]:
t—t =1, (x—x) +7p[3(1-x,)" =31 -x)*" -

2(x—x)]+rp[(1—x)" = (1-x)""] (12)
k.(t—t)=B[3(1-x)"" -3(1-x)"° -
2(x—x)]+(1-x)" -(1-x)" (13)
1/3
=% (14)
c—A
2 2/3
_pely (1-x)""
T eD.C, (13)
_ Pl (I-x )"
R e C, (16)

where x; is the leaching efficiency of Li at 20 min, #
is the time (20 min) of the change in the rate-
controlling step, Cx is the HCI concentration, b is the
stoichiometric coefficient for mineral, k. is the mass
transfer coefficient in the liquid film, D is the
effective diffusivity of the leaching agent in the
product layer, kg is the reaction rate constant, B is the
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constant related to temperature, pg is the molar
density of the reactive component in the solid, and 7y
is the initial radius of the particle. The contribution
of the above three mechanisms can be estimated
based on the values of 75, 7p and zz. Under the
constraints that 7¢, zp and r > 0, the values of zr, 7p
and 7r are determined by minimizing the value of ¢
in the following optimization equation:

o=3 {ze(x—x) + 7 [3(1-x)"* =3(1-x)"" -

2 =)+ 2 [ =) = (=2 =t~ 1))
(17)
Equation (17) is fitted using multiple linear
regression analysis, and the results are listed in
Table 3. The results show that, the ¢ is equal to zero
at a reaction time of 20—120 min, meaning that the
liquid film diffusion does not affect the leaching
efficiency of Li. Therefore, the leaching data can be
substituted into Eq. (13) for linear fitting to solve
for k., where B is calculated using 7p/tr [43]. The
R/p ratio gradually decreases as the temperature
increases, but the zx is still significantly greater than
7p. This indicates that the impact of solid product
layer diffusion on the leaching efficiency of Li
gradually increases as the temperature rises, but
its influence is always less than that of chemical
reaction. This is different from the kinetic
characteristics when sulfuric acid is used as the
leaching agent [34]. It is worth noting that the time
constants to complete the reaction increase at 383 K.
This is due to the change in the concentration of
leaching agent caused by the massive volatilization
of HClI at 383 K.

Table 3 77, 7p and 7r calculated from leaching data of Li
and minimizing value of ¢ in Eq. (17)

Temperature/ TR/7p Tatio

K oo ® (1/B) ke
343 0 0.6277 569.1100 906.66 0.9985
353 0 0.5635 406.8556 722.02 0.9958
363 0 0.5382 349.7612 649.89 0.9976
373 0 0.5012 283.8909 566.42 0.9941
383 0 0.5771 305.9568 530.16 0.9919

Equations (13) and (11) are used to fit the
experimental data, and the results are shown in
Figs. 6(a) and (b), respectively. The apparent
activation energy (F,) calculated from the slope of

the line is 26.765 kJ/mol at 343-373 K. This is
consistent with the conclusion mentioned above that
the lithium leaching reaction is affected by both
the chemical reaction and the solid product layer
diffusion within 20—120 min [51]. There is a
significant difference in the apparent activation
energy of the reaction calculated based on the
reaction time of 0 and 20 min, which indicates that
changes in the chemical reaction occur during the
leaching of lepidolite in hydrochloric acid. It means
that various lithium-containing minerals with different
reactivities are embedded in lepidolite [29,49]. The
results in Table 3 show that in the process of leaching
lepidolite with hydrochloric acid, enhanced stirring
cannot significantly improve the leaching efficiency
of Li in the late stages of the reaction. When the
temperature is below 373 K, hydrochloric acid does
not volatilize in large quantities. Therefore, in this
temperature region, increasing the temperature can
increase the leaching efficiency of Li.
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(1=x)"® vs (t—=t) at different temperatures within
0—120 min; (b) Arrhenius plot for Li leaching
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3.5 Economic estimation of leaching neutralization
process

According to our previous reports [26],
the evaporation—concentration and crystallization—
calcination processes can recover nearly 70% of the
residual hydrochloric acid in the leaching solution,
reducing the cost of neutralizing the residual acid
before precipitating Li>COs. In addition, the product
value, raw material cost and processing cost are
calculated based on the market price of energy, water
and material and the power consumption of the
factory equipment. The economic estimation results
in Fig.7 show that leaching lepidolite with
hydrochloric acid is more economical than sulfuric
acid. Although sulfuric acid can slightly increase the

Song-lin LIU, et al/Trans. Nonferrous Met. Soc. China 36(2026) 974—987

leaching efficiency of Li from lepidolite, the
processing cost is high due to the higher temperature
and longer time for leaching process [34].

The concentration of Li in the leaching solution
is 6.86 g/L (Table 4). Unlike other alkali metal
elements, the high concentrations of Ca, Al, F and Si
in the solution significantly reduce the purity of the
Li,CO; product. Therefore, NaOH solution is used to
remove Ca, Al, F and Si. The results show that the
concentrations of Ca, Al, F and Si are reduced, but
the main non-alkali metal impurity is Ca with a
concentration of 0.141 g/L (Table 4). Due to the
difference in solubility between Li.CO; and CaCOs,
most of Ca in the solution can be removed by adding
Na,COs in two stages [25]. The abnormal increase in

[ ST
- This work o | o Ref. [34] :
| 1 t lepidolite | 1t lepidolite |
: containing 21.2 kg Li | : containing 21.2 kg Li :
| : | |
: | . :
! l 3 l !
| 4t 6 mol/L hydrochloric acid Leaching at l I Leaching at 2.5t48% |
: RMB ¥235.5 —>{ 373K for4h | 411 K for 10 hj¢— sulphuric acid :
| RMB ¥ 564.7 o RMB ¥ 1948.2 RMB ¥ 1948.2 |
- l . .
[ | [
I ' ' i
i Evaporating at | I X :
L 25t/h for 0.12 h :

: Absorption liquid of HCI RMB ¥ 34.0; | Evaporating at l
! (0] 1315t HCl) <« Crystallizing calcining : | 25t/h for 0.06 h |
i RMB ¥3.2 water leaching | I RMB ¥ 17.0 :
: RMB ¥ 20.0 | : |
i A 4 I | A I
. Neutralizing to | Neutralizing to 0.07tNaOH
! O}({)]{/?é ;I\;%OOH S —_ remove acid : | remove acid <«<—— RMB¥280.3 |
i —_— RMB ¥ 0.9 | RMB ¥ 0.9

: Leaching efficiency
| of Li: 92.02%

i Alkali metal solution
containing 19.5 kg Li

| Leaching efficiency
- of Li: 94.18% |

| | Alkali metal solution
- containing 20 kg Li
Il RMB¥9726.9

| RMB ¥ 9483.7

I Raw material cost: RMB ¥ 290.5
: Total processing cost: RMB ¥ 619.6 | :
! Tatal product value: RMB ¥ 9486.9 . I

I Total profit: RMB ¥ 8576.8

! | Raw material cost: RMB ¥ 429.0
Total processing cost: RMB ¥ 1966.1
Tatal product value: RMB ¥ 9726.9 |
I\ Total profit: RMB ¥ 7331.8

Fig. 7 Comparison of economic estimation results between this work and sulfuric acid leaching for lepidolite [34]

Table 4 Element concentrations in leaching solution and purified solutions (g/L)

Sample Li Na K Rb Cs Al F Si Ca
Solution-1 6.86 2.09 18.72 3.02 0.54 33.26 13.19 0.11 0.630
Solution-2 - - - - - 0.033 0.032 0.026 0.141
Solution-3 8.87 11.7 25.85 2.49 0.52 0.012 0.054 0.025 0.010

Solution-1 is the leaching solution, solution-2 is the filtrate after neutralizing and impurity removal, and solution-3 is the solution after Ca

removal
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sodium in the solution is due to the addition of the
NaOH solution as a neutralizing agent as well as
impurity remover. Under experimental conditions
(see Sections 2.2.2 and 2.2.3 for more details), the
removal efficiency of Ca and the loss rate of Li are
98.79% and 0.59%, respectively. The impurity
contents of Li»CO; synthesized by the precipitation
reaction between the solution after Ca removal and
the Na,COs solution are shown in Table 5. It shows
that Li,COs with a purity of 99.89% is prepared from
lepidolite through hydrochloric acid leaching and
multi-step purification.

Table 5 Impurity contents in Li,COs; with purity of
99.89% (10°9)

Na K Ca Mg Fe Zn Cu Si Al Mn F S Cl
56 11 12 1 2 3 1 4 8 2 42 9 23

4 Conclusions

(1) The normal pressure leaching process of
lepidolite by hydrochloric acid was systematically
studied. The process conditions, including leaching
time (4 h), temperature (373 K), initial hydrochloric
acid concentration (6 mol/L), L/S (4) and mineral
particle size dso (32 um) for the leaching process
are optimized. Under these conditions, leaching
efficiencies of Li, K, Rb, Cs and Al are 92.02%,
93.31%, 88.59%, 86.75% and 81.07%, respectively.

(2) The leaching process conforms to the
shrinking core model. At a particular stage, the
leaching process is under mixed control of chemical
reactions and diffusion through the solid product
layer of the associated minerals.

(3) As the temperature increases, the
contribution of solid product layer diffusion to
the leaching gradually expands, but it is still
significantly less than the contribution of chemical
reactions.

(4) Cost savings in neutralizing agents and
leaching processes make hydrochloric acid a more
economical leaching agent than sulfuric acid for
lepidolite. Li,COs3, with a purity of 99.89%, is
synthesized from the hydrochloric acid leachate.
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