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ARTICLE INFO ABSTRACT

Keywords: Sulfation and decomposition were proposed to selectively recover lithium, rubidium, and cesium from lepidolite
LePld‘?hte ore. The purpose was to solve the problems of high acid consumption and the difficulty of separating lithium and
Selective recovery aluminum in the sulfuric acid method. First, the theoretical feasibility of the process was verified by thermo-
Sulfation . . . . . . .

. dynamic calculations. The optimal parameters were determined according to the theoretical and experimental
Decomposition

results. The extraction rates of lithium, rubidium, and cesium were 90.5%, 91.2%, and 89.4%, respectively,
whereas those of aluminum and iron were only 0.08% and 0.02%, respectively. The selective extraction of
lithium, rubidium, and cesium was realized, and 90.4% of sulfuric acid could be recycled during the process.
Subsequently, the mechanism was discussed by XRD and SEM-EDS analysis. The first-step roasting was the
sulfation process of lepidolite, and the second-step roasting was the decomposition process of partial sulfates. The
separation of alkali elements and impurity elements could be realized by simple deionized water leaching. The
production of LioCO3 and single-alkali sulfates (K2SO4, Rb2SO4, and Cs2SO4) were obtained through the efficient
separation methods of carbonization precipitation and solvent extraction. This process achieved the selective
recovery and efficient separation of lithium, rubidium, and cesium from lepidolite ores. At the same time, the
recycling of sulfuric acid was realized; it greatly reduced the amount of reagents, such as acid and alkali. It is an

Efficient separation
Sulfuric recycling

efficient, clean, and sustainable process for the utilization of lepidolite ores.

1. Introduction

Lithium is the most significant new energy metal in the 21st century
[1]. According to statistics, the global consumption of lithium has more
than doubled from 24.5 kt in 2010 to 56.0 kt in 2020 in the past 10 years
[2]. Among them, the consumption in the field of batteries has grown
particularly rapidly [3,4], and the proportion of which has increased
from 23% in 2010 [5] to 71% in 2020 [6]. In addition, the 2019 Nobel
Prize in Chemistry was awarded to Goodenough and two other experts in
the field of lithium batteries, thereby showing the importance of lithium
in the modern energy industry [7]. Considering that many countries still
rely on fossil energy sources, steady increase in the demand for lithium
in the global market is foreseeable for a long period of time in the future
[8,9]. Rubidium and cesium are mainly used in academic research and
technological development [10]. In recent years, they have gradually
emerged in the fields of aerospace [11], quantum computing [12],
biomedicine [13], and quantum heat engines [14] due to their excellent

chemical and optoelectronic properties [15]. With the rapid develop-
ment of science and technology today, lithium, rubidium, and cesium
play increasingly significant roles in various emerging fields [16].
Therefore, the extraction and recovery of lithium, rubidium, and cesium
have social and economic importance. Lepidolite, with the chemical
formula of K[Lis xAlj ; x(AloxSis-2x010)(F,0H)2] (x = 0-0.5), is a common
lithium-bearing silicate mineral with glassy luster [17,18]. It is mainly
distributed in granite pegmatite and is usually accompanied by spodu-
mene and muscovite [19]. The chemical composition of lepidolite ores is
generally 3% —7.7% Li»0, 5% —10% K20, 22% —29% Al,03, and 47%
—60% SiOy [20]. Part of the potassium could be replaced by high-value
rubidium and cesium in the form of isomorphism [21], and part of the
aluminum could be replaced by iron and manganese.

At present, the main methods for treating lepidolite ores include the
sulfate roasting method [22-24], chlorination roasting method [25-27],
thermal activation method [28], hydrofluoric acid method [29-31], and
alkali autoclaving method [32,33]. Among them, the roasting methods
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have the problem of energy consumption, which requires treatment at
relatively high temperatures (850 °C—1300 °C) [22,26,28]. The hy-
drofluoric acid method needs to introduce a large amount of fluoride
ions (HF dosage, approximately 200%) [29], not only increasing the
difficulty of subsequent processes, but also causing the possibility of
environmental pollution. The alkali autoclaving method has strict re-
quirements for high-pressure equipment and a large consumption of
alkali (600 g/L NaOH, L/S = 7:1) [33]. Thus, obtaining economic ben-
efits in actual production is difficult. Recently, the treatment of lepid-
olite ores by the sulfuric acid method has been gradually observed by
researchers. Vieceli et al. [34,35] initially ground the lepidolite ores to
dgo = 32.95 pm by mechanical activation. Then, the lepidolite ores were
baked with 0.96 g/g ores of concentrated sulfuric acid (98%) at 130 °C
for 15 min, and a lithium extraction rate of over 90% was eventually
obtained after leaching. Liu et al. [36] used 2.5 mL/g ores of dilute
sulfuric acid (50%) to leach lepidolite ores (~100 pm) continuously at
138 °C for 10 h in a three-necked flask with a condenser. The recovery
rate of lithium reached 94.8%. Zhang et al. [37] digested lepidolite ores
at 200 °C for 4 h, and the sulfuric acid (85%) dosage was 1.7 g/g ores.
The extraction of lithium, rubidium, and cesium at 85 °C was 97%, 96%,
and 95%, respectively.

The sulfuric acid method could effectively extract valuable metals
from lepidolite ores under relatively simple and mild conditions. How-
ever, the problem of high consumption of sulfuric acid (more than
100%) also existed, and a large amount of alkali (CaO or NaOH) was
required to neutralize the residual acid in the subsequent process. More
importantly, part of the aluminum and iron (approximately 50%) in
lepidolite ores was leached during the leaching process of the sulfuric
acid method. The preliminary exploratory experiments of our research
group found that considerable lithium in leaching liquor was lost during
the neutralization of the residual acid and the removal of aluminum and
iron. The lithium contained in the iron-aluminum slags could not be
washed away by deionized water, indicating that it was not caused by
simple entrainment. Thus far, few reports have focused on these details.
The existing studies on the treatment of lepidolite ores by the sulfuric
acid method are mainly focused on the leaching process, and the sub-
sequent process of separation and purification has not been systemati-
cally studied. At present, no good solution is found to solve the
generation problem of lithium aluminate and lithium ferrite, which will
be stated in the thermodynamic analysis section. Therefore, avoiding the
leaching of aluminum and iron from the source is the most effective
solution to avoid the loss of lithium.

A two-step sulfuric acid roasting method was proposed; it can
selectively recover lithium, rubidium, and cesium from lepidolite ores
without leaching iron or aluminum. (1) The first-step roasting: sulfation
of lepidolite ores. (2) The second-step roasting: decomposition of partial
sulfates. (3) Recycling of sulfuric acid. (4) Separation of rubidium and
cesium. (5) Precipitation of lithium. The effects of various parameters on
the extractions of each element during two-step sulfuric acid roasting
were systematically studied. The feasibility of recycling sulfuric acid was
discussed. XRD and SEM-EDS were used to analyze the reaction mech-
anism during the roasting process. Finally, the separation and purifica-
tion of lithium, rubidium, and cesium in leach solution were studied by
solvent extraction and carbonization precipitation, respectively.

2. Materials and methods
2.1. Materials

The lepidolite ores used in this process were obtained by flotation
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from the spodumene tailings and pretreated by grinding and screening
to — 74 pm. After evenly mixing the ground lepidolite ore powders, the
chemical components were detected, as shown in Table 1. It demon-
strates that the content of lithium in lepidolite ores used in this process
was relatively lower than that commonly recognized in lepidolite ores,
whereas the content of rubidium was higher. Combined with the results
of XRD analysis (Fig. 1), the characteristic peaks of muscovite (PDF#86-
1385) were clearly found in addition to lepidolite (PDF#42-1399). The
presence of lithium-free minerals led to a decrease in the content of
lithium. Meanwhile, substantial potassium in muscovite could be
replaced by rubidium and cesium in the form of isomorphism, which
explained the increase in the content of rubidium. In addition, all
chemicals used in the process were AR grade.

2.2. Procedures

The lepidolite ore powders (50 g) were evenly mixed with concen-
trated sulfuric acid (70 g) and deionized water (15 mL) in a porcelain
crucible. Then, they were transferred to a muffle furnace (§X2-10-13,
Tianjin Zhonghuan Electric Furnace, China) for the roasting process. The
first-step (S1) started at 25 °C and rose to 300 °C, which was the
destruction process of the lepidolite structure. The second-step (S2) was
followed immediately to the predetermined temperature at a speed of
20 °C/min. The entire process was carried out in the furnace, and the
crucible was taken out when cooled to room temperature. The roasting
slags were leached directly with deionized water at the conditions of 2:1
mL/g, 80 °C and 2 h without further grinding. The solvent extraction of
rubidium and cesium was performed in a separation funnel. CO, was
introduced into the raffinate at room temperature to reduce the pH of
the solution to 7-8, and then evaporated and crystallized to obtain the
lithium precipitation product. The flowsheet for the selective recovery
process of lithium, rubidium, and cesium from lepidolite ores is shown in
Fig. 2.

2.3. Methods and characterizations

The extraction rates of components in lepidolite ores can be calcu-
lated by Eq. (1).

PDF#42-1399 Polylithionite

PDF#86-1385 Muscovite

J_I_LL;LLLLLLU_LL...MM
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Fig. 1. XRD analysis of the lepidolite ores.

Table 1
The chemical components of the ground lepidolite ores powders (wt. %).
Li Rb Cs Al Fe K Mn Mg F SiOy
0.92 1.40 0.10 13.26 5.65 6.74 1.01 0.50 4.68 48.25
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Fig. 2. Flowsheet for the selective recovery and efficient separation process of
lithium, rubidium, and cesium from lepidolite ores.
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where my and m; denote the mass of lepidolite ores and leaching resi-
dues, respectively, w; and o, ; denote the wt.% of component “i” in them.

The recovery of sulfur can be calculated by Eq. (2).
_Vix [S],

m) x 100% 2

ns=(1
where Vj and V; denote the volume of sulfuric acid and leaching liquor,
respectively, [S]p and [S]; denote the concentrations of SO42' in them.

The separation factor of Cs/Rb and Rb/K can be calculated by Eqgs.
(3-1 and 3-2).

_ (G, [RE],

e = (e i 31
_ IR, [K,

Pk = o), K], @2

where [K]o, [Rb]o and [Cs]o denote the concentrations of K, Rb and Cs
in the organic phase, respectively, [K]a, [Rb]4 and [Cs]4 denote the
concentrations in the aqueous phase.

The contents of Li, Rb, and Cs were analyzed by AAS (Z-2000,
Hitachi, Japan). The contents of Al and Fe in this study were carried out
by ICP-OES (Optima 7000 DV, Perkin Elmer Instruments, U.S.). Other
elements in the lepidolite ores were determined by XRF (XRF-1800,
Shimadzu, Japan). The concentration of SO42" in the leaching liquor was
measured by IC (ICS-1100, Dionex, U.S.). The phase composition of raw
ores, calcine, and leaching residue was performed by XRD (Ultima IV,
Rigaku, Japan). The micromorphology and element distribution of the
solid phase at each stage of the process were characterized by SEM-EDS
(MLA250, FEI, U.S.).

3. Results and discussion
3.1. Thermodynamic analysis

3.1.1. Generation of lithium aluminate and lithium ferrite
The process of impurity removal in the leaching solution of sulfuric
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acid method was simulated. The XRD analysis of the impurity-removing
slags is shown in Fig. 3(a). The co-precipitation reaction occurred with
lithium and aluminum to generate LiAl,(OH);-2H50 during the process
of aluminum removal. The lithium contained in the slags could not be
washed away by deionized water, indicating that it was not caused by
simple entrainment. The structure was relatively stable and might be the
precursor of lithium aluminate [38,39]. The E-pH diagram (Fig. 3(b))
shows that the stable phase of lithium ferrite may be formed in the
leaching liquor containing lithium, aluminum, and iron when the pH
value reaches 0.75. Then, the stable phase of lithium aluminate or
lithium ferrite must be formed at the pH above 3.51, which explains the
loss of lithium during the process of impurity removal. On this basis,
preventing the leaching of aluminum and iron from the source and
realizing the selective extraction of lithium, rubidium, and cesium is the
most effective scheme.

3.1.2. Thermodynamic modeling of the process

Thermodynamic modeling of the reaction of lepidolite ores with
sulfuric acid from 25 °C to 1000 °C was calculated by HSC Chemistry
6.0. The thermodynamic data of lepidolite ores were not included in the
database; thus, the mixture of Li;O, K20, Rby0, Al;0O3, and FeO corre-
sponding to the content of raw ores was used. Silicon did not participate
in the reaction during the entire process, the content of cesium was
extremely low and the properties were similar to rubidium; thus, neither
of them was included in the calculation. The calculated thermodynamic
modeling is shown in Fig. 4(a). The results were classified by compo-
nents to facilitate observation and analysis. Fig. 4(b) shows the phase
changes of the potassium, aluminum, and sulfur components during the
entire process. Fig. 4(c) depicts the components of rubidium and a phase
of potassium not shown in Fig. 4(b). Fig. 4(d) describes the changes in
iron components.

The sulfates were generated at the beginning of the calculated
modeling due to the substitution of simple oxides for complex lepidolite
ores. The thermodynamic modeling (Fig. 4(a)) clearly shows that the
content of Li»SO4 remained unchanged throughout the process, and no
other lithium phase was produced, indicating that Li;SO4 was extremely
stable during the roasting process without any reaction. Fig. 4(b) shows
that potassium mainly presented as the phase of KAI(SO4)2-3H20 asso-
ciated with a small amount of KA1(SO4)2-12H50 at the beginning of the
modeling. When the temperature reached 200 °C, they were completely
dehydrated and converted into KAl(SO4)2 (Egs. (4,5)). Then, it began to
decompose into K3SO4, Al,O3, and SO3 at a temperature of nearly 650 °C
(Eq. (6)). The decomposition of Al(SO4)3 began at nearly 400 °C and
converted into Al,O3 (Eq. (7)). Fig. 4(c) depicts that the rubidium phase
was dehydrated from RbAI(SO4)2-12H20 to RbAI(SO4)2 at approxi-
mately 160 °C (Eq. (8)). Subsequently, it also decomposed at nearly
650 °C, gradually transforming into RbySO4 (Eq. (9)). Fig. 4(d) dem-
onstrates that FeSO4 begins to oxidize and decompose into Fey(SO4)s,
Fes03, and SO, at a temperature of nearly 300 °C (Eq. (10)). The content
of Fep(SO4)3 reached a maximum at approximately 620 °C, and it also
gradually decomposed into Fe;O3 (Eq. (11)).

Consequently, the alum products generated during sulfation were
initially dehydrated at approximately 200 °C. Subsequently, the tem-
perature rose to 300 °C to start the decomposition of Aly(SO4)3 and the
oxidation and decomposition of FeSOy4. Finally, the decomposition of
KAI(SO4), and RbAI(SO4)5 occurred at approximately 650 °C. The ulti-
mate products were soluble LipSO4, K2SO4, and RbaSO4 in water and
insoluble Al;03, Fe;03, as well as gases SO3 and SO,. The analysis shows
that this process can realize the selective extraction of lithium,
rubidium, and cesium without leaching iron or aluminum from the
perspective of thermodynamics.

KAI(SO;),A-3H,0(s)~KAI(SO, ), (s) + 3H,0(g) 4

KAI(SO4)2A~ 12H,0(s)—>KAI(SOs),(s) + 12H,0(g) 5)
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3.2. Sulfation process

Roasting S1 was the sulfation between lepidolite ores and sulfuric
acid. The specific parameters of this reaction that would not be discussed

have been studied in detail in many articles [34-37]. The sulfation
process adopted a slow and continuous heating process to achieve the
continuity of the two-step roasting. The unstudied factor that affected
this period was the heating time from 25 °C to 300 °C. After roasting S1,
the sample was immediately obtained for leaching. The extraction rates
of each component were calculated to study the effect of heating time, as
shown in Fig. 5(a). This finding indicated that the extraction rate of Li
was lower than 50% at a heating time of 0.5 h, and the rates of Rb and Cs
were even lower than 30%. With the extension of heating time, the
extraction rates of Li, Rb, and Cs all increased greatly. The plateaus were
reached under the condition of 5 h, and the extraction rates of Li, Rb, and
Cs were maintained at approximately 90.2%, 91.5%, and 88.2%,
respectively. Meanwhile, the extraction of Al also increased slightly
(from 37.5% to 60.3%) with longer heating times and trended toward a
continuous increase after 6 h. Aluminum was the main element of the
structure skeleton of lepidolite ores. The reason for the increasing Al
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Fig. 5. Effect of heating time on (a) the extraction rates of Li, Rb, Cs, Al, and Fe; (b) XRD patterns of the roasting slags during roasting S1.

extraction was the continuous destruction of mineral structures. The
extraction of Fe was almost stable at approximately 50% throughout the
process, which was probably because most Fe is not present in the
lepidolite ores but in other more stable iron-bearing minerals, such as
amphibole. According to the XRD analysis of the roasting S1 slags with
different heating times (Fig. 5(b)), strong diffraction peaks of lepidolite
ores could still be clearly observed at 0.5 h and 1 h. The sulfation of
lepidolite ores was relatively lower at this time, which also confirmed
the lower extraction rates of Li, Rb, and Cs in Fig. 5(a). When the heating
time reached 3 h, the intensity of the lepidolite peaks in the slags became
much weaker, and they almost disappeared at the heating time of 5 h,
indicating that the structure of lepidolite ores had been thoroughly
demolished. On the contrary, the diffraction peaks of newly formed KAl
(SO4)2 and Aly(SO4)3 became increasingly stronger. To ensure the
extraction of Li, Rb, and Cs and facilitate the subsequent separation of Al
and Fe, roasting S1 pursued the lowest extraction of Al and Fe under the
premise of the highest extraction of Li, Rb, and Cs. Hence, 5 h was
considered the best heating time for roasting S1.

3.3. Decomposition process

3.3.1. Effect of roasting temperature

In the thermodynamic modeling calculated by HSC, temperature is
an important factor affecting the decomposition of Al and Fe sulfates.
The decomposition of a single sulfate of Al, Fe starts at 300 °C and ends
at approximately 800 °C, whereas the decomposition of the composite
sulfate of Al, K, and Rb starts at 650 °C and ends at approximately
1000 °C. To selectively recover Li, Rb, and Cs without leaching Al or Fe,
the complete decomposition of Al and Fe sulfates is essential. Fig. 6(a)
depicts the effect of roasting temperature on the decomposition and
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2 40 @
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extraction rates of each component in lepidolite ores during roasting S2.
The finding disclosed that the extraction of Li, Rb, and Cs was almost
unaffected. However, the extraction rates of Al and Fe decreased from
60.3% and 52.6% in the first-step to 38.0% and 8.1% at 700 °C,
respectively. This result corresponded to the decomposition of
Aly(SO4)3, FeSO4, and Fey(SO4)s in the thermodynamic modeling. When
the temperature reached 800 °C, the extraction rates declined to 1.20%
and 0.51%. As the temperature continued to rise above 850 °C, the
extraction rates of Al and Fe were lower than 0.1%, indicating that they
were hardly leached at this time. At the same time, the decomposition
process produced a large amount of SOy gas, which could be used for
acid production. Calculating based on the concentration of sulfate in the
leaching liquor, nearly 90% of sulfur entered the mixed gas. Therefore,
most sulfuric acid used in roasting S1 could be recycled through the
process of catalytic conversion.

Fig. 7 shows the XRD patterns of roasting slags and leaching residues
during roasting S2. The phases of Fe, Rb, and Cs could not be reflected,
possibly due to their lower contents and weaker peak intensity, which
were covered by the main peaks of K and Al phases. The composition of
roasting slags at 700 °C was mainly KAI(SO4), and Al5(SO4)3 associated
with a small amount of SiO,, which was similar to that after roasting S1.
Then, the diffraction peaks of Al(SO4)3 almost disappeared completely,
whereas the peaks of KAI(SO4), decreased slightly at 750 °C. Mean-
while, the peaks of KLiSO4 and mullite (AlgSioO13) with relatively weak
intensity were formed. When the temperature reached 800 °C, the peaks
of KA1(SO4), were obliterated entirely as well, and the peaks of KLiSO4
and mullite gradually strengthened. The finding indicated that 800 °C
was the demarcation point for the complete decomposition of Al and Fe
sulfates, and all of them were converted into insoluble Al and Fe oxides
after 800 °C roasting. Fig. 7(b) shows that the leaching residues were
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Fig. 6. Effect of (a) roasting temperature (roasting time, 1 h) and (b) roasting time (roasting temperature, 800 °C) on the extraction rates of Li, Rb, Cs, Al, Fe, and the

recovery of sulfur during roasting S2.
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mainly composed of mullite and SiO,, as well as some Al;O3 and Fe;O3
not observed in the figure. The undecomposed KAI(SO4)2, Al2(SO4)s,
and newly formed KLiSO4 were leached into the liquor. Considering that
the phase changes of Rb and Cs were similar to that of K, and that the
changes of Fe were similar to Al, the temperature above 800 °C during
roasting S2 realized the selective recovery of Li, Rb, and Cs without
leaching Al or Fe.

3.3.2. Effect of roasting time

The effect of roasting time on the extraction rates of each component
and the recovery of sulfur were discussed, as shown in Fig. 6(b). The
temperature remained constant at 800 °C. It indicated that the overall
trend of each element was similar to that of temperature, but the change
range was relatively small. As the roasting time rose to 0.5 h, the

extraction of Al and Fe decreased rapidly from 29.2% and 5.0% to 2.3%
and 0.8%, respectively. Subsequently, the decline slowed considerably,
lower than 0.1% until the roasting time reached 2 h. The recovery of
sulfur also increased from 69.9% to 88.4% and then tardily to 90.4%.
The results indicate that roasting at 800 °C for 2 h was indispensable to
achieve the effect of non-leaching of aluminum and iron. The extraction
rates of lithium, rubidium and cesium were 90.5%, 91.2%, and 89.4%,
respectively, whereas those of aluminum and iron were only 0.08% and
0.02%, respectively. In our proposed new process, the leaching rate of
lithium is approximately 90%, which might be affected by two factors.
On the one hand, the partly sintering of some minerals might increase
the difficulty of water leaching [40]. On the other hand, it might be
caused by the slight volatilization of lithium sulfate as well [41].

Fig. 8. SEM and EDS mapping for (a) lepidolite ores and solid products after the process of (b) roasting S1, (c) roasting S2, and (d) water leaching.
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3.4. Roasting mechanism analysis

Fig. 8 shows the morphology and elemental distribution of the
lepidolite ores and the solid phase at each stage of the process. As shown
in Fig. 8(a), the lepidolite ores existed in the form of flakes, in which
various elements, such as potassium, aluminum, silicon, and oxygen,
were distributed uniformly. It contained almost no sulfur component.
The SEM-EDS mapping (Fig. 8(b)) indicated that the microstructure had
transformed from the overall flake structures to partially irregular par-
ticles after roasting S1. The distribution of elements shows that potas-
sium, aluminum, and oxygen still existed widely. Silicon was evidently
present only in few flake structures and was hardly present in the newly
formed irregular particles. Meanwhile, a large amount of sulfur also
entered the slags and was distributed evenly due to the introduction of
sulfuric acid. Combined with the XRD analysis of the roasting slags in
Fig. 5(b), the irregular particles were mainly KAI(SO4), and Alx(SO4)3.
Therefore, roasting S1 was the sulfation reaction of lepidolite ores under
the interaction with sulfuric acid. The structure of the mineral was
destroyed, and the valuable ions were combined with sulfate to form the
corresponding sulfate. Fig. 8(c) shows that some angular columnar
grains clearly appeared in the solid products after roasting S2. There-
fore, the columnar grains were KoSOy4, ascribed to the distribution in the
mapping pattern of potassium, sulfur, and oxygen. In addition, other
particles were mainly composed of aluminum, silicon, and oxygen,
indicating that the potassium and sulfur in KAI(SO4), and Alx(SO4)3
were separated from aluminum. Therefore, roasting S2 was the
decomposition reaction of sulfates, in which the soluble aluminum in
sulfates was transformed into insoluble aluminum oxides. Combined
with the XRD analysis of Fig. 7(b), the aluminum oxides obtained by
decomposition and the silicon oxides generated by sulfation formed
mullite (AlgSizO13), which was more stable. The morphology and
elemental distribution of residues after direct leaching with deionized
water are shown in Fig. 8(d). The morphology of leaching residues was
similar to that of lepidolite ores, which were almost flakes. The
aluminum, silicon, and oxygen were evenly distributed, whereas po-
tassium and sulfur were almost absent. This finding indicated that the
simple soluble sulfate represented by K;SO4 was dissolved into the
leaching liquor during the leaching process, and the stable oxides of
aluminum and silicon remained in the residues. Therefore, the roasting
mechanism was the sulfation of lepidolite ores in the first-step and the
decomposition of complex sulfates in the second-step. The separation of
alkalis represented by potassium and impurity elements represented by
aluminum could be realized by simply deionized water leaching.

3.5. Solvent extraction of rubidium and cesium

The leaching liquor containing 4.15 g/L Li, 13.8 g/L K, 6.21 g/L Rb,
and 0.44 g/L Cs was obtained after two-step roasting and water
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leaching. The rubidium and cesium were selectively solvent extracted
with t-BAMBP. The effect of the initial NaOH concentration on the sol-
vent extraction of K, Rb, Cs, and the separation factors (Bcs/rb, Prb/K)
were investigated (1 mol/L t-BAMBP, O/A = 1). As shown in Fig. 9, the
solvent extraction of Cs reached more than 80% and that of Rb was
approximately 20% when the initial NaOH concentration was 0.2 mol/
L. However, only 5 % K was extracted. The solvent extraction of the
three elements was positively influenced by the NaOH concentration.
According to the variation trend of separation factors, fcs/rp continued
to decrease, indicating that a higher concentration of NaOH was not
conducive to the separation of cesium and rubidium. On the contrary,
Bro/x presented a trend of increasing initially and then decreasing,
reaching the maximum when the NaOH concentration was 0.6 mol/L,
depicting the most effective separation.

3.5.1. Separation of rubidium and cesium

Combined with the results, the initial NaOH concentration of the
leaching liquor was regulated to 0.2 mol/L, and then solvent extraction
of cesium was carried out. Fig. 10(a) shows the effect of t-BAMBP
concentration on the solvent extraction of rubidium and cesium (O/A =
1) that of Cs greatly increased from 2.2% to 80.4% as the concentration
of t-BAMBP increased from 0.2 to 0.8 mol/L. During this process, the
solvent extraction of Rb increased slightly but remained lower than
20%. Bcs/rb showed a trend of rising first and then falling. When the
concentration of t-BAMBP was 0.6 mol/L, it reached a maximum value
of 31.6, indicating that the separation of cesium and rubidium was the
most efficient. However, the solvent extraction of Cs was only approx-
imately 60% at this time; it was lower for a single-stage extraction. The t-
BAMBP concentration of 0.8 mol/L was selected for subsequent exper-
iments. Under such conditions, 80.4% Cs was extracted directly, and the
separation factor Bcs/rp Was 28.8. The effect of the phase ratio (Fig. 10
(b)) shows that Bcs/rp Was the largest when the O/A was 0.5. Herein, the
phase ratio of 1, when Pcs/rp Was the second largest, was selected due to
the much higher solvent extraction of Cs. Fig. 10(c) depicts the solvent
extraction isotherm and McCabe-Thiele diagram of cesium. The diagram
shows that when the O/A was selected as 1, Cs in raffinate could be as
low as 0.003 g/L after four-stage solvent extraction, and the solvent
extraction was 99.3%.

3.5.2. Separation of potassium and rubidium

The separation of potassium and rubidium was studied when the
concentration of NaOH was adjusted to 0.6 mol/L. Fig. 11(a, b) discloses
the effect of the t-BAMBP concentration (O/A = 1) and phase ratio (1.5
mol/L t-BAMBP). It indicated that the solvent extraction of potassium
and rubidium was positively affected. The separation factor (Brp/x)
initially decreased and then increased with the concentration of t-
BAMBP, but it showed a completely opposite change with the phase
ratio (initial increase and then decrease). The maximum Pgp/x (16.5)
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Fig. 9. Effect of initial NaOH concentration on the (a) solvent extraction of K, Rb, Cs, and (b) separation factor of Cs/Rb, Rb/K.
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was obtained under the conditions of 1.5 mol/L t-BAMBP and O/A = 2.
The solvent extraction isotherm and McCabe-Thiele diagram of
rubidium (Fig. 11(c)) showed that when O/A = 2, the concentration of
rubidium in raffinate could be as low as 0.047 g/L after five-stage
extraction, and the solvent extraction was up to 99.2%.

In summary, solvent extraction realized the selective extraction of
cesium and rubidium in leaching liquor. The purified products of cesium
and rubidium could be obtained after scrubbing and stripping [42,43].
The feasibility has been verified, and further systematic research would
be performed subsequently.

3.6. Precipitation of lithium

The precipitation experiment of lithium was carried out in raffinate
containing 4.03 g/L Li, 12.4 g/L Na, and 11.0 g/L K. The traditional
precipitant Na;CO3 was not used due to the introduction of more Na™*
impurities. COy was selected instead, and the chemical reaction of
lithium in this process is shown in Egs. (12 and 13). Then, LiHCO3 was
pyrolyzed (Eq. (14)) into Li;CO3 during evaporation. At the same time,
Li»COg gradually crystallized due to the decrease in solution volume and
the solubility of Li,COs3 as the temperature increased. The precipitation
rate of lithium increased as the evaporation rate of the solution rose
(Fig. 12(a)). However, the content of the main impurities (Na, K) in the

precipitates increased significantly as well. Comprehensively, the
evaporation rate was selected as 70%, and the precipitation rate of
lithium was 94.1%. The precipitates obtained satisfied the national
standard for lithium carbonate (GB/T 11075-2013). The XRD and SEM
analysis of the precipitates (Fig. 12(b, ¢)) demonstrated that they were
columnar Li;COs. The pressure of CO; is generally approximately 0.4
Mpa, which ensures that the CO5 in the solution is sufficient to fully react
with Li;COgs. Industrial production data show that the utilization rate of
CO4, is approximately 75%.

2LiOH(I) 4+ CO,(g)—Li,COs5(s) + Hy0(1) (12)
Li,CO;(s) + CO, (g) + H,O(1)—2LiHCO5 (1) (13)
2LiHCO5 (1) —Li,CO;3 (s) + CO, (g) + H,0(1) (14)

3.7. Proposed process

Based on the results, a schematic of the phase transformation
mechanism during the entire process is depicted in Fig. 13. Roasting S1
was the sulfation process of lepidolite. The structure of mineral was
destroyed by sulfuric acid, and Li;SO4, Al3(SO4)3, (K,Rb,Cs)A1(SO4)2,
and SiO, were generated. Roasting S2 was the decomposition process of
partial sulfates. The single-alkali sulfates obtained were combined with
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Fig. 12. (a) Effect of the evaporation of solution on the precipitation of lithium; (b) XRD pattern and (c) SEM image of the precipitate when the evaporation was 70%.
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LisSO4 to constitute the composite sulfate (Li(K,Rb,Cs)SO4). The Al,O3
obtained by decomposition and SiO5 generated by sulfation formed
mullite (AlgSi20O13). Then, the sulfates in roasting residues were dis-
solved into aqueous solution during the leaching process. The Li;CO3
and single alkali sulfates (K2SO4, RbSO4, and CsySO4) were produced
through the efficient separation methods of carbonization precipitation
and solvent extraction. The SOs generated during the decomposition
process could be used to regenerate sulfuric acid through a mature acid-
making process to realize the sulfuric recycling. When treating lepidolite
ores with sulfuric acid method, the pH value of leaching solution was
usually lower than 1 [34], which indicated the presence of considerable
residual acid. A large amount of alkali (CaO or NaOH) was required in
the subsequent process to neutralize the residual acid and remove the
impurities of iron and aluminum. Our process realized the recycling of
sulfuric acid through S2 roasting and avoided residual acid from
entering the leaching solution. At the same time, the selective extraction
of lithium, rubidium, and cesium from lepidolite ores was achieved,
which avoided the alkali consumption in impurity removal as well. The
main components of residues were Si, Al, and Fe, which could be used as
raw materials in the field of building materials. The solution after
lithium precipitation could be returned to the leaching process for
recycling. This process achieved the selective recovery and efficient
separation of lithium, rubidium, and cesium from lepidolite ores. At the
same time, the recycling of sulfuric acid was realized and the amount of
reagents such as acid and alkali was greatly reduced. Compared with
existing studies, it is an efficient, clean, and sustainable process for the
utilization of lepidolite ores.

4. Conclusions

The process was proposed to selectively recover and efficiently
separate lithium, rubidium, and cesium from lepidolite ores. The main
conclusions are as follows:

(1) Thermodynamic modeling of the process was calculated by HSC
Chemistry 6.0 and the theoretical feasibility was verified. The decom-
position of Al5(SO4)s, Fe3(SO4)3, and alum occurred at temperatures of

approximately 400 °C, 620 °C, and 650 °C, respectively. The final
products were soluble Li;SO4, K2SO4, and RbSO4 in water and insoluble
Al;03, Fe;03, and gases SOx.

(2) The optimal parameters were determined as the first-step roast-
ing of 5 h, and the second-step roasting of 800 °C and 2 h. The extraction
rates of lithium, rubidium, and cesium were 90.5%, 91.2%, and 89.4%,
whereas those of aluminum and iron were only 0.08% and 0.02%,
respectively. Selective extraction of lithium, rubidium, and cesium was
realized. At the same time, 90.4% sulfuric acid could be recycled, and
the amount of reagents, such as acid and alkali, was greatly reduced.

(3) The mechanism was discussed by XRD and SEM-EDS analysis.
The results showed that the first-step roasting was the sulfation process
of lepidolite ores. The structure of the mineral was destroyed, and the
valuable ions were combined with sulfate to form the corresponding
sulfate. The second-step roasting was the decomposition process of
partial sulfates. The soluble aluminum and iron in sulfates were trans-
formed into insoluble oxides. The separation of alkali elements and
impurity elements could be realized by simple leaching.

(4) Rubidium and cesium were selectively solvent extracted by t-
BAMBP. The solvent extraction of Cs was 99.3% after four-stage solvent
extraction under the conditions of 0.2 mol/L NaOH, 0.8 mol/L t-BAMBP,
and O/A = 1. The solvent extraction of Rb was 99.2% after five-stage
solvent extraction under the conditions of 0.6 mol/L NaOH, 1.5 mol/L
t-BAMBP, and O/A = 2. Columnar Li;CO3 that satisfied the national
standard (GB/T 11075-2013) was obtained after carbonization precip-
itation and evaporation; the precipitation rate of lithium reached 94.1%.

This process achieved the selective recovery and efficient separation
of lithium, rubidium, and cesium from lepidolite ores. The difficulty of
separating lithium and aluminum in the sulfuric acid method was
solved. At the same time, the recycling of sulfuric acid was realized,
greatly reducing the amount of reagents, such as acid and alkali. It is an
efficient, clean, and sustainable process for the utilization of lepidolite
ores.
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