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Extraction of rubidium and cesium from brine solutions using a room tem-
perature ionic liquid system containing 18-crown-6
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Application of 1-butyl-3-metyhlimidazaolium hexafluorophosphate ([C4mim][PF]), in the extraction of rubidium
and cesium from brine solutions using 1,4,7,10,13,16-hexaoxacyclooctadecane (18C6) as extractant was investigated.
Parameters that affect the extraction including pH of aqueous phase, equilibration time, dosage of the ionic liquid,
phase ratio, concentration of 18C6 were studied. Under the optimal conditions, the single extraction efficiency of
rubidium ions and cesium ions were up 84.11% and 94.99%, respectively. The stripping of alkali metal ions from
the loaded organic phase with different stripping agents and concentrations were also investigated. The initial
value of the K/Cs and K/Rb ratios were 93.0 and 104.3, respectively, which have dropped 91.21% and 88.01%,
respectively, after the extraction and stripping experiments. It was taken a big step in the separation and enrichment
of cesium (rubidium) ion and potassium ion. The extraction mechanism was revealed most likely to be a cation

exchange mode in this system.
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INTRODUCTION

Rubidium and cesium are important rare metals which
are playing increasingly important roles in the fields of
metal-ion catalysts, new materials, national defense, fiber
optic telecommunication systems and new energy'~. Cur-
rently, large amounts of rubidium and cesium dissolved
in salt lakes are not fully utilized. Because potassium
ion and other alkali ions coexist in salt lake brine which
have similar physical and chemical properties to those of
rubidium and cesium, the separation and purification of
rubidium ions and cesium ions is difficult*>. The methods
of separating rubidium ions and cesium ions from salt
lake brine mainly including precipitation, ion exchange,
and extraction. Among them, liquid-liquid extraction is
an economical, efficient method for the separation of
Rb* and Cs* especially for the brine sources of a high
K/Rb (Cs) ratio®’. Liu et al.® studied the extraction of
Rb* and Cs* with 4-tert-butyl-2-(a-methylbenzyl)phenol
(t-BAMBP) in sulfonated kerosene, after 5-stage counter
current extraction, the final extraction yields of Rb* and
Cs* reached 95.04% and 99.80%, respectively, but the
scrubbing yield of rubidium was only about 10.5% when
the extraction solvent was washed 3 times with NaOH.
Moreover, the strong alkaline condition in the system
may result in sever corrosion to the equipment. Ali et
al.’ investigated the dual mode of extraction for Cs*
and Na* ions with dicyclohexano-18-crown-6 and bis(2-
propyloxy)-calix[4] crown-6, the results show unusually
high selectivity of the Cs™ over the Na* with bis(2-
propyloxy)calix[4]crown-6 compared to dicyclohexano-
18-crown-6. Wang et al.' reported extraction of cesium
ions with iPr-C[4]C-6 in n-octanol from simulated high
level liquid waste (HLLW). The results indicates that
the complex has 1:1 [Cs™.iPr-C[4]C-6]Cs* to ligand and
0.025 mol/L iPr-C[4]C-6/noctanol is an effective process
for removing Cs from HLLW.

Up to date, not much work have been reported on the
extraction of rubidium ions and cesium ions from brine
solutions. It is desired to establish a safe and environ-
mental friendly extraction system to extract rubidium
ions and cesium ions.

Room temperature ionic liquids (RTILs) are composed
of cations and anions, of which the melting points are
generally below 373 K''. Because of their characteristics
such as low melting temperature, low volatility, low
phase disengagement time and benign nature, RTILs
are considered to be promising green alternatives to
the conventional solvents'® 3. Furthermore, RTILs can
dissolve a wide spectrum of inorganic, organic and or-
ganometallic compounds, the low volatility of RTILs will
avoid safety and environmental problems, as is a trouble
case in traditional organic solvents. In recent years,
RTILs are received increasing attention for their unique
characteristics, which are playing an important role in
separation, catalysis, synthesis and material sciences'*"7.
Shi et al.'® reported a highly efficient solvent system
using tributyl phosphate in [C,mim][PF,] (n = 4, 6,
8) for lithium ion extraction from salt lake brine. The
extraction systems used crown ether as the extractants
and ILs as the diluents have been aroused the great
interests among inveatigators’®. Luo et al.?’ investiga-
ted the solvent extraction of cesium ions from aqueous
solution using calix[4]arene-bis(tert-octylbenzo-crown-6)
(BOBCalixC6) as an extractant in ionic liquids ([C,;mim]
[NTL,]]), the results indicates the distribution of cesium
at various concentrations of BOBCalixC6 in ions liquid
used here are high and have a good selectivity in given
concentration of ions liquid (13.6 mmol/L). Dai et al.*!
used crown ether/RTILs systems for the extractions of
strontium, it revealed that the distribution ratio of Sr**
from the ionic liquid extraction system was significantly
higher than that of the traditional organic solvent system,



which was up to 4 orders of magnitude. Visser et al.2

analyzed the extraction mechanism of UO,?* based on
[Cymim][PF,]/CMPO system. Finding that the extraction
mechanism of UO,?* in dodecane is a neutral mechanism,
but ions exchange in ions liquid.

In the present work, the extraction of rubidium
and cesium from brine solutions is investigated using
1,4,7,10,13,16-hexaoxacyclooctadecane (18C6) as extrac-
tant and 1,2-dichloroethane as diluent in the room
temperature ionic liquid, 1-butyl-3-metyhlimidazaolium
hexafluorophosphate ([C,mim][PF,]). To evaluate the
potential use of RTILs to replace traditional volatile
organic compounds (VOCs) in liquid/liquid extraction of
rubidium and cesium, the extractions of metal ions with
VOC:s and ionic liquid were compared. The equipment
corrosion and the environmental pollution have been
avoided in this new extraction system. The 18C6/[C,mim]
[PF,] extraction system is discussed in detail with the
effects of various parameters such as pH of aqueous
phase, dosage of the ionic liquid, phase ratio, concentra-
tion of 18C6. The stripping of alkali metal ions from the
loaded organic phase with different stripping agents and
concentrations is also investigated. Furthermore, a cation
exchange mode extraction mechanism is proposed.

MATERIAL AND METHODS

Material and apparatus

1,4,7,10,13,16-hexaoxacyclooctadecane (18C6) (AR,
>95%) was supplied by Energy Chemical Reagent Co.,
Ltd; 1,2-dichloroethane (AR) was purchased from Tianjin
Kermel Reagent Co., Ltd; room temperature ionic liquid,
viz. 1-butyl-3-methylimidazolium hexafluorophosphate
([C,;mim][PF]), 1-hexyl-3-methylimidazolium hexafluoro-
phosphate ([Cgmim][PF]), 1-octyl-3-methylimidazolium
hexafluorophosphate ([Cgmim][PF,]) with purity>99%
were procured from Shanghai Institute of Organic
Chemistry, CAS. The ions concentration in brine solu-
tions are as follows: Rb* (101.3 mg/L) + Cs* (113.7
mg/L) + K* (10.57 g/L). pH meter (pHS-3C), Shanghai
LeiCi Scientific Instrument Co., Ltd; thermostatic water
bath oscillators (SHA-B, The Jintan city, Jiangsu prov-
ince Youlian Instrument Research Institute.); atomic
absorption spectrometer (GBC 908, GBC Scientific
Equipment Pty., Ltd.); inductively coupled plasma mass
spectrometry (ELAN DRC-e, Perkin Elmer Company,
USA); UV-visible spectroscopic studies were carried
out using a Shimadzu (Kyoto, Japan) UV-2600 single
beam spectrophotometer using quartz cells and suitable
reference solutions.

Extraction experiments

According to the required concentration, dissolve a cer-
tain amount of 18C6 and [C,mim][PF,] (n = 4, 6, 8) in
1,2-dichloroethane (or chloroform, ethyl acetate, xylene),
all the extraction studies were carried out at 291K, and
without adjusted pH except the experiments of investi-
gated the effect of aqueous phase initial pH. Extractions
were performed by shaking of the extraction mixture for
15 min. Separation of the organic phases and aqueous
phase was assisted by centrifugation. The aqueous phase
was properly diluted after phase disengagement. Then,
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the concentration of Rb* (Cs*) was measured using an
AAS and K* was measured by ICP-MS. The concentra-
tion of metal ions in organic phase was calculated as the
difference between the initial and final concentration of
ions in the aqueous phase. For stripping experiments,
the loaded organic phase was scrubbed by ammonium
nitrate solution (or hydrochloric acid, sulfuric acid, nitric
acid, ammonium chloride), which was performed under
shaking in separating funnel for 10 min. In the following
step, the organic phase was scrubbed with deionized water
a few times until to neutral. Then the organic phase was
dried for reuse in the next cycle.

The distribution ratio (D) is the ratio of the concentra-
tion of the metal ion (M™) in the organic phase to the
concentration of the metal ion in the aqueous phase,
at equilibrium:

_ CM*"grg - Ci - Cf Xﬁ (1)
CM+,aq Cf I/Urg

Where C; and C; (mg/L) are the initial and final equ-
ilibrated concentrations of metal ions in the aqueous
phase, respectively. V. (mL) and V,, (mL) represent
the volume of the aqueous phase and organic phase,
respectively. The extraction efficiency (E) is defined as
the amount of metal extracted to the organic phase over
the total amount of metal in both phases and is given
by the following expression:
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In order to show to the difficulty of the separation
between two different ions, need to compute both
separation factor (f), such as 4, B two ions separation
factor can be calculated by the next type:
oD

5 ()

B

Where D, and Dy are the distribution ratio of 4 and
B, respectively. The more f value differs from 1, the
better the effect of separation A and B.

RESULTS AND DISCUSSION

Effect of 18C6 in various solvent

Experiments were conducted to study the extraction of
Rb* and Cs* using 1,4,7,10,13,16-hexaoxacyclooctadec-
ane (18C6) in various solvents like 1,2-dichloroethane,
chloroform, ethyl acetate, xylene and room temperature
ionic liquid, 1-butyl-3-methylimidazolium hexafluoro-
phosphate ([C,mim][PF(]). The diluent of the last one
was composed of 20% IL and 80% 1,2-dichloroethane.
The extraction results are presented in Table 1. The
maximum extraction percentage and distribution ratio
of Rb* and Cs* using 18C6 in ionic liquid was found.
Based on the maximum extraction percentage of Rb*
and Cs™ from brine solutions using 18C6 dissolved in
different solvents, the following order was obtained:
ionic liquid>1,2-dichloroethane>chloroform>ethyl
acetate>xylol. The results show vast opportunities in
separation applications for ionic liquids with 18C6 which
are consistent with the literature®.
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Effect of the aqueous phase initial pH

The solution acidity was an important factor and
could not be ignored for many extraction systems. It
was therefore necessary to study the effect of the pH
value of the aqueous phase on the extraction of Rb*
and Cs* using 18C6 in [C;mim][PF]. The pH value
of the aqueous phase was adjusted by the hydrochloric
acid and sodium hydroxide. In this work, the pH value
ranged from 1 to 14.

As the results shown in Figure 1, the extraction of Rb*
and Cs* was independent of the pH value range from
3-13, which resulted in no significant variation in Rb*
and Cs* extraction efficiency. But the extraction efficiency
was lower in strong acid environment, of which the value
of pH was 1. The probable reason was the associated
reaction competition between hydrogen ions and other
metal ions was not very strong. Besides that, Figure 1
shows that the extraction efficiency of Rb* and Cs* was
much greater than that of the K*, which indicated high
selectivity to Cs* and Rb* in this system. Since the pH
of the brine solutions is 9.32, the brine solutions can
be used for extracting directly without adjusting the pH
value in this extraction system.
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Figure 1. Effects of aqueous phase pH on extraction efficien-
cies of metal ions (the ratio of 1,2-dichloroethane/
IL at 8/2 (V/V), concentration of 18C6 is 0.5 mol/L,
O/A of 1:1, equilibration time of 15 min)

Effect of the equilibration time

The length of the extraction equilibrium time and the
difficulty of the separation of the extraction process are
directly related to the feasibility and efficiency of the
extraction process. The effect of the equilibration time
was experimentally studied in the range of 0-20 min
and the result was shown in Figure 2. As see in the
following graph, the extraction efficiency of Rb* and
Cs* were low when the equilibration time was 0.5 min,
and the extraction efficiency tended to be stable when
it was more than 5 min. Then, it took around nearly
10 min at a minimum to obtain equilibrium which had
the maximum extraction efficiency, but the maximum
separation factor of By, x and B were appeared at 15
min. In view of the fast attainment of equilibrium and
higher separation factor values, the equilibration time
of 15 min was chosen for subsequent studies.
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Figure 2. Effects of the equilibration time on the extraction
efficiencies of metal ions (the ratio of 1,2-dichloro-
ethane/IL at 8/2 (V/V), concentration of 18C6 is 0.5
mol/L, O/A at 1:1, and unadjusted pH)

Effect of the concentration of 18C6 in organic phase

The extraction behaviors of metal ions by the 18C6/
[Cymim][PF] system with various concentrations of 18C6
in the organic phase were studied. The 18C6’s concentra-
tion was varied over the range 0.1-0.5 mol/L. As show
in Figure 3, with the increase of the concentration of
extractant, the extraction rate of metal ions is increas-
ing, and the growth rate of Rb* and Cs* extraction
rate is much higher than that of K*, which can also
be seen from the change of By, and B k. When the
concentration of 18C6 in the organic phase is 0.5 mol/L,
the extraction rate of Rb* and Cs™ reached as high as
78.48% and 89.18%, respectively. However, it becomes
very difficult to further dissolve the extractant in the
solvent due to the limitation of solubility. 0.5 mol/L is
the solubility maxima for 18C6 in the solvent (20% IL
+ 80% 1,2-dichloroethane). So we did not continue to
do a high concentration of extraction experiments, and
selected 0.5 mol/L as the concentration of extractant.
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Figure 3. Effects of the 18C6’s concentration on extraction
efficiencies of metal ions (the ratio of 1,2-dichlo-
roethane/IL at 8/2 (V/V), O/A of 1:1, equilibration
time of 15 min and unadjusted pH)



Effect of RTILs in 18C6

The ionic liquid played a key role in the extraction
process, as the experimental results showed in Table 1.
So the volume of ionic liquid would affect the extrac-
tion efficiency of Rb* and Cs* directly. In this work, the
effect of addition of ionic liquid [C,mim][PF] in 1,2-di-
chloroethane was experimentally studied in the range
of 0-40% (v/v) and the results were shown in Figure 4.
It is observed from Figure 4 that the separation factor
of Bk and B initially increased with an increase in
ionic liquid concentration and it reached the maximum
when the volume fraction of ionic liquid is 20%. Further
increase of ionic liquid vol.% may result in the decrease
in the separation factor values. The reason is the extrac-
tion efficiency of K™ increased more than Rb* and Cs*
when the volume fraction of ionic liquid is greater than
20%. So the ionic liquid volume of 20% by total organic
phase volume is chosen for further studies.
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Figure 5. Effects of phase ratio on the extraction efficiencies
of metal ions (the ratio of 1,2-dichloroethane/IL at
8/2 (V/V), concentration of 18C6 is 0.5 mol/L, the
equilibration time of 15 min, and unadjusted pH)

Table 1. Effect of different solvents on extraction efficiency of alkali metal ions (the concentration of 18C6 is 0.5 mol/L, O/A of

1:1, equilibration time of 15 min)

E% E% E%
Solvent (Rb) (Cs") (K" Dro Dcs D« Brork Besi
Xykene 35.64 45.65 14.92 0.554 0.840 0.172 3.218 5.629
Ethyl acetate 37.51 48.99 19.45 0.600 0.960 0.238 2.523 4.937
Chloroform 38.20 43.71 17.19 0.618 0.777 0.204 3.029 4.519
1,2-dichloroethane 38.30 49.25 19.07 0.621 0.971 0.232 2.673 5.088
20% [Camim][PFl+
80% 1.2-dichloroethane 78.48 88.04 36.54 3.647 7.360 0.571 6.382 12.88
Based on the above results, the O/A phase ratio of 3:2
i is used for further studies.
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Figure 4. Effects of RTILs Volume in solvent on extraction
efficiencies of metal ions (the concentration of 18C6
is 0.5 mol/L, O/A at 1:1, the equilibration time of
15 min and unadjusted pH)

Effect of O/A phase ratio

As the results were shown in Figure 5, which the
influence of O/A phase ratio on extraction of Rb* and
Cs* between aqueous phase and the organic phase were
studied. The results indicated that the extraction efficiency
of Cs*, Rb™ and K* increased with the increasing of
the O/A phase ratio. When the phase ratios is 1.5, the
extraction yield of Rb* and Cs* reached 84.11%, 94.99%,
respectively. But with further increase of O/A phase ratio,
the extraction efficiency of K™ increased faster than Cs*
and Rb™, the separation factor of S, x and Sk tended
to be stable. The reason may be that the probability of
collision between organic molecule and alkali ions have
been increased with the increase in the O/A phase ratio'>.

chloroethane/IL of 8/2 (v/v), O/A of 3:2 and unadjusted
pH. The single-stage extraction has been conducted
under the optimum conditions and the concentration of
metal ions was determined. After one stage extraction,
the concentration of Rb*, Cs* and K* in the organic
phase is 85.2 mg/L, 108.0 mg/L and 3.85 g/L, respectively.

Effect of different stripping agents

Due to the close binding of the alkali metal ions
to the crown ether cavity, it is difficult to elute the
alkali metal ions, and a strong acid or ammonium salt
is usually used as the stripping agent. The five kinds
of substances, hydrochloric acid, sulfuric acid, nitric
acid, ammonium chloride and ammonium nitrate, were
selected as stripping agents to explore their stripping
effect on rubidium, cesium and potassium alkali metal
ions. Stripping test results are shown in Figure 6. The
results indicated that the stripping rate of ammonium
chloride and ammonium nitrate is much higher than
that of the three strong acids, and the stripping effect
of ammonium nitrate is the best. The probably reason
is that the hydrate radius of the ammonium ion is closer
to the hydrate radius of the cesium ion, so the elution
effect is Cs*> Rb*™ > K. 90.55% of Rb* and 97.73%
of Cs™ is eluted from organic phase with a 3.0 mol/L
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Figure 6. Percentage of stripping of metal ions from the
organic phase with different stripping agents (the
concentration of stripping agent is 3.0 mol/L, O/A
at 1:1, T = 291K)

NH,NOj; solution. Hence, ammonium nitrate is selected
as the stripping agent.

Effect of the concentration of stripping agent

Because the concentration of stripping agent has
a great influence on the stripping effect, the stripping
effect of different concentrations of ammonium nitrate
on metal ions was investigated. As the results shown in
Figure 7, we can found that the stripping rate of Rb*
and Cs* increased rapidly when the concentration of
ammonium nitrate is 0.1-3.0 mol/L. When the concentra-
tion of ammonium nitrate is higher than 3.0 mol/L, the
stripping rate tend to be stable, but the stripping rate of
potassium in the slow increase. When the concentration
of ammonium nitrate at 3.0 mol/L, the stripping rate
of Rb*, Cs* and K* is 90.55%, 97.73% and 26.47%,
respectively. The concentration of Rb*, Cs*, K* in the
aqueous phase after stripped is 77.15 mg/L, 105.55 mg/L
and 1.019 g/L, respectively. The K/Cs ratio and K/Rb
ratio is 9.17 and 11.11 in the aqueous phase, which have
dropped 91.21% and 88.01% compared with the initial
value, respectively. All of this work has taken a big step
in the separation and enrichment of Cs* (Rb*) and K*.
In order to better separate Cs* (Rb*) and K*, 3.0 mol/L
ammonium nitrate is selected as the concentration of
the stripper.
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Figure 7. Percentage stripping of metal ions from the organic
phase with different concentrations of ammonium
nitrate (O/A = 1:1, T = 291K, [NH,NO;] = 0.1-5.0
mol/L)

EXTRACTION MECHANISM

Compared to traditional diluents such as chloroform,
the ionic liquid extraction system has a high extraction
rate for Cs* and Rb*. Therefore, the mass transfer pro-
cess of metal ions from aqueous phase to organic phase
has different extraction mechanism compared with the
traditional diluent extraction system. In the metal ion
extraction system, when the traditional organic solvent
as a diluent, the extraction mechanism is mostly neutral
composite mechanism. That is, metal ions, extractant
and some other ions to form a neutral complex into the
organic phase. Take DCH18C6 in the n-octanol system
extraction of Sr** as an example?!, the mechanism is
shown as below:

Sr**,, + DCHISCG,,, +2NO,", - Sr-DCHI8C6-(NO,),,,  (4)

Where DCH18C6 represents the extractant of dicyc-
lohexano-18-crown 6-cther. In this work, the mechanism
of ionic liquids extraction system was studied.

The extraction efficiency of 18C6 dissolved in ionic
liquid with different chain lengths was investigated under
the optimum extraction condition and the results were
shown in Table 2.

Table 2. Effect of different ionic liquids on Rb* and Cs*
extraction efficiency

T [Camim] [Cemim] [Cemim]
lonic liquid [PFq] [PFq] [PFe]
E% (Rb") 84.11+0.74 | 81.43+0.82 | 79.08 +0.75
E% (Cs") 94.99+0.68 | 90.65+0.91 88.73 £ 0.88

The results of Table 2 show that the extraction rate of
metal ions increases with decreasing number of carbon
atoms in the alkyl chain. The possible reason for this
fact is that the hydrophobicity and viscosity of the ionic
liquid are enhanced with the increase of its alkyl chain,
which adversely affects the mass transfer in the bipha-
sic system. Herein, we considered that the extraction
of Rb* and Cs* in 18C6/[C,mim][PF] system involves
a cation-exchange mode. So the expression for the M™*
(M = Rb, Cs) participation into the organic phase can
be presented as:

M, +cmim’, +nl8C6, —[M-nl8C6]",, +c,mim" 5)

org

To analyze the extraction process of the ionic liquid
system, the concentration of [Cimim]* in the aqueous
phase had been determined by UV absorption before
and after the extraction. What’s more, the concentration
of Rb* and Cs* in the aqueous phase had been deter-
mined by atomic absorption spectroscopy. The results
were shown in Table 3 and Figure 8.

As is shown above, the exchange of part of the ionic
liquid dissolved in the aqueous phase with other metal
ions results in a variation of [C,mim]* concentration of
8.244%10™* mol/L. It can be found from Table 3 that the
change in the concentration of Rb* and Cs™ increased
with increase of [C,mim]* concentration. The linear
relationship between the change in the concentration of
[C,mim]* and Rb* (Cs™) is significant. It is indicated that
ionic liquid is directly involved in the extraction process
of Rb* (Cs*). This may reveal that the mechanism of this
ionic liquid system is cation exchange. In this extraction
system, the ionic liquid is not only used as a solvent,
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Table 3. The change of concentrations of Rb*, Cs* and C,mim* in the aqueous phase before and after the extraction in the 18C6/

[C,mim][PF6] system

ERA/I ];"i;g't’)mgé ") 0 50 100 150 200 250 300 400
1“&52\(];7{ 0 0.41 0.82 1.22 163 2.04 2.45 3.27
1A0[§rsn 3;'7{_ 0 0.29 0.59 0.88 1.18 1.47 1.77 2.36

A[%Tr;”;v]fq/ 8.224 8.856 9.535 10.191 10.612 11.432 11.970 13.352
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Figure 8. The change of concentrations of Rb+, Cs+ and
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but also as a co-solvent to some extent. So, the ionic
liquid may be regarded as a special functional medium.

CONCLUSIONS

The room temperature ionic liquid, [C,mim][PF], was
successfully used to extract Rb* and Cs* from brine
solution which exhibited characteristically high K to Rb
(Cs) ratios. Optimal extraction conditions of this ionic
liquid system have been studied. The single extraction
efficiency of Rb* and Cs* was up to 84.11% and 94.99%,
respectively, which was obtained under optimal condi-
tions. Compared with the conventional extraction system,
the 18C6 in conjunction with the present ionic liquid
provided extraordinary extraction of Rb* and Cs* from
the brine solutions. 3 mol/L ammonium nitrate on the
[Cymim][PF,]/18C6 system has a good stripping effect.
Cation exchange was proposed to be the mechanism
of extraction followed in ionic liquid. The ionic liquid
was not only regarded as the solvent but also the co-
-extraction reagent to some extent. Preliminary results
indicated that the ionic liquids had the potential to
replace traditional volatile organic solvents in liquid/
liquid extraction of metal ions.
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