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Abstract Aiming at the problems of the low grade of rubidium (Rb) in biotite, and long leaching

time and low leaching efficiency of Rb in mica ore, the chlorination roasting-assisted ultrasonic

enhanced water leaching method was employed to extract Rb from biotite ore in this study. During

the chlorination roasting process, the optimal conditions were obtained, namely roasting tempera-

ture 900 �C, roasting time 40 min, and the mass ratio of ore to calcium chloride 1:1, the optimum

leaching rate was 96.75 %. Compared with conventional leaching, the ultrasonic field could greatly

shorten the leaching time and realize fast and efficient leaching of Rb. The optimal conditions for

ultrasonic enhanced leaching were: ultrasonic power 100 W, leaching temperature 60 �C, leaching
time 20 min, liquid–solid ratio 4:1, the Rb leaching rate was 98.73 %, which was 40 min shorter

than conventional leaching. The particle size and SEM results indicated that the samples by ultra-

sonic leaching were smaller, no agglomeration phenomenon in a large area, and the surface of the

samples was relatively smooth.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rubidium (Rb) is widely used because of its unique physical and chem-

ical properties. As a significant element, the demand for Rb far exceeds

its output. Rb is extremely active and has no a complex purification

process of Rb. Therefore, how to efficiently extract Rb from low-

grade rubidium-containing minerals is widely concerned (Xing et al.,

2018; Zhang et al., 2020). The process of extracting rubidium salt from

rubidium-containing ore including acid method (such as hydrochloric

acid and sulfuric acid) and alkali method (Zhang et al., 2019). Due to

the complicated process and high cost, the hydrochloric acid method

was replaced by the sulfuric acid method (Chen et al., 2018). However,

aluminum in the minerals will react with sulfuric acid to cause a pas-

sivation reaction, resulting in the consumption of large amount of sul-
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furic acid. In extraction process, the alkali is needed to neutralize the

excess acid. In addition, the aluminum salt reacts with excess alkali

to form aluminum hydroxide precipitate (Zhang et al., 2021). The dis-

advantage of the sulfuric acid method is that the aluminum hydroxide

produced will adsorb a part of Rb, making it difficult to purify and

remove impurities. Moreover, the treatment process needs to be added

due to the introduction of sulfuric acid. The alkaline process mainly

includes the chlorination roasting method and the limestone sintering

method. The chlorinated roasting-water leaching method is currently

widely used in the extraction of Rb from low-grade biotite ore due

to its shorter process, lower energy consumption, excellent comprehen-

sive utilization effect and higher metal recovery rate (Xing et al., 2021;

Vieceli et al., 2016). Zheng et al. extracted rubidium from distinctive

kaolin ore with chlorinated water leaching, and the extraction rate

was 96.95 % at Rb grade 0.22 % (Zheng et al., 2016). Tian et al. used

a chlorination roasting-water immersion method to extract rubidium

from muscovite (Tian et al., 2020), and the results indicated that the

extraction rate reached the highest (96.71 %) at Rb grade 0.24 %

under roasting temperature of 800 �C and water leaching time of

30 min.

However, the above experiments were all carried out at relatively

high Rb grades, and there are still some problems with the water leach-

ing method such as long leaching time and low leaching efficiency

(Jiang et al., 2018). In order to shorten the leaching time and improve

the leaching efficiency, new approaches are desperately needed. Ultra-

sonic technology is a high-tech discipline that has emerged in recent

years. The cavitational, mechanical, and thermal effects generated

when ultrasonic waves are applied to the solution will stimulate the

instantaneous high temperature and pressure to strengthen the

hydrometallurgical reaction process, especially the leaching and min-

eral extraction process (Rahim Pouran et al., 2016; He et al., 2015).

Zhang et al. found that the leaching rate of Ge reached 92.7 % under

the optimal ultrasonic conditions for leaching Ge from germanium-

containing slag (Zhang et al., 2016). However, it required 100 min to

achieve the optimal Ge leaching rate by conventional leaching, with

a leaching rate of 88.35 %. Xin et al. investigated the process of leach-

ing zinc oxide concentrate with sulfuric acid enhanced by ultrasound-

H2O2, the results indicated that the leaching rate by ultrasonic was
Table 1 Chemical composition of biotite ore (wt %).

SiO2 Al2O3 K2O TFe MnO MgO

65.89 14.33 2.79 5.60 0.14 0.57

Fig. 1 (a) XRD pattern, (b) parti
8.76 % higher than that of mechanical stirring (Xin et al., 2021). Zhang

et al. investigated the process of leaching Rb from iron sulfate by con-

ventional roasting, and found that the leaching rate of rubidium was

only 87.3 % under conventional water immersion for 60 min (Zhang

et al., 2022). To improve the leaching rate of Rb in biotite ore, this

study proposed to strengthen the leaching of Rb from biotite ore by

ultrasonic to improve the low leaching rate and long leaching time

of traditional leaching method.

In the paper, Rb in biotite ore was leached by calcium chloride

roasting-ultrasonic enhanced in aqueous solution. The effects of roast-

ing temperature, holding time and mass ratio of ore to calcium chlo-

ride on Rb leaching rate were studied. The leaching time,

temperature, liquid–solid ratio and ultrasonic power on Rb leaching

rate were also investigated. The leaching residues were characterized

by XRD, SEM and particle size to analyze the mechanism of ultra-

sonic enhanced leaching of Rb. This research provided a useful refer-

ence for the efficient extraction of Rb from biotite ore.

2. Experimental

2.1. Materials and analysis

The biotite ore in this study was provided by a company in
Guangdong and its chemical composition analysis was pre-
sented in Table 1. The calcium chloride dihydrate (CaCl2�2H2-

O) was of analytical grade and produced from Shanghai
Maclens Biochemical Technology Co., Ltd.

Before the experiment, the biotite and calcium chloride
dihydrate were crushed to a particle size of < 150 mm, and

the X-ray diffraction (XRD) pattern and particle size were
shown in Fig. 1. SEM analysis of the raw ore and Elemental
distribution of the raw ore was shown in Fig. 2. It could be

found from Table 1, Fig. 1 and Fig. 2 that the biotite ore con-
tained Si, Al, K, Fe, Mg, Pb, Na and other elements. It could
also be observed that Rb was complex mineral composed of
PbO Li2O Na2O Rb2O Others

0.67 0.06 1.90 0.08 7.97

cle size analysis of the raw ore.



Fig. 2 (a, b) SEM and elemental (c) distribution of the raw ore.
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other elements. The raw material was primarily composed of
SiO2, Rb2PbO2, Al2SiO5, and Rb2MgSi5O12. In addition,
Fig. 1 also showed that the surface morphology of the sample

was rough and evenly distributed. EDS results indicated that
most of the samples are not only oxides of calcium, silicon
and aluminum, but also contain some iron and calcium. And

trace amounts of Rb might not be observed.
The main equipment included high-speed pulverizer

(GJ1001 Hebi Metallurgy Mechanical Device Co., Ltd), muffle
furnace (SX2410 Wuhan Electric Furnace Co., Ltd), laser par-

ticle size distribution instrument (BT-9300HT Dandong Better
Instrument Co., Ltd), low-temperature ultrasonic extractor
(heating power 1000 W and the maximal ultrasonic power

1500 W) (VOSHIN-1500C Wuxi Voshin Instruments Co.,
Ltd), heat-collecting magnetic stirrer (heating power 600 W
and stirring power 25 W) (DF-101S Shanghai Jin State appa-

ratus Technology Co., Ltd), vacuum filtration device (DZF-
6050 Gongyi Yuhua Instrument Co., Ltd), and drying oven
(SHZ-D3 Gongyi Yuhua Instrument Co., Ltd), etc.

2.2. Experimental method

2.2.1. Chlorination roasting

After mixing biotite and calcium chloride, the chlorination
roasting experiment was carried out in a muffle furnace to
investigate the effects of roasting temperature, roasting time,
and mass ratio of biotite ore to calcium chloride on the leach-
ing rate of Rb. The effect of roasting factors on the leaching
rate of Rb was investigated under stirring speed 200 rmp,

leaching temperature 60 �C, leaching time 120 min, and liq-
uid–solid ratio 4:1. The possible reactions of biotite ore with
calcium chloride at high temperature were as follows (Shan

et al., 2013):

CaCl2 + R2Si4O9 = CaSi4O9 + 2RCl ð1Þ

CaCl2 + 2R2PbO2 = CaPbO2 + 2RCl ð2Þ

3CaCl2 + 2SiO2 + 3R2O = Ca3Si2O7 + 6RCl ð3Þ

3CaCl2 + Al2O3 + 3R2O = Ca3Al2O6 + 6RCl ð4Þ

CaCl2 + 2RAlSi2O6 = Al2SiO5 + CaSi3O7 + 2RCl

ð5Þ

CaCl2 + 2RAlSi3O8 = Al2SiO5 + CaSi5O11 + 2RC1

ð6Þ
2.2.2. Leaching experiment

The optimal roasting product was used as the leaching mate-

rial. The conventional leaching and ultrasonic enhanced leach-
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ing experiments were carried out in a heat-collecting magnetic
stirrer and a low-temperature ultrasonic extractor, respec-
tively. The effects of leaching time, ultrasonic power, leaching

temperature, and liquid-to-solid ratio on Rb leaching rate were
investigated.

Rb in the biotite ore was converted to soluble rubidium

chloride (RbCl), which was then transferred into solution by
water leaching. The residue was collected, filtered, and ana-
lyzed the content of Rb to calculate the leaching rate by Eqs.

(7).

g ¼ 1�m1 � x1

m0 � x0

� �
� 100% ð7Þ

where, m0 indicates the mass of calcine, g; m1 indicates the

mass of filtrate residue after leaching, g; x0 is the content of
Rb in calcine, %; x1 is the content of Rb in filtrated residue,
%.

3. Results and discussion

3.1. Chlorination roasting

3.1.1. Effect of calcination temperature

The effect of calcination temperature on the Rb leaching rate
was examined under roasting time of 25 min and the mass ratio

of biotite ore to calcium chloride of 1:1. The roasting product
was crushed and used as raw material for leaching. The rela-
tionship between the leaching rate of Rb and the calcination
temperature was shown in Fig. 3. Due to the melting point

of CaCl2 was 773 �C (Zhang et al., 2020), in order to ensure
the occurrence of chlorination reaction, the initial temperature
was set at 700 �C. The results showed that with the increase of

temperature, the leaching rate of Rb increased firstly and then
decreased. The optimal leaching rate was 70.89 % at 900 �C.
Before 900 �C, the reason for the lower leaching rate was

mainly due to insufficient reaction of calcium chloride and
ore. As the temperature increased, more and more rubidium-
containing phases were occurred. When the temperature
Fig. 3 The effect of roasting temperature on the Rb leaching

rate.
reached 950 �C, RbCl was wrapped by a large amount of cal-
cium aluminosilicate, which was not conducive the leaching of
Rb and resulted in a decrease of leaching rate (Wang et al.,

2020). Moreover, the volatilization of RbCl at high tempera-
ture was also an important reason for the decrease of Rb leach-
ing rate.

The XRD pattern of rubidium ore roasted at different tem-
peratures were shown in Fig. 4. It can be found that RbClO3

was generated during roasting process, which indicated cal-

cium chloride reacted with rubidium compound in the mineral.
RbClO3 was an intermediate product, and the peak intensity
of RbClO3 gradually decreased with increasing temperature.
At 900 �C, the peak intensity of RbClO3 almost disappeared.

At the same time, the peak of RbCl increased, which indicated
that part of RbClO3 was reduced to RbCl. When the temper-
ature continued to rise, rubidium compound reacted with

other substances. Meanwhile, the peak of calcium chloride also
weakened with the increase of temperature, suggested that the
calcium chloride reacted. Moreover, calcium chloride com-

bined with silica and lead silicate to generate CaPb8Si6O21.
In a word, observing the XRD at different temperature, it
can be found that more rubidium at 900 �C existed in the form

of chloride.

3.1.2. Effect of the roasting time

The relationship between roasting time and leaching rate of Rb

was investigated at roasting temperature of 900 �C, and a mass
ratio of biotite ore to calcium chloride of 1:1. The results were
shown in Fig. 5. At 40 min, the leaching rate of Rb was close to

the maximum. Before 40 min, the leaching rate of Rb increased
rapidly due to the roasting time was too short, the reaction of
the chlorination process was insufficient, and part of Rb in the
form of Rb-containing phase still existed in the biotite. After
Fig. 4 XRD pattern of rubidium ore roasted at different

temperatures.



Fig. 5 The effect of roasting time on the Rb leaching rate.
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40 min, the chlorination reaction of Rb-containing phase
tended to be stable, and the leaching process of Rb gradually

slowed down. Based on the practical applications, the longer
the roasting time, the higher the energy consumption and cost,
while the leaching rate not increased significantly. Therefore,

further experiments were carried out at roasting time of
40 min.

3.1.3. Effect of mass ratio of biotite to calcium chloride

The effect of mass ratio of biotite to calcium chloride on Rb
leaching rate was carried out at roasting temperature of
900 �C, roasting time of 40 min and the results were presented

in Fig. 6. When the ratio was 0.5:1, the leaching rate reached
86.98 %. It was due to the formation of calcium silicate from
excess calcium chloride during roasting process, resulting in an
incomplete leaching process. With the increase of the ratio of

biotite ore to calcium chloride, the leaching rate of Rb reached
Fig. 6 The effect of mass ratio of ore to calcium chloride on the

Rb leaching rate.
the maximum value under 1:1. As the amount of ore increases,
the Rb-containing phase in biotite ore could not be trans-
formed into RbCl completely, which resulted in a decrease of

leaching rate. Therefore, the optimal roasting conditions were
roasting temperature 900 �C, roasting time 40 min, and mass
ratio of biotite ore to calcium chloride 1:1. Under these condi-

tions, the leaching rate of Rb in biotite ore reached 96.75 %.

3.2. Ultrasonic enhanced leaching

3.2.1. Effect of ultrasonic power

The relationship between ultrasonic power and Rb leaching

rate was investigated under leaching temperature 60 �C, leach-
ing time 20 min, and liquid–solid ratio 4:1. The result was
shown in Fig. 7. During the roasting process, the main compo-
nents of raw materials and additives were calcium chloride,

calcium aluminosilicate, silicates and a small amount of rubid-
ium salt. Water was a polar molecular structure with a V-
shaped structure and adjacent water molecules were associated

by hydrogen bonds (Kim et al., 2021). As the temperature
increased, in addition to enhancement in thermal motion, the
hydrogen bonds associated with adjacent water molecules in

the aqueous solution were partially dissociated. Based on the
polar characteristics, water was a good solvent. Chloride com-
pounds had an ionic bond structure. In an aqueous solution,
the negatively charged part of the polar water molecule sur-

rounds the metal ion, while the positively charged part sur-
rounds the chloride ion, thereby causing the metal chloride
ion to leave the crystal lattice and enter the solution. The sol-

uble rubidium chloride was obtained by leaching and filtering
roasted biotite ore.

It could be seen in Fig. 7 that the Rb leaching rate reached

98.73 % under ultrasonic power 100 W, which indicated that
ultrasound improved the leaching efficiency significantly. It
may due to that the mechanical and cavitation effects of ultra-

sonic, which can generate instantaneous high temperature,
high pressure and powerful jets to accelerate mass and heat
transfer and promote the degree of the reaction (Zhou et al.,
2021). However, with the increase of ultrasonic power, the

Rb leaching rate was constant or even tended to decrease,
Fig. 7 The effect of ultrasonic power on the Rb leaching rate.
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which showed that the leaching efficiency would be weakened
at higher ultrasonic power. This might be due to the coales-
cence of bubbles generated by cavitation under high ultra-

sound power (Bhangu and Ashokkumar, 2016), or at higher
ultrasonic power, the cycle and decompression times were
shorten so that the liquid molecules did not separate to form

voids (Zou et al., 2020; Li et al., 2018). Hence, ultrasonic cav-
itation could not occur. In general, the inclusions were opened,
and part of the RbCl wrapped by a large amount of calcium

aluminosilicate were better leached under the ultrasonic, which
improved the leaching efficiency of Rb.

And then, by calculation, the energy consumption of con-
ventional leaching is 2250 kJ, while the energy consumption

of ultrasonic leaching is only 1800 kJ, and the energy con-
sumption of 20 % can be saved by ultrasonic leaching. Com-
pared the energy consumption of ultrasound and

conventional, it can be reflected the advantages of ultrasound.

3.2.2. Effect of leaching time

The effect of leaching time on Rb leaching rate via conven-

tional water leaching and ultrasonic treatment was carried
out and presented in Fig. 8. The conventional leaching was
performed with stirring speed 200 rpm, leaching temperature

60 �C, liquid-to-solid ratio 4:1, leaching time 30–180 min,
and the ultrasonic enhanced leaching was conducted under
ultrasonic power 100 W, leaching temperature 60 �C, liquid-
to-solid ratio 4:1, leaching time 10–60 min.

During the conventional leaching process, the leaching rate
of Rb increased firstly and then remained stable. Subsequent

fluctuations were within a controllable range. The leaching rate
reached the maximum value of 98.7 % at 60 min. Under the
ultrasonic-enhanced leaching, the change trend of leaching rate
was increase first and then decrease. This may be because the

particles become very fine and agglomeration occurs under
long-term ultrasound, which reduces the leaching rate
(Hansen et al., 2022). The Rb leaching rate reached the highest

value of 98.73 % at 20 min, indicating that the leaching time
was greatly shortened under the ultrasonic.
Fig. 8 The influence of leaching time on the Rb leaching rate.
3.2.3. Effect of leaching temperature

Temperature was also an important parameter in the leaching

process, and usually the leaching process could be promoted as
the temperature increased. To compared conventional leaching
and ultrasonic-enhanced leaching, the effect of temperatures

on the Rb leaching rate was investigated and the results were
shown in Fig. 9. During the conventional leaching, the stirring
speed was 200 rpm, the leaching time was 60 min, the liquid-to-

solid ratio was 4:1, and the leaching temperature was set to 30–
70 �C. In the ultrasonic enhanced leaching, the ultrasonic
power was 100 W, the leaching time was 20 min and other fac-
tors was the same as the conventional.

During conventional leaching process, the leaching rate of
Rb increased slowly with the increase of temperature. At
60 �C, the leaching rate of Rb reached the highest value of

98.7 %. When the temperature was below 60 �C, as the tem-
perature increased, the diffusion coefficient and rate constant
were increased, which was conducive to the progress of the

leaching reaction. In addition, the leaching process need to
undergo five processes: external diffusion, internal diffusion,
analysis process, soluble matter diffusion through solid mem-

brane and soluble product diffusion into solution (Faraji
et al., 2020; Daryabor et al., 2017). As the leaching tempera-
ture increased, the diffusion process intensified, and when it
reached a certain temperature, the diffusion process tended

to balance. In a certain range, the diffusion process would be
restricted to making the influence of temperature on the leach-
ing rate more complicated. During the ultrasonic enhanced

leaching, the leaching rate increased linearly with the tempera-
ture between 30 �C and 60 �C. While the leaching temperature
was 60 �C, the leaching rate reached 98.73 %, which attributed

to the mechanical and cavitation effects of ultrasonic and fur-
ther promoted the diffusion process of the leaching reaction,
therefore, the leaching rate could reach the maximum value

in a short time.

3.2.4. Effect of liquid-to-solid ratio

The liquid-to-solid ratio was another important factor in the

leaching process. A low liquid-to-solid ratio was difficult to
Fig. 9 The effect of leaching temperature on the Rb leaching

rate.



Fig. 10 Effect of liquid to solid ratio on the Rb leaching rate.

Fig. 11 SEM analysis: (a) optimal roasting product, (b) after convent

size distribution.
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complete the reaction, while a high liquid-to-solid ratio will
cause more solution consumption and cumbersome treatment
processes. The effects of conventional leaching and

ultrasonic-enhanced leaching on Rb leaching rates at different
liquid–solid ratios were compared. In conventional leaching,
the stirring speed was 200 rpm, the leaching time was

60 min, the leaching temperature was 60 �C, the liquid-to-
solid ratio was set to 2:1, 3:1, 4:1, 5:1, respectively. In ultra-
sonic leaching, the ultrasonic power was 100 W, the leaching

time was 20 min and other factors were same as the conven-
tional. The results were presented in Fig. 10.

The Rb leaching rate was relatively low under a lower liq-
uid–solid ratio, which was mainly because the liquid–solid

mixture was viscous and resulted in an insufficient stirring
and adverse to the mass transfer process of the leaching reac-
tion. As the liquid-to-solid ratio increased, the calcine reacted

fully with the solution, the leaching rate of Rb also increased
and reached the maximum at liquid-to-solid of 4:1 ratio. Dur-
ing ultrasonic enhanced leaching, although the Rb leaching

rate was lower under liquid-to-solid ratio 2:1, while the
strengthening effect of the ultrasonic field was reflected when
ional leaching (c) after ultrasonic-assisted leaching and (d) particle
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the liquid-to-solid ratio was increased to 3:1, which indicated
that in a short leaching time, ultrasonic-enhanced leaching
could achieve the same Rb leaching rate as conventional leach-

ing (Cui et al., 2019).

3.3. Characterization of the filter residue

SEM and particle size distribution of the samples included
before and after leaching (optimal leaching conditions) were
examined and presented in Fig. 11. As shown in Fig. 11(a),

(b), and (c), the microstructure of the particles changed obvi-
ously, and the obvious agglomeration phenomenon almost dis-
appeared after conventional and ultrasonic leaching, which

indicated that the dense structure was broken under optimal
leaching conditions. Moreover, compared with conventional
leaching, the surface of the particles obtained by ultrasonic
leaching was smoother. Fig. 11(d) showed the particle size dis-

tribution before and after leaching. After conventional leach-
ing, the particle size decreased from 19.71 to 18.08. This was
because agitation during conventional leaching could facilitate

the dispersion of aggregated particles. After ultrasonic leach-
ing, the average diameter was found to be further reduced
from 19.71 to 18.33. A possible explanation was that the gen-

eration of many shock waves caused by cavitation broke up
aggregated particles into smaller particles, which was more
conducive to the improvement of the leaching rate of roasted
ore.

4. Conclusion

An improved process including the chlorination roasting and ultra-

sonic enhanced leaching to extract rubidium from biotite ore was pro-

posed. The optimal calcination conditions were roasting temperature

900 �C, roasting time 40 min, and the mass ratio of biotite to calcium

chloride 1:1. The optimal conventional leaching conditions were leach-

ing temperature 60 �C, leaching time 60 min, liquid–solid ratio 4:1, and

the leaching rate of Rb reached 98.7 % The optimal ultrasonic

enhanced leaching conditions were liquid–solid ratio 4:1, ultrasonic

power 100 W, leaching temperature 60 �C, leaching time 20 min, and

the leaching rate of Rb was 98.73 %. Compared with conventional

leaching, the leaching rate of Rb was slightly improved by ultrasonic

method. The introduction of ultrasonic greatly shortened the leaching

time from 60 min (conventional leaching) to 20 min (ultrasonic

enhanced leaching). The energy consumption of the conventional

was 2250 kJ, and the ultrasonic one was 1800 kJ. The chlorination

roasting-ultrasonic enhanced water leaching provides a feasible

method for industrial extraction of Rb.
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