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Abstract: Currently, the process of extracting rubidium from ores has attracted a great deal of attention due to the increasing application of ru-
bidium in high-technology field. A novel process for the comprehensive utilization of rubidium ore resources is proposed in this paper. The
process consists mainly of mineral dissociation, selective leaching, and desilication. The results showed that the stable silicon—oxygen tetrahed-
ral structure of the rubidium ore was completely disrupted by thermal activation and the mineral was completely dissociated, which was condu-
cive to subsequent selective leaching. Under the optimal conditions, extractions of 98.67% Rb and 96.23% K were obtained by leaching the ru-
bidium ore. Moreover, the addition of a certain amount of activated AI(OH); during leaching can effectively inhibit the leaching of silicon. In
the meantime, the leach residue was sodalite, which was successfully synthesized to zeolite A by hydrothermal conversion. The proposed pro-

cess provided a feasible strategy for the green extraction of rubidium and the sustainable utilization of various resources.

Keywords: rubidium; mineral dissociation; selective leaching; zeolite A; desilication

1. Introduction

Rubidium is a soft, active, and rare metal with unique op-
toelectronic properties and has been widely used in tradition-
al fields such as atomic clocks, photovoltaic cells, special
glasses, biochemistry, and medicine [1-3]. In particular, with
the rapid development of rubidium in emerging applications
such as magnetic fluid power generation, thermal ion conver-
sion power generation, and ion propulsion engine, the de-
mand of rubidium has also grown significantly year by year
[4-6]. Although rubidium is ranked 16th in abundance in the
earth’s crust, rubidium has no independently occurring min-
eral and is mainly found in feldspar and mica in the form of
isomorphism by replacing the position of potassium [7-8].
For a long time, rubidium was extracted mainly from lepidol-
ite (K,Rb)Li,AlSi,0,(F,) and pollucite (Cs,Al,Si,0;,) as a
byproduct of lithium and cesium extraction [9]. The annual
production of rubidium worldwide is only 2—4 t [10].

Rubidium has been found to be concentrated in ores and
brines [10—12]. Although brines account for more than 90%
of the total reserves, rubidium usually is found in trace con-
centrations (0—20 mg/L), which makes it costly and technic-
ally difficult to extract [13—14]. As a result, the current study
of rubidium extraction technology has focused on the extrac-
tion of rubidium from ores. In general, rubidium ores are cur-
rently treated mainly by roasting decomposition and acid de-
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composition [15—16]. The principle of roasting is the decom-
position of alkali metal or alkaline earth metal chlorides at
high temperatures (800—900°C) with water to produce hy-
drogen chloride gas [17]. The rubidium in it is converted into
soluble rubidium chloride by the reaction of hydrogen chlor-
ide with mica, which is then recovered by water leaching
[18]. Although high extraction rate of rubidium can be ob-
tained by chlorination roasting and water leaching, the cur-
rent studies have only considered the recovery of rubidium,
resulting in a low level of comprehensive resource utilization.
In addition, chlorination roasting often produces a large
amount of waste gas containing hydrogen chloride, which
will bring a series of problems, such as poor operating envir-
onment, higher cost of waste gas treatment,, and equipment
corrosion [18—19].

Mica and feldspar are generally considered to be natural
rubidium resources and both are composed primarily of
stable silica—oxygen tetrahedral structures [20-21]. There-
fore, the destruction of the stable silicon—oxygen tetrahedral
structure is a prerequisite to obtaining high extraction rate of
rubidium. According to geochemical studies, mica is sus-
ceptible to acidic erosion and feldspar to alkaline erosion, but
the efficiency of atmospheric pressure leaching is too low
[22-24]. Studies demonstrate that enhanced leaching pro-
cesses are more competitive than roasting processes in ore
extraction metallurgy [25-26]. A process for the leaching of
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strong acids has been proposed and systematically investig-
ated by Lou ez al. [27]. Although the stable silica-oxygen tet-
rahedral structure in mica could be efficiently destroyed un-
der enhanced acid leaching conditions, the sulfuric acid was
inefficient and could not be regenerated, resulting in a large
amount of acid-containing wastewater that was difficult to
treat [28-30]. Beside, some researchers conducted alkali
leaching of feldspar and mica in autoclave by intensifying the
leaching conditions [20,31-32]. The enhanced alkali leach-
ing not only resulted in a high leaching rate but also avoided
the generation of large amounts of waste gas and wastewater
[33]. However, the intensive alkali leaching process also had
the problems with high leaching pressure and high alkali con-
sumption [34]. If the leaching pressure and alkali consump-
tion are further reduced, it is of great importance for the tech-
nological development of rubidium extraction from ores by
alkaline leaching.

In this paper, a novel method for the comprehensive utiliz-
ation of complex rubidium ore resources was proposed, and
the process not only took into account the efficient recovery
of rubidium but also achieved a high-value utilization of the
abundant silicon and aluminum resources. The technical
route for the comprehensive utilization of complex rubidium
resources consists mainly of the following steps: (1) dissoci-
ation of stable mineral structures in rubidium ore, (2) select-
ive leaching of the thermal activated slag (Slag-1), and (3)
desilication of alkaline leaching solutions with aluminum hy-
droxide and zeolite synthesis. The effects of various paramet-
ers on extraction efficiency were systematically investigated
during thermal activation and selective leaching. The results
of the study will provide theoretical and technological sup-
port for the low-cost, efficient, and clean utilization of Rb-
bearing minerals.

2. Experimental
2.1. Materials

The rubidium ore was finely ground to below 74 pm by a
vibration mill prototype. Table 1 presents the chemical com-
position of rubidium ore. NaOH and Al(OH); were pur-
chased from Beijing Honghu Lianhe Huagong Chanpin Co.,
Ltd., China. All chemical agents were analytical pure grade.

Table 1. Chemical composition of the rubidium ore ~ wt%

Rb SiO, Al K Fe Ca Mg C F
0.16 58.07 9.20 541 565 068 038 0.18 1.66

2.2. Apparatuses and procedure

The rubidium ore with a certain amount of NaOH was
thoroughly mixed and subsequently roasted in a silicon—mo-
lybdenum furnace at a pre-determined temperature and time.
After reaching the pre-determined holding time, the roasted
sample was directly taken out and poured into cold water for
rapid cooling. The Slag-1 was finally leached in a beaker
after fine grinding. To determine the optimal mineral dissoci-
ation conditions, the selective leaching conditions (initial Na-
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OH concentration, liquid-to-solid ratio (L/S), temperature
(7), and leaching time (¢)) were set at 150 g/L, 5 mL/g, 95°C,
and 2 h. After the leaching was completed, the leaching
residue was washed several times (2 to 3 times) to ensure that
the residual NaOH was washed away. The leaching residue
after washing was dried at 80°C for 24 h. Finally, a certain
amount of activated Al(OH); was added to the leaching li-
quor for desilication, which was also performed in a beaker.

2.3. Analysis methods

Metals in rubidium ore, leaching, solution, and desilica-
tion slag (Slag-2) were analyzed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES; 8300
PerkinElmer, America). The mass loss and heat change of the
materials were analyzed through thermogravimetry—differ-
ential scanning calorimetry (TG-DSC). The phase of the sol-
id particles was analyzed using X-ray diffractometer (XRD;
Ultima IV Japanese Science, Japan). The particle size distri-
bution of the ore sample was tested by a laser particle sizer
(Mastersizer 3000, China). The microstructure and main ele-
ments distribution of the solid particles were analyzed
through scanning electron microscopy (SEM; SUPRASS,
Zeiss, Germany) and energy dispersive X-ray spectroscopy
(EDS; EDAX, Germany). The silicon in solution was also
analyzed using ICP-OES.

3. Results and discussion
3.1. Characterization of the rubidium ore

The particle size distribution of rubidium ore was meas-
ured, as shown in Fig. 1(a). It can be seen that the D5, particle
size of the rubidium ore was 9.47 um, and the Dy, was 46 pm
(D10, Dsp, and Dy, represent the particle size at 10%, 50%, and
90% of the particle size distribution, respectively). The XRD
pattern of the rubidium ore is shown in Fig. 1(b). The main
material phases were identified as quartz, feldspar, and mica.

Combined with SEM-EDS (Fig. 2), rubidium was present
both in feldspar and mica in the form of isomorphism [20].
The deposit state of rubidium and potassium made it difficult
to process efficiently by conventional processes. Therefore,
the destruction of feldspar and mica structures was an essen-
tial prerequisite for the efficient extraction of rubidium and
potassium.

3.2. Mineral dissociation

Fig. 3 shows the TG-DSC curves for the raw ore and the
raw ore mixed with NaOH (a ratio of NaOH to ore of
30wt%). The TG-DSC of rubidium ore showed that three en-
dothermic peaks and mass loss occur with the gradual in-
crease in temperature: the first peak in the 529°C regions was
most likely to be the dehydroxylation of kaolinite [35], the
peak at 1068°C corresponded to the mineral starting to melt
(Table S1), whereas the third peak at 1275°C was caused by a
glass phase transition of the mineral. Notably, when the raw
ore was mixed with 30wt% NaOH, there was an additional
heat absorption peak at 790°C accompanied by a significant
mass loss, which was most likely due to the reaction of the
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Fig. 1. Characterization of the rubidium ore: (a) particle size distribution and (b) XRD pattern.

Fig. 2. SEM image and EDS maps of the rubidium ore (1—Quartz; 2—Mica; 3—K-feldspar).
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Fig. 3. TG-DSC curves of raw ore and raw ore mixed with
30wt% NaOH.

mineral with NaOH, releasing water vapour, as shown in
Egs. (1) and (2) [20].
6KAISi;0g + 18NaOH = 3Na, Al,Si304¢ +

3K,Si0;5 + 6Na,SiOs + 9H,O0 1 1)

6K A1Si;Og + 24NaOH +2CaCO; =
NaGCaz (A1651024(CO3 )2) + 3K2$103 +
9N2,SiO; + 12H,0 1 Q)

Interestingly, the glass phase transition temperature of the
material after mixing the raw ore with 30% NaOH remained
unchanged and the starting melting temperature of the mix-
ture was reduced to 921°C, which was 147°C lower than
when NaOH was not added. The results of the thermogravi-
metric analysis indicated that the addition of NaOH during
the dissociation stage would probably be more favorable to
the dissociation of the minerals and effectively increase the
Slag-1 activity. Therefore, the effects of the mass ratio of Na-
OH to ore, temperature, and roasting time were mainly in-
vestigated during the mineral dissociation stage.

3.2.1. Effect of mass ratio of NaOH to ore

Combined with the results of the previous analysis of the
thermogravimetric curves (Fig. 3), the glass phase transition
of rubidium ore would only occur at 1275°C and the addition
of NaOH would not alter the glass phase transition temperat-
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ure of the mineral. Therefore, to adequately destroy the min-
eral structure, the dissociation temperature and time were set
at 1300°C and 2 h, respectively, when exploring the effect of
NaOH addition. Without the addition of NaOH, the leaching
activity of the Slag-1 was low (Fig. 4(a)), and extraction rate
of rubidium was only approximately 50%. The leaching rate
of rubidium was effectively improved after NaOH was ad-
ded. In particular, the maximum leaching rate of rubidium
was obtained when the addition of NaOH was 25wt%. Con-
sidering that by continuing to increase the amount of NaOH,
the metal extraction no longer increased and the extra NaOH
would inevitably absorb gases such as CO,, making the
byproduct Na,CO; increase, which would not only cause a
waste of resources but also make the leachate composition
more complex. Therefore, 25wt% was chosen as the optim-
um addition amount of NaOH.
3.2.2. Effect of dissociation temperature

The dissociation temperature was also an important factor
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in the activity of the Slag-1. Fig. 4(b) demonstrates the effect
on the leaching activity of the Slag-1 at dissociation temper-
atures in the range from 1200 to 1400°C. The leaching rates
of rubidium and potassium were relatively low at 1200°C
(65% and 52%) and increased gradually as the dissociation
temperature increased. At 1250°C, the maximum leaching
rate of rubidium reached 86%, but the leaching rate of po-
tassium continued to increase with the dissociation temperat-
ure and stabilized at 1300°C. Consequently, 1300°C was
chosen as the optimum dissociation temperature in sub-
sequent experiments. Combined with the thermogravimetric
curve analysis results of the rubidium ore in Fig. 3, the glass
phase transition of the mineral occurred at 1275°C. The min-
eral was completely transformed into a highly active
amorphous state at 1300°C. This was also the reason for the
highest activity of the Slag-1 obtained at 1300°C.

3.2.3. Effect of dissociation time

The effect of dissociation time on the activity of the Slag-1
is shown in Fig. 4(c). When the holding time was too short,
the leaching activity of the Slag-1 was low, which was due to
the glass phase transformation of the minerals was incom-
plete and most of them still existed in a stable state. When the
holding time reached 1 h, the leaching rates of rubidium and
potassium were 86% and 77%, respectively. By continuing to
increase the dissociation time, the leaching rate of rubidium
and potassium hardly increased anymore, so 1 h was chosen
as the optimum dissociation holding time.

Through systematic experiments, the optimum mineral
dissociation conditions were determined: a ratio of NaOH to
ore of 25wt%, a dissociation temperature of 1300°C, and a
dissociation time of 1 h. The Slag-1 was further analyzed us-
ing SEM-EDS mapping to compare the distribution of the
main elements after mineral dissociation. The SEM—EDS im-
ages of the raw ore (Fig. 2) showed that rubidium was only
distributed centrally in the feldspar and mica. However, when
the raw ore was dissociated by mineral activation at high
temperatures, rubidium was released and all elements were
present in a highly dispersed state (Fig. 5), achieving com-
plete dissociation of the mineral. The high activity of Slag-1
also provided the basis for the efficient extraction of rubidi-
um and potassium in the selective leaching process.

3.3. Selective leaching

First, to further predict the decomposition behavior of the
Slag-1 in lye and the possible presence of the material phases,
the phase diagram of the K,0-Al,0;—Si0,—Na,O system was
plotted by the FactPS, and FToxid databases in the Phase
Diagram module of the FactSage7.0 thermodynamic soft-
ware. As shown in Fig. 6, based on the composition of the
Slag-1, the stable phases in the phase diagram were neph-
eline (KNa;[AlSiO,],), Na,SiOs, K,Si0;, and NaAlO, for a
range of possible experimental conditions.

It should be noted that secondary reactions could occur
between Na,SiO;, K,Si0;, and NaAlO, at different leaching
times, alkali concentrations, and temperatures to produce dif-
ferent types of zeolites. Fig. 6 also shows that changes in
leachate base concentration can have a large effect on the
phases in solution.
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Fig.S. (a) XRD pattern and (b) SEM image and EDS maps of the slag-1 under the optimum mineral dissociation conditions.

3.3.1. Effect of initial NaOH concentration

Based on the results of the Factsage software calculations
in Fig. 6, it can be concluded that the NaOH concentration
significantly affects the leaching process. Therefore, the in-
fluence of different initial NaOH concentrations on the leach-
ing of rubidium and potassium was further investigated. The
temperature, liquid-to-solid ratio, leaching time, and stirring
rate were maintained at 90°C, 5 mL/g, 2 h, and 400 r/min, re-
spectively. As shown in Fig. 7(a), the leaching rates of both

(a) Na,0O/Z mass ratio = 0.2
AlLO,

KO 09 07 05 03 01 SiO,
Mass fraction of K,O

(¢) Na,0O/Z mass ratio = 0.6
Al O,

atb+d+e

K0 09 0.7 0.5 03 0.1 SiO,
Mass fraction of K,O

rubidium and potassium increased continuously with in-
creasing initial NaOH concentration. When the initial con-
centration of NaOH was 200 g/L, the leaching rates of rubid-
ium and potassium reached a plateau, which were 96.45%
and 90.57%, respectively. Therefore, the optimum initial Na-
OH concentration was chosen to be 200 g/L for following
leaching.

As shown in Fig. 8, when the initial concentration of Na-
OH was below 100 g/L, the leaching residue was still an

(b) Na,O/Z mass ratio = 0.4
ALO,

KO 09 07 05 03 01 SiO,
Mass fraction of K,O

(d) Na,O/Z mass ratio = 0.8
ALO,

atb+d+e

K,0 09 0.7 0.5 0.3 0.1 SiO,
Mass fraction of K,O

Fig. 6. Phase diagram of the K,0-Al,0s-SiO,—Na,0-H,0 system (Na,O/Z = 0.2, 0.4, 0.6, and 0.8 in mass ratio, H;O/Z = 5 in mass
ratio, Z = (AL O + SiO, + K,0), 90°C, and 101.325 kPa). a—Na,SiO3; b—NaAlO,; ¢—K;Si03; d—KOH; e—NaOH; f—KAISiO,4; g—
NaAlSi;O0g; h—K;Si,04; i—K;Si,05; j—NaAlSiO4; k—Nepheline; I —Feldspar.
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amorphous form and the corresponding metal leaching rates
were relatively low. When the initial concentration of NaOH
reached 125 g/L, the leaching residue began to change from
an amorphous state to a crystalline state, and zeolite A phase
appeared. Interestingly, as the initial NaOH concentration
continued to increase to 150 g/L, a new phase (sodalite)
began to appear in the leaching residue, but at this point
zeolite A was still the dominant phase. Thereafter, as the ini-
tial NaOH concentration continued to increase, zeolite A
phase eventually disappeared and sodalite became the pre-
dominant phase in the leaching residue. Accordingly, the
conversion of zeolite A to sodalite during leaching depends
on the initial NaOH concentration. This result was in agree-

1—Sodalite (PDF#76-1639)
2—Zeolite A (PDF#39-0223)
3—Ca, SiO; ;- xH,0 (PDF#33-0306)
1
3
1} .1 200gL
5 1 1
< | 11 1
=z i 1 1 1 175gL
z 1 2!
z|3222 2922121 150 g/L
515 Y S VU - ol
£ U3 A9 k2 ) 125 g/L
pe—— 100 g/L
75 g/L
50 g/L
Slag-1
10 20 30 40 50 60 70
201 °)
Fig. 8. XRD patterns of the leach residue at various NaOH
concentrations.

ment with the calculation results of Factsage software in
Fig. 6 and the conversion mechanism of zeolite A to sodalite
[36-37].
3.3.2. Effect of leaching temperature

Temperature is a significant factor in chemical reactions
and increasing the temperature of metals extracted from min-
erals not only increases the rate of reaction but also promotes
the decomposition and transformation of the mineral phase
[38-39]. Fig. 7(b) demonstrates the effect of different leach-
ing temperatures on metal extraction rates. The initial NaOH
concentration, liquid-to-solid ratio, leaching time, and stir-
ring rate were maintained at 200 g/L, 5 mL/g, 2 h, and 400
r/min, respectively. It was clear that the leaching rates of ru-
bidium and potassium increased more slowly with increas-
ing temperature when the temperature was below 80°C.
However, the leaching rates of rubidium and potassium in-
creased rapidly with increasing temperatures above 80°C.
The leaching rate of the metals reached stability at 95°C, so
the optimum leaching temperature was chosen to be 95°C.

XRD analysis of the leaching residue was carried out to
investigate the phase transformation of the Slag-1 at different
temperatures. It can be seen from Fig. 9 that when the tem-
perature was below 85°C, no peaks appeared in the XRD pat-
tern and the leaching residue was still present in an amorph-
ous state. As the leaching temperature increased above 85°C,
the sodalite phase gradually appeared in the leaching residue
and the intensity of sodalite peaks increased with temperat-
ure. Eventually, sodalite and a small amount of hydrated cal-
cium silicate became the main phases of the leaching residue
as the temperature increased further.
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Fig. 9. XRD patterns of the leaching residue at various leach-
ing temperatures.

3.3.3. Effect of leaching time

Extending the leaching time could effectively increase the
extraction rate of metals. Hence, the effect of leaching time
on the leaching rates of rubidium and potassium was invest-
igated. Constant conditions included an initial NaOH con-
centration of 200 g/L, leaching temperature of 95°C, liquid-
to-solid ratio of 5 mL/g, and stirring rate of 400 r/min. As
shown in Fig. 7(c) the extraction rates of rubidium and po-
tassium reached 80.67% and 73.64% respectively at a reac-
tion time of 40 min. The leaching process essentially reached
equilibrium within 80 min. Thereafter, increasing the leach-
ing time resulted in a small increase in the leaching rates of
rubidium and potassium, while the increase in leaching time
resulted in a reduction in equipment capacity and an increase
in production costs. Therefore, considering the actual pro-
duction situation, the optimum leaching time was determ-
ined to be 80 min.
3.3.4. Effect of the liquid-to-solid ratio

From a kinetic point of view, an increase in the liquid-
to-solid ratio reduces the viscosity of the slurry and facilit-
ates an increase in mass transfer efficiency [40]. As shown in
Fig. 7(d), the leaching rates of rubidium and potassium in-
creased with increasing liquid-to-solid ratios under the con-
stant conditions of an initial NaOH concentration of 200 g/L,
leaching temperature of 95°C, leaching time of 80 min, and
stirring rate of 400 r/min. When the liquid-to-solid ratio was
3 mL/g, the leaching rates for both rubidium and potassium
were low at 72.93% and 64.59% respectively. The reason
was that when the liquid-to-solid ratio was small, the viscos-
ity of the solution was large and the contact between miner-
als and alkali was insufficient, resulting in a poor leaching
rate. As the liquid-to-solid ratio gradually increased, the mass
transfer rate between the Slag-1 and the alkali solution con-
tinued to increase. In particular, when the liquid-to-solid ra-
tio was increased to 5 mL/g, the leaching rates of rubidium
and potassium reached 97.56% and 95.23% respectively.
Thereafter, the leaching rate of the metals almost ceased to
change when the liquid-to-solid ratio continued to be in-
creased. Considering the cost factor, the optimum liquid-to-
solid ratio was chosen to be 5 mL/g.

The XRD patterns (Fig. 10) of the leaching residue ob-

tained at different liquid-to-solid ratios were further analyzed.
When the liquid-to-solid ratio was 3 mL/g, the leaching
residue was in an amorphous state. As the liquid-to-solid ra-
tio increased, the intensity of the sodalite peak increased,
eventually forming a sodalite phase with a stronger peak at a
liquid-to-solid ratio of 5 mL/g. Finally, when the liquid-to-
solid ratio was increased to 10 mL/g, a small amount of hy-
drated calcium silicate appeared in the leaching residue,
which may be related to the increase in the total amount of
alkali.

1—Sodalite (PDF#76-1639)
2—Ca, ;SiO, 5 -le20 (PDF#33-0306)
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Fig. 10. XRD patterns of the leaching residue at various li-

quid-to-solid ratios.

By systematic experiments, the optimum leaching condi-
tions were determined to be an initial NaOH concentration of
200 g/L, a leaching temperature of 95°C, a liquid-to-solid ra-
tio of 5 mL/g, a reaction time of 80 min, a stirring rate of 400
r/min. Under the optimum mineral dissociation and leaching
conditions, the yields of rubidium and potassium were
97.56% and 95.23%, respectively. Rubidium and potassium
in the leachate can be further separated by solvent extraction
to obtain RbCl and KCI. The separation of rubidium and po-
tassium by solvent extraction has been systematically stud-
ied by our group previously, with approximately 98% of the
rubidium being extracted from the alkali leaching solution
using t-BAMBP (Tables S2 and S3) [31,41].

Finally, the morphology of the Slag-1 and leaching
residue obtained under optimum conditions was also com-
pared, and SEM-EDS images are shown in Fig. 11. The
Slag-1 had a large particle size and consisted of a lumpy
structure with a smooth surface. However, the lumpy struc-
ture of the Slag-1 was destroyed by alkali leaching. The
leaching residue formed was made up of a large number of
small balls with rough surfaces and regular shapes gathered
together.

3.4. Desilication of alkaline leaching liquor

Approximately 35wt% of the silicon (15 g/L) was also
leached into the solution during the alkali leaching process.
The silicon in the leachate was easily crystallized and precip-
itated, causing consumption of alkali and detrimental effects
on rubidium extraction during solvent extraction. Therefore,
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Fig. 11. (a, b) SEM images of Slag-1 at different magnifications and (c) SEM image and EDS maps of leaching residue under op-

timum conditions.

the dissolved silicon must be removed to purify the leachate.
The most common method for desilication of leach liquor
was to add CaO for desilication. However, if CaO was added
to the process for desalination, a low utilization value of wol-
lastonite would be produced. To achieve high-value utiliza-
tion of silicon and a small number of aluminum resources in
the leachate, AI(OH); was added to the leachate to supple-
ment the aluminum source for desilication treatment [42—43].
The effect of the addition of AI(OH); on the effectiveness of
desilication was investigated systematically. The desilication
temperature, desilication time, and stirring rate were kept at
95°C, 80 min, and 500 r/min respectively, which were the
same as the optimum leaching conditions of the Slag-1. The
main chemical reactions occurring during the addition of
Al(OH); to the leachate for desilication were shown in Egs.
B)5).

Al(OH); + OH™ = AI(OH); 3)

H,Si02™ + 2A1(OH); 2 [Al, [H,Si0,4](OH) > +20H"
4)

100

(@)
80 |

60 |

40}

SiO, precipitation / %

O 1 1 1 1 1
0.6 0.9 1.2 1.5 1.8 2.1
Molar ratio of AI(OH), to SiO,

7Na* + 6[Al, [H,Si04] (OH)4]*” 2 3 [Na,O - Al,O5 - 2Si0,] -
NaAl(OH), - nH,0 + 5AI(OH); + (12— n)H,0 (5)

As shown in Fig. 12(a), the extent of desilication was
strengthened as the molar ratio of AI(OH); to SiO, increased.
When Al(OH); was added at 1.75 times the amount of dis-
solved silica, the precipitation rate of silica reached a maxim-
um of approximately 94%. Hence, the optimum dosage of
Al(OH); was determined to be a molar ratio of Al(OH); to
Si0, of 1.75. Fig. 12(b) shows the XRD pattern of the Slag-2.
The main phases of the Slag-2 were sodalite and sodium alu-
minum silicate hydrate. When the molar ratio of AI(OH); to
Si0, was 1.75, most of the sodium aluminum silicate hydrate
was transformed into sodalite with a rough surface (Fig. S1).

As a typical mineral of the zeolite group, sodalite has the
same [} characteristic cage structure as zeolite, which can also
be further synthesized by zeolite transformation methods
[44]. Zeolites have excellent adsorption, ion exchange, and
catalytic properties, and the technology for synthesizing
zeolites with sodalite as raw material is well matured

(b) 1—Sodalite (PDF#76-1639)
2—Sodium aluminum silicate hydrate
1 (PDF#43-0688) .
| 1 n(Al(OH),) : n(SiO,) = 1.75
3 I gk L
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Fig. 12. (a) Effect of dosage of AI(OH); on the desilication and (b) XRD patterns of the Slag-2 (desilication temperature = 95°C; de-
silication time = 80 min). n(x) represents the amount of substance (mole) of x.
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[45-46]. After pretreatment of the leaching residue obtained
under the comprehensive experiment, the leaching residues
were successfully synthesized into zeolite A (Fig. S2) by
controlling n(Si0,) : n(AL,Os) = 1, n(H,0) : n(Na,0) = 74,
and n(Na,0) : n(Si0,) = 1.7 at a temperature of 100°C for 12 h.

The results of the desilication experiments showed that the
addition of activated AI(OH); to the leaching solution under
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the same conditions as the optimum leaching temperature and
leaching time gave a good desilication effect, and the leach-
ing residue and the Slag-2 were both sodalites. Therefore, to
further simplify the process, the optimal amount of activated
Al(OH); was added during alkaline leaching so that leaching
and desilication could be carried out simultaneously, with the
results shown in Table 2.

Table 2. Leaching results under comprehensive conditions

Component Rb K Si Al Fe Ca F
Leaching rate / % 98.67 96.23 1.8 13.6 <1 <1 96
Content / (g'L™) 0.25 8.65 0.48 1.7 <0.01 <0.01 2.5

The leaching rates of rubidium and potassium remained
above 95% under the combined experimental conditions and
the leaching rate of silicon was reduced to 1.8% from the pre-
vious 35%.

3.5. Proposed process route and cost analysis

Previous exploratory experiments also explored the feas-
ibility of the sodiumization roasting—water leaching process
and the direct roasting—alkali leaching process for the treat-
ment of rubidium ores. It was found that even if the amount
of NaOH in the roasting stage was increased, little rubidium
was leached in the water leaching stage. If direct roasting was
carried out without the addition of NaOH, the leaching rate of
rubidium during alkali leaching was only approximately 55%
even if the initial concentration of NaOH reached 300 g/L
and the temperature was 100°C. It also demonstrated the im-
portant role of the addition of small amounts of NaOH dur-
ing the roasting stage in the reconstitution of the mineral

Rubidium ore

A 4

NaOH_..I Mineral dissociation I

]

Water-quenched slag

A\

I Crushing & grinding I

v

v

Leach liquor

Selective leaching NaOH/Al(OH),
|

Leach residue

phase.

After a comparison of the various processes currently
available for the treatment of complex rubidium ores, based
on our group’s works on the separation of rubidium and po-
tassium from alkaline solutions [31,41]. The proposed flow
chart for the treatment of complex rubidium ores is shown in
Fig. 13.

The potential economic value was conducted for treating
1 t of rubidium ore by the proposed method in China (Table
S4). The prices of various products come from the latest data
on the Internet [47-48]. In addition, energy and equipment
costs are calculated with reference to Ref. [48]. The econom-
ic analysis is based on the market situations in China and
there will be some differences in other countries.

Table S4 shows that the profit of treating is approximately
1.41 million yuan. In addition, if the cost of 1 t of rubidium
ore is calculated at 60% of the rubidium, potassium, silicon,
and aluminum contained in it, the cost of raw material is

Mineral dissociation

NaOH : ore = 0.25 g/g
1300°C, time: 1 h

Selective leaching

NaOH 200 g/L, 95°C,
L/S =5 mL/g, 80 min
n(Al(OH);) : n(Si0,) = 1.75

| J

Solvent extraction & stripping

I Synthesis I

Synthesis
100°C, 12 h

KCl RbC1

II

A-Zeolite

n(Na,0) : n(Si0,) = 1.7,
n(Si0,) : n(ALO,) = 1
n(H,0) : n(Na,0) = 74

Fig. 13. Flow chart of comprehensive utilization of rubidium ore resources.
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about 0.86 million yuan. Through calculation, it can be con-
cluded that the final profit is about 553599 yuan, indicating
that the new method proposed has considerable economic
benefits.

4. Conclusions

An efficient process for the comprehensive utilization of
rubidium ore resources was proposed, the following conclu-
sions were drawn.

(1) By mineral dissociation, the stable silicon—oxygen tet-
rahedra in the rubidium ore were disrupted, the rubidium was
released and the thermal activated slag (Slag-1) existed in a
highly reactive, amorphous state. The optimum dissociation
conditions were as follows: a ratio of NaOH to rubidium ore
of 25wt%, a dissociation temperature of 1300°C, a roasting
time of 1 h. Under these conditions, the highest leaching
activity of the Slag-1 was obtained.

(2) The Slag-1 was treated by selective leaching at an ini-
tial NaOH concentration of 200 g/L, a leaching temperature
of 95°C, a leaching time of 80 min, and a liquid-to-solid ratio
of 5 mL/g to achieve maximum leaching rates of 97.56% and
95.23% for rubidium and potassium, respectively.

(3) Desilication was carried out by adding AI(OH); to the
leaching solution under optimal leaching conditions. When
Al(OH); was added at 1.75 times the amount of dissolved
silica, the leaching rates of rubidium and potassium were
98.67% and 96.23% respectively, while only 1.8% of silicon
entered the solution, simplifying the process.

(4) Moreover, the leaching residue and the Slag-2 were
sodalites, which were successfully synthesized to zeolite A
by hydrothermal conversion.
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