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Abstract
Because of the water scarcity in many regions, different methods have been implemented to address this problem. 
The desalination technique is known as a practical solution among them. However, brine from the desalination 
process, which contains high concentrations of salts, minerals, and chemicals, will cause environmental harm to the 
sea, soil, and groundwater if it is not properly treated. Therefore, recovering critical resources from brine is essential 
for reducing brine disposal. This study aims to apply two hydrometallurgy systems, namely ion exchange and ionic 
liquid extraction, to circulate rubidium resources from brine. Dowex G26 resin was employed in the ion exchange 
system, and the adsorption isotherm model and saturated adsorption capacity were explored initially. The optimal 
parameters such as pH value, L/S ratio (liquid/solid), adsorption period, and adsorption temperature will then be 
investigated. In the ionic liquid extraction process, the t-BAMBP/C2mimNTf2 system (4-tert-Butyl-2-(α-methylbenzyl) 
phenol/1-ethyl-3-methylimidazolium bis(trifluoromethyls​ulfonyl)​imide) was used, and the parameters including pH 
value, concentrations of t-BAMBP, (O + I)/A ratio (organic + ionic liquid/aqueous), extraction time, and extraction 
temperature will be optimized as well. The results reveal that adsorption capacity and extraction efficiencies 
were 14.3 mg g− 1 and 86%, respectively. Furthermore, suitable reagents, including HCl and HNO3, were applied 
to desorb and strip rubidium from the Dowex G26 and t-BAMBP/C2mimNTf2 systems. To sum up, environmental 
hazards of desalination brine and rubidium resources can be reduced and recovered through the two different 
extraction systems.
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1  Introduction
Water scarcity has become a more pressing issue in many 
regions due to various factors. These include a growing 
population, higher per capita water consumption, and 
economic development, all leading to increased demand 
for water. At the same time, climate change and water 
contamination are reducing the availability of water 
resources, further exacerbating the problem [1]. Accord-
ing to the statistics, roughly 30% of the world’s population 
will face water scarcity by 2025 [2]. As a result, there is a 
growing urgency to develop cost-effective and efficient 
technologies for producing and supplying freshwater 
now [3]. Among various methods, the desalination pro-
cess is known as a practical solution to address this global 
problem. Desalination is a procedure which involves 
removing salt and other minerals from seawater, brack-
ish water, or other types of water which are not suitable 
for human consumption or industrial use [4]. Nowadays, 
there are several techniques for desalination, including 
distillation, reverse osmosis, and electrodialysis pro-
cesses [5]. By improving these techniques, desalination 
has become an increasingly important solution for water-
scarce areas, providing a reliable source of freshwater 
for drinking, irrigation, and industrial applications [6]. 
Although desalination can provide freshwater and reduce 
water usage from nature (glacier water and groundwater), 
energy consumption is high, and the disposal of brine, a 
byproduct of the process, is also a critical problem [7–9].

Desalination brine contains high concentrations of 
salts, minerals, and chemicals, all from seawater or the 
desalination process [10]. There are roughly 20,000 desal-
ination plants worldwide, and the volume of daily dis-
posal brine now reaches about 142  million m3 [11, 12]. 
Because brine is a concentrated stream, brine disposal 
will cause environmental harm, such as eutrophication, 
proliferation of harmful algae, decreasing dissolved oxy-
gen, and pH fluctuation of seawater. For brine manage-
ment, direct disposal, brine minimization, and direct 
reuse are considered. Direct disposal method, including 
surface discharge, sewer discharge, evaporation ponds, 
land application, and deep well injection, are commonly 
used now [13, 14]. Nevertheless, all disposal methods 
have varying levels of adverse environmental effects, like 
marine pollution, groundwater pollution, and soil salini-
zation [15]. For instance, surface discharge would pollute 
marine ecosystems by increasing salinity and pH value. 
Deep well injection would contaminate groundwater 
and nearby water aquifers [16]. Therefore, brine minimi-
zation and direct reuse have gradually gained attention. 
Although brine minimization can reduce the amount 
of brine, the energy consumption is high, and the brine 
problem is not resolved thoroughly [17]. In the direct 
reuse method, carbon capture and resources recovery are 
the major applications of brine [18]. Abundant sodium, 

potassium, magnesium, and calcium in brine can react 
with CO2 through the Solvay Process/Modified Solvay 
Process and amine carrier method to produce useful car-
bonate products [19–24]. In addition to sodium, potas-
sium, magnesium, and calcium, there are also many 
critical metals in brine (Table S1) [11]. These metals 
originally came from ore exploitation, such as sodalite, 
orthoclase, calcite, ulexite, and so on, which would eas-
ily cause environmental hazards during the mining pro-
cesses. Hence, it can reduce the side effects and enhance 
the brine’s value if these metals can be recovered and 
extracted from the brine.

The objective of this study was then to recover rubid-
ium resources from brine through hydrometallurgical 
techniques. Rubidium is a versatile element utilized in 
various industries. It can be used in television, radar sys-
tems, infrared filters, radiant energy receivers, and recon-
naissance telescopes. Additionally, rubidium carbonate is 
an essential raw material for glass production, enhancing 
stability and durability. Rubidium chloride, for instance, 
is employed in manufacturing sleeping pills, sedatives, 
and treatments for bipolar disorder. Hydrometallurgy is a 
branch of metallurgy which extracts, separates, and puri-
fies metals from solutions [25]. Common separation and 
purification methods of hydrometallurgy include chemi-
cal precipitation, solvent extraction, ion exchange, and 
ionic liquid extraction [26] with ion exchange and ionic 
liquid extraction applied in this study. Ion exchange is a 
procedure in which ions are exchanged between a solid 
and a liquid, typically applying an exchange resin to con-
duct the procedure [27]. The exchange resin would con-
tain functional groups which attract and exchange ions 
of the same or similar charges. Ion exchange is employed 
for various applications, such as water softening, puri-
fication, and separation, as well as in producing food, 
beverages, and pharmaceuticals [28]. On the other hand, 
ionic liquid extraction is a separation process which uses 
ionic liquids to extract metals. The ionic liquid is a kind 
of salt which exists in a liquid state at room temperature 
(melting point below 100  °C), and its advantages over 
traditional organic extractants are high thermal stability, 
low volatility, and tunable properties [29]. Moreover, it 
can not only be an extractant to extract metals but also 
be a diluent to enhance the extraction ability with other 
conventional extractants [30]. Currently, ion exchange 
and ionic liquid methods are used to recover metals from 
waste. For example, gold and silver can be recovered 
from waste-printed circuit boards using MTA 5011 resin 
[31], and copper, lead, and nickel can be circulated from 
semiconductor wastes through Chelex-100 [32]. Besides, 
imidazolium and phosphonium ionic liquids are majorly 
applied for resources circulation from waste electronic 
products, solutions, and NdFeB magnets [33–39].
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The ion exchange resin and ionic liquid used in 
this study for rubidium circulation were Dowex G26 
resin and C2mimNTf2 (1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide). Both have already 
exhibited excellent separation ability in numerous stud-
ies [40–45]. The experiments of the two systems will be 
separately conducted, and the results will be compared 
to show their merits and drawbacks. In the Dowex G26 
system, the adsorption isotherms, described by means of 
the Freundlich and Langmuir isotherms, were employed 
to explore the adsorption behaviors of rubidium through 
the Dowex G26 system first. Subsequently, the optimal 
parameters of rubidium adsorption, such as pH value, 
L/S ratio (liquid-solid ratio), and adsorption period, were 
investigated. Moreover, the thermodynamic parameters, 
such as enthalpy, entropy, and Gibbs free energy, will also 
be shown. Finally, the most suitable desorption reagent, 
the concentration of the desorption reagent, and the 
desorption L/S ratio will be revealed to obtain rubidium 
compounds. In the C2mimNTf2 system, C2mimNTf2 was 
a diluent to collocate with t-BAMBP (4-tert-Butyl-2-(α-
methylbenzyl), which both are common for rubidium 
extraction [43, 46]. The optimal conditions of rubidium 
recovery through the t-BAMBP/C2mimNTf2 system will 
also be investigated in this research. In summary, this 
study aims to address the problem of brine disposal and 
enhance its value. Simultaneously, rubidium resources 
could be acquired to reach the goal of wastewater treat-
ment/management and resources recovery.

2  Materials and methods
2.1  Reagents and chemicals
The desalination brine in this study was from the desali-
nation plant in Taiwan, and the concentrations of the 
major elements after pretreatment, including pH swing 
method, filtration, and concentration, are shown in 
Table 1. Dowex G26 in the ion exchange experiment was 
purchased from Lenntech (Delfgauw, Netherlands) and 
applied to adsorb rubidium from desalination brine. It 
is a strong acid exchange resin which can adsorb cation 
ions by releasing H+ (Eq.  (1)) [41]. Its basic information 
is shown in Table S2. t-BAMBP (≥ 90%) was bought from 
Realkan Corporation (Beijing, China) as the extractant 
for the extraction process, and C2mimNtf2 (≥ 97%) as 
a diluent was obtained from Sigma-Aldrich (St. Louis, 
USA). Their chemical structures and extraction mecha-
nisms are displayed in Fig. S1 and Eqs.  (2) and (3) [44, 
46]. The information on other reagents and chemicals 
is illustrated in Supplementary Materials (Reagents and 
chemicals-other reagents and chemicals).

	Rb +
(aq) + R - SO3

- H +
(IR) � Rb + R - SO3

-
(IR) + H +

(aq)� (1)

	Rb +
(aq) + nROH(org) � [RbOR · (n - 1)ROH](org) + H +

(aq)� (2)

	Rb + (aq) + C2mimNTf2(IL) � RbNTf2(IL) + C2mim + (aq)� (3)

2.2  Apparatuses
The major apparatuses of this research were inductively 
coupled plasma optical emission spectrometry (ICP-
OES, Avio 220 Max ICP-OES, PerkinElmer, Waltham, 
MA, USA) and pH meter (6177  M, Jenco Instruments, 
Taipei City, Taiwan). Their information and introduction 
of other apparatuses are shown in Supplementary Mate-
rials (Apparatuses-information and other apparatuses).

2.3  Ion exchange and ionic extraction process
In this research, Dowex G26 was initially contacted with 
different concentrations of rubidium carbonate solutions 
to explore the adsorption isotherm model and its satu-
rated adsorption capacity. Afterward, Dowex G26 was 
contacted with desalination brine to adsorb rubidium 
ions. As soon as the adsorption process was finished, 
HNO3, HCl, H2SO4, and NH4OH were employed in the 
desorption procedure to find the most suitable desorp-
tion reagent.

In the ionic liquid extraction part, t-BAMBP was 
diluted into C2mimNTf2 to extract rubidium from brine. 
The parameters such as pH value, t-BAMBP concentra-
tion, (O + I)/A ratio (organic + ionic liquid/aqueous ratio), 
extraction time, and extraction temperature will be inves-
tigated. After the extraction process, HNO3, HCl, H2SO4, 
and NH4OH were applied to strip rubidium from the 
organic phase to the aqueous phase. The most suitable 
stripping reagent will be decided, and the parameters 
involved concentration of the stripping reagent, (O + I)/A 
ratio, and stripping time were then investigated. The 
complete information and processes of the two systems 
are revealed in Supplementary Materials (Ion exchange 
and ionic extraction process-complete information).

3  Results and discussion
3.1  Ion exchange procedure
3.1.1  Adsorption isotherm model and adsorption capacity of 
Dowex G26 resin
Dowex G26 was contacted with different initial con-
centrations (10 to 1200 mg L-1) of rubidium carbon-
ate solutions under an L/S ratio of 1000 for 1024  min 
at 298  K to determine the adsorption isotherm models. 
Figure 1 shows the relationship between Ce and qe, and 

Table 1  The concentrations of the major elements in desalination brine after pretreatment
Elements Na K Rb Ca Mg Li
Concentration (mg L-1) 19,710 734 48 43 41 20
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the saturated adsorption capacity of rubidium through 
Dowex G26 was approximately 315 mg g-1 based on the 
figure. Freundlich and Langmuir models could then be 
generated through Fig. 1, Eqs. (S1) and (S2) [47–48]. The 
calculation processes and values of n, KF, qm, and KL are 
shown in Table S3. Furthermore, Fig. 2a and b illustrate 
that the R2 in the Freundlich and Langmuir models were 
individually 0.963 and 0.991. A higher R2 of the Langmuir 
model illustrates that the rubidium adsorption through 
Dowex G26 conforms to the Langmuir model, and the 
precise saturated adsorption capacity was 385 mg g-1. In 

addition, it represents that rubidium adsorption occurred 
at specific binding sites which were localized on the sur-
face of the Dowex G26, and each site can hold at most 
one molecule of rubidium.

In the previous research, the saturated adsorption 
capacity of cesium through Dowex G26 was 456 mg g-1, 
and the adsorption behavior also fit with the Langmuir 
model [49]. The difference between the two elements is 
that the hydrated ionic radius of cesium is smaller than 
rubidium. Under the same valence, the affinity of Dowex 

Fig. 2  The adsorption capacity of rubidium through Dowex G26 (a) Freundlich Model (b) Langmuir Model

 

Fig. 1  The relationship between Ce and qe of rubidium adsorption through Dowex G26
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G26 for cesium is higher than that of rubidium due to its 
small hydrated ionic radius.

3.1.2  Adsorption pH value
Although many metal ions existed in the desalination 
brine, only rubidium, potassium, and sodium could be 
efficiently adsorbed through Dowex G26 due to its high 
selectivity. Thus, the following discussion only focuses on 
their adsorption capacities.

The adsorption pH value was initially examined in this 
research and was adjusted from pH 9 to 14 (the original 
pH value of brine after pretreatment was 8.5). Other fixed 
parameters were an L/S ratio of 1000, adsorption period 
for 1024 min, and adsorption temperature at 298 K. Fig-
ure  3a reveals that the adsorption capacities increased 
when the initial pH value was enhanced. The reason is 
that Dowex G26 is a strong acid exchange resin, so it can 
release more H+ at higher initial pH values. Besides, it 

was found that despite Dowex G26 having a higher selec-
tivity for rubidium and potassium compared to sodium 
(Rb > K > > Na), the sodium adsorption capacity was the 
highest among the three metals. This is likely due to 
the significantly higher concentrations of sodium and 
potassium than rubidium in the brine, resulting in more 
significant adsorption through Dowex G26. To avoid 
interference from other metals and minimize chemical 
usage, pH 9 was selected for the initial pH value.

3.1.3  Adsorption L/S ratio
L/S ratios ranging from 100 to 2000 were tested, while the 
pH was kept at 9, the adsorption period was 1024  min, 
and the adsorption temperature was 298 K. As shown in 
Fig. 3b, the adsorption capacities increased with decreas-
ing L/S ratio. For example, the adsorption capacity of 
rubidium increased from 5.5 to 39 mg g-1 as the ratio 
decreased from 2000 to 100. This phenomenon indicates 

Fig. 3  Adsorption capacities of Na, K, and Rb at different (a) pH values (b) L/S ratios (c) adsorption periods (d) adsorption temperatures
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that enough Dowex G26 could adsorb more metal ions 
from the brine. Nonetheless, high amounts of impuri-
ties such as Na and K were adsorbed through excessive 
Dowex G26 because they have much higher initial con-
centrations than Rb. Thus, an L/S ratio of 1000 was cho-
sen to minimize the amount of Dowex G26 used, reduce 
impurity levels, and get as much rubidium as possible.

3.1.4  Adsorption period
Adsorption periods were regulated from 1  min to 
1024  min, with fixed parameters of pH 9, L/S ratio of 
1000, and adsorption temperature at 298 K. Figure 3c dis-
plays that the adsorption period was a crucial parameter 
in the ion exchange process. Only rubidium was found 
to be adsorbed through Dowex G26 in 4  min, and the 
reaction reached equilibrium after 64 min. On the other 
hand, potassium and sodium were adsorbed through 
Dowex G26 at 8 and 16 min, respectively, and took lon-
ger than rubidium to reach equilibrium − 128  min for 
potassium and 512 min for sodium. This suggests that the 
affinity between Dowex G26 and the metals affects the 
reaction rate, and the adsorption period for 4  min was 
chosen for this study. Under this condition, only rubid-
ium was adsorbed, with an adsorption capacity of 6.7 mg 
g-1.

3.1.5  Adsorption temperature and thermodynamics
To obtain more rubidium resources, adsorption temper-
atures were tested from 288 to 328 K, while other fixed 
parameters were pH 9, L/S ratio of 1000, and adsorp-
tion period for 4  min. Figure  3d demonstrates that the 
adsorption capacity of rubidium increased from 3.6 to 31 
mg g-1 as the temperatures rose from 288 to 328 K. More-
over, potassium and sodium were also adsorbed through 
Dowex G26 at 318 and 328  K, even if the adsorption 
period was only 4  min. These observations suggest that 

the adsorption behavior of Dowex G26 may be an endo-
thermic reaction, and an appropriate increase in tem-
perature is advantageous to the reaction. Based on the 
results, adsorption temperature at 308  K was chosen to 
avoid the adsorption of potassium and sodium, and the 
adsorption capacity of rubidium was 14 mg g-1.

To determine the thermodynamics data of rubidium 
adsorption, the relationship between the partition coef-
ficient of rubidium adsorption in natural logarithm scale 
and 1/T was acquired from Fig. 3d (see Fig. 4). Enthalpy, 
entropy, and Gibbs free energy were subsequently calcu-
lated through Eqs. (S3) to (S7). Table S4 reveals that ΔGs 
were negative at all temperatures, manifesting that the 
rubidium adsorption through Dowex G26 is a spontane-
ous reaction. Additionally, ΔS and ΔH are positive, indi-
cating that the adsorption behavior is favorable at high 
temperatures, a characteristic which is consistent with 
most commercial resins.

3.1.6  Desorption procedure
After adsorption through Dowex G26, 14 mg g-1 of 
rubidium was in the resin, and different reagents such as 
HNO3, HCl, H2SO4, and NH4OH were applied to desorb 
rubidium from the resin to the aqueous phase. The fixed 
parameters were 1 M, L/S ratio 1000, desorption period 
for 256  min, and desorption temperature at 298  K. 
According to Fig. 5, it can be noticed that the acid solu-
tions were effective in desorbing rubidium from Dowex 
G26. Because Dowex G26 resin is a strong acid exchange 
resin, it requires much H+ to exchange with rubidium 
ions. Therefore, HCl, with the highest desorption effi-
ciency (94%) among the three acids, was selected as the 
desorption reagent in this study.

Once the suitable reagent was decided, its concentra-
tion, desorption L/S ratio, and desorption period were 
explored. Figure  6a and c display the optimal param-
eters were 2 M, L/S ratio 200, and desorption period for 
64 min. Under these situations, the desorption efficiency 
was 93%. It can be discovered that the optimal L/S ratio 
was not high when the concentration of HCl was ade-
quate during the desorption process, and the concentra-
tion of rubidium could be enriched due to less volume of 
HCl. Nevertheless, the desorption period was longer than 
the adsorption period, demonstrating that the desorption 
process required more time to exchange Rb+ with H+. 
After the desorption process, the concentrations of met-
als are in Table 2.

3.2  Ionic liquid extraction process
Although there were many elements in desalination 
brine, only rubidium and potassium could be efficiently 
extracted through t-BAMBP/C2mimNTf2 due to the 
selectivity of t-BAMBP/C2mimNTf2 are Cs > Rb > > K >> Fig. 4  Relationship of partition coefficient in natural logarithm scale with 

1/T
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Na > > Li. Thus, only two elements’ extraction efficiencies 
are demonstrated in this part.

3.2.1  Extraction pH value
pH values were varied from 9 to 14 in the t-BAMBP/
C2mimNTf2 system, whereas fixed parameters were 1 M 
t-BAMBP, (O + I)/A ratio 1, extraction time for 15  min, 
and extraction temperature at 298  K. Figure  7a reveals 
that the extraction of potassium and rubidium through 
the t-BAMBP/C2mimNTf2 system was efficient with 
increasing pH values. The reason is that both t-BAMBP 
and C2mimNTf2 have a higher affinity for metal ions 
under alkaline conditions [43, 50]. Nonetheless, it can 
be found that the extraction efficiencies of the two met-
als declined at pH 13 and 14. This is because the emul-
sification occurred in the t-BAMBP/C2mimNTf2 system 
under strong alkaline conditions, which can block the 
contact between the two phases and reduce extraction 
efficiency. Therefore, pH 9 was optimal for this process, 
which reduced the usage of chemicals and the extraction 
amount of potassium.

3.2.2  t-BAMBP concentration
t-BAMBP concentrations were regulated from 0.1 to 
2  M in this process, and other fixed parameters were 
pH 9, (O + I)/A ratio 1, extraction time for 15  min, 
and extraction temperature at 298  K. Figure  7b dem-
onstrates that the rubidium extraction through the 
t-BAMBP/C2mimNTf2 system enhanced when t-BAMBP 

concentration was from 0.1 to 0.5 M and reach stable at 
0.5  M of t-BAMBP. An excessive amount of t-BAMBP 
would make the extraction efficiency of potassium 
gradually increase, resulting in a decrease in rubidium’s 
purity from 23 to 17%. Therefore, 0.5 M of t-BAMBP was 
decided, and the extraction efficiencies of rubidium and 
potassium were 84 and 18%, respectively.

3.2.3  (O + I)/A ratio
(O + I)/A ratios were adjusted between 0.1 and 2, while 
the fixed parameters were pH 9, 0.5 M t-BAMBP, extrac-
tion time for 15  min, and extraction temperature at 
298  K. Figure  7c shows that the extraction efficiency of 
rubidium did not change much (< 5%) when the (O + I)/A 
ratio increased, suggesting that the influence of the 
(O + I)/A ratio on the extraction efficiency of rubidium 
was small. In contrast, the extraction efficiency of potas-
sium was mounting above 20% as the (O + I)/A ratio 
enhanced. This phenomenon indicates that t-BAMBP 
and C2mimNTf2 would preferentially extract rubidium. 
As a result, an excessive C2mimNTf2 would start to 
extract potassium, leading to a large extraction amount 
of potassium. Based on these findings, (O + I)/A ratio of 
0.1 was chosen, and the concentration could be enriched 
due to the lower volume of extractant and diluent.

3.2.4  Extraction time
Extraction time was set up from 1 to 60 min in this pro-
cess, and the fixed parameters were kept at pH 9, 0.5 M 

Fig. 5  Desorption efficiency of rubidium through different reagents (desorption period for 256 min)
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t-BAMBP, (O + I)/A ratio of 0.1, and extraction tempera-
ture at 298  K. Figure  7d illustrates that the extraction 
behaviour through the t-BAMBP/C2mimNTf2 system 
was relatively slow. Both the potassium and rubidium 
extraction reactions reached equilibrium after 30  min 
of extraction. The possible reason is that the viscosity of 
C2mimNTf2 is higher than typical diluents, contributing 
to the slower extraction rate, as the system required more 
time to mix thoroughly (The viscosities of C2mimNTf2 
and typical diluents are demonstrated in Table S5 [49]). 
Therefore, a 30  min extraction time was chosen in this 
research to ensure a complete reaction and obtain more 
rubidium resources.

3.2.5  Extraction temperature and thermodynamics
In this part, extraction temperatures ranged from 
288 to 328  K, and fixed parameters were pH 9, 0.5  M 
t-BAMBP, (O + I)/A ratio of 0.1, and extraction time for 
30 min. Figure 7e reveals that the extraction efficiencies 
of potassium and rubidium decreased as the reaction 
temperature increased. The reason is that the extraction 
of metals through t-BAMBP is an exothermic reaction, 
so a lower temperature is more favorable for this proce-
dure [51]. However, the decline in extraction efficiency 
with increasing temperature was not as significant as 
t-BAMBP dissolved in common diluents [50, 51]. This is 
because C2mimNTf2, the ionic liquid used in this experi-
ment, also has extraction ability, enabling the extraction 

Table 2  Metal concentrations after ion exchange process (Recovery efficiency of rubidium: 28%
Elements Rb Na K Mg Ca Li
Concentration (mg L-1) 66.5 0.9 0.4 N.D. N.D. N.D.

Fig. 6  Rubidium desorption through HCl (a) concentration of HCl (b) L/S ratio (c) desorption period
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Fig. 7  Extraction efficiencies of K and Rb at different (a) pH values (b) t-BAMBP concentrations (c) (O + I)/A ratios (d) extraction time (e) extraction 
temperature
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of metals at higher temperatures. In addition, the viscos-
ity of C2mimNTf2 would be smaller when temperature 
increased, bringing about the solvents and brine mix 
more completely (The viscosities of C2mimNTf2 at dif-
ferent temperatures are in Table S6). To summarize, the 
optimal operating temperature chosen in this part was 
298  K to reduce energy consumption and acquire more 
rubidium resources.

After optimizing the extraction temperature, Fig.  8 
depicts the relationship between the distribution ratio in 
the logarithm scale and 1/T. Through Fig. 8, Eqs. (4) and 
(5), the enthalpy change can be calculated, and the value 
is -15  kJ mol-1. Negative ΔH means that the extraction 
reaction is exothermic, and a proper decrease in the tem-
perature is advantageous to the reaction. Furthermore, 
log Ds at different temperatures are positive, so ΔGs are 
negative at each temperature, representing the rubidium 
extraction through the t-BAMBP/C2mimNTf2 system 
spontaneous in this research. Although the reaction of 
rubidium extraction through the t-BAMBP/C2mimNTf2 
system was analyzed in this study, the different 

characteristics between t-BAMBP and C2mimNTf2 
may make distinct results. For example, if the t-BAMBP 
concentration is low, the extraction reaction may be 
dominated by C2mimNTf2, leading to the unalike ther-
modynamics data. Therefore, it should be carefully ana-
lyzed using this system under different conditions.

	
logDs = − ∆H

2.303RT
� (4)	
∆Gs = −2.303RTlogD� (5)

3.2.6  Stripping process
After the ionic extraction process, the concentrations of 
potassium and rubidium in the t-BAMBP/C2mimNTf2 
system were 559 and 413 mg L-1, respectively. Different 
reagents, including HNO3, HCl, H2SO4, and NH4OH, 
were employed to strip rubidium to the aqueous phase. 
The fixed parameters were 1  M, (O + I)/A ratio 1, strip-
ping time for 15 min, and stripping temperature at 298 K. 

Fig. 8  Relationship of distribution ratio in logarithm scale with 1/T
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It can be discovered in Fig. 9 that both acids and alkaline 
solutions would strip more potassium than rubidium. 
This is because the affinity of t-BAMBP/C2mimNtf2 for 
rubidium is stronger than that of potassium, resulting in 
the preferential stripping of potassium.

The reason acid solutions could strip metals is that they 
provide H+ to exchange metals from t-BAMBP. Addition-
ally, the extraction ability of C2mimNTf2 is weak under 
the acid condition [43]. Hence, acid solutions could also 
strip potassium and rubidium from C2mimNTf2 to the 
aqueous phase due to the weaker affinity of metals with 
C2mimNTf2. It is also noteworthy that NH4OH was effec-
tive in the stripping process. Because NH4OH would 
make the t-BAMBP/C2mimNTf2 system emulsify, pre-
venting metals from being extracted through t-BAMBP/
C2mimNTf2. According to these findings, HNO3, with 
the highest stripping efficiency, was chosen as the suit-
able stripping reagent, and a two-stage stripping process 
will be conducted to separate potassium and rubidium.

As soon as the HNO3 was selected, its optimal con-
centration, stripping (O + I)/A ratio, and stripping time 
were investigated. Figure  10a and c demonstrate the 

parameters were 2  M, (O + I)/A ratio 1, and stripping 
time for 10  min. Under these conditions, the stripping 
efficiencies of potassium and rubidium were 100 and 
29%, respectively. The remaining rubidium could then 
be stripped in the second stripping process under 2.5 M 
HNO3, (O + I)/A ratio 1, and stripping time for 15  min. 
After a two-stage stripping process, the concentrations of 
metals are in Table 3.

3.3  Comparison of ion exchange procedure and ionic 
liquid extraction process
After obtaining the optimal parameters of the two sys-
tems, they are compared with each other. Table 4 dem-
onstrates that the extraction efficiency of the t-BAMBP/
C2mimNTf2 was much higher than the adsorption effi-
ciency of the Dowex G26 system. Besides, rubidium 
concentration could be enriched about ten times in the 
extraction process, so the rubidium resources could be 
acquired more. However, the selectivity of t-BAMBP 
and C2mimNTf2 was not high; therefore, it necessitated 
a two-stage stripping process to separate rubidium from 
potassium. This phenomenon would cause about 30% of 

Fig. 9  Stripping efficiencies of K and Rb through different reagents
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rubidium waste and need more energy consumption. On 
the other hand, it may make the continuous operation of 
the t-BAMBP/C2mimNTf2 system difficult on the pilot 
scale or factory scale on account of the high viscosity of 
C2mimNTf2.

To sum up, the merits of the Dowex G26 system are 
high desorption efficiency and easy for scale operation. 
However, the disadvantages are low adsorption effi-
ciency and enrichment ratio, resulting in loss of rubidium 
resources. The advantages of the t-BAMBP/C2mimNTf2 
system are high extraction efficiency and enrichment 
ratio, but the drawbacks are the high cost of t-BAMBP 
and C2mimNTf2 and the challenges for continuous oper-
ation. Therefore, these systems still need to improve and 

can be chosen under specific situations to achieve maxi-
mum benefit.

4  Conclusions
This research aimed to separate rubidium from desali-
nation brine using the Dowex G26 and t-BAMBP/
C2mimNTf2 systems. The results reveal that the opti-
mal adsorption parameters were pH 9, L/S ratio of 
1000, adsorption period for 4 min, and at 308 K, and the 
desorption conditions were 2  M of HCl, L/S ratio 200, 
and desorption period for 64 min. Under these situations, 
the adsorption capacity and desorption efficiency were 
14 mg g-1 and 93%. In addition, the optimal extraction 
parameters of the t-BAMBP/C2mimNTf2 system were 

Table 3  Metal concentrations after ionic liquid extraction process (Recovery efficiency of rubidium: 61%
Elements Rb Na K Mg Ca Li
Concentration (mg L-1) 291.7 0.27 1.5 N.D. N.D. N.D.

Fig. 10  Stripping efficiencies of K and Rb through HNO3 (a) concentration of HNO3 (b) (O + I)/A ratio (c) stripping time
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pH 9, 0.5  M t-BAMBP, (O + I)/A ratio of 0.1, extraction 
time for 30  min, and at 298  K, and rubidium resources 
required a two-stage stripping process to be circulated. 
Under these conditions, the extraction and stripping 
efficiencies were 86 and 71%, respectively. In a nutshell, 
although both systems have different merits and draw-
backs, they are prospective methods to achieve the goal 
of resources circulation, wastewater treatment, and envi-
ronmental protection. If more resources and methods 
can be recovered from brine and conducted; brine waste 
from disposal to utilization will be prevalent in the future.
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