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Abstract 

The utilization of ion intercalate capacitive deionization technology is garnering attention 
as an electrified water treatment method. This study proposes a capacitive deionization 
technology incorporating Dual-cation TitanoSilicate (DTS) to enable efficient electro-
sorption/desorption of radioactive ions Cs and Sr. The synthesized DTS possesses a robust 
structure, high selectivity for Cs and Sr, and substantial adsorption capacity, incorporating 
redox-active titanium. Employing DTS as an active material in the electrode demonstrated a 
high adsorption capacity (186 mg Cs/g, 177 mg Sr/g) and rapid adsorption kinetics, reaching 
maximum capacity within 30 minutes, even in environments with a tenfold excess of 
competing ions. Furthermore, our system exhibited stable performance over 5 cycles of 
adsorption/desorption, and post-desorption analyses confirmed the durable structure stability 
without significant alterations. This study highlights the feasibility of CDI technology utilizing 
DTS for cesium and strontium removal. 
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1. Introduction  

The electricity demand has been steadily increasing worldwide for several decades [1,2]. The 
CO2 emissions generated to meet this electricity demand have led to global climate change, 
causing abnormal climate phenomena around the world[3,4]. Various countries and industries 
are making efforts to curb carbon emissions. Prominently, energy-efficient processes are being 
designed to mitigate carbon generation[5–7], and strategies include capturing emitted carbon 
dioxide[8–10] and utilizing it to produce valuable materials[11,12]. Moreover, a transition 
towards renewable energy sources in electricity generation is underway. However, there are 
evident limitations in swiftly meeting the escalating electricity demand with environmentally 
friendly generation technologies[13]. To minimize carbon emissions while meeting the 
growing electricity demand, many countries have turned to nuclear power generation. However, 
behind the advantage of almost zero carbon emissions, there are drawbacks, including the 
generation of radioactive waste without immediate disposal solutions and the risk of 
radioactive material leakage. In particular, the radioactive isotopes Cesium-137 and Strontium-
90, which are prominent among the radioactive elements generated in nuclear power plants, 
emit strong radiation, and have a very long half-life of 30 years[14,15]. In the event of accidents 
like Fukushima, these hazardous substances can be released into the natural environment 
through various pathways such as water and air, penetrating into the biological population. 
Furthermore, Cs and Sr behave similarly to the essential elements K and Ca in living organisms, 
leading to their accumulation in organs and bones, causing health issues and subsequent 
biological accumulation through the food chain[16,17]. Therefore, the development of 
technologies for the rapid and efficient treatment of these radioactive isotopes is urgently 
needed. 

Various approaches, such as adsorption[18], ion exchange[19,20], coagulation[21,22], 
precipitation[23,24], and membrane separation[25–27], have been proposed to remove Cs and 
Sr, which are highly soluble in water. Among these, adsorption methods have been extensively 
studied due to their advantages of easy operation and low energy consumption. Different 
materials, including inorganic materials[18,19], Metal Organic Frameworks (MOFs)[28], 
carbon materials[29], and polymers[30], have been investigated for their potential in adsorption. 
However, simple adsorption methods have been criticized for their low adsorption capacity and 
low regeneration efficiency. Moreover, for non-inorganic materials, stability issues may arise 
due to radiation exposure[31]. 

Ion exchange, a water treatment method similar to adsorption, offers the advantage of 
selectively adsorbing ions using ion exchange materials, leading to high adsorption capacity. 
Representative inorganic ion exchange materials include metal hexacyanoferrates 
(MHCFs)[28,32], metal chalcogenides[19], and titanosilicates[18,33–37]. However, ion 
exchange processes still have drawbacks, such as the use of high concentrations of acid or 
alkaline solutions for regeneration, or the use of toxic extracting agents, which may lead to 
secondary contamination[38]. To achieve higher adsorption capacity and faster adsorption 
kinetics, it is efficient to reduce the size of the adsorbent particles to increase the surface area. 
However, using small adsorbent particles alone in water treatment processes can lead to 
drawbacks such as pressure drop. Therefore, they are often used in combination with various 
supports to address these challenges[39]. 
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Electrochemical adsorption has also garnered significant attention as a desalination method 
in recent years[40–42]. The fundamental concept of capacitive deionization (CDI) relies on 
utilizing the potential difference between electrodes to create an electrical double layer, where 
ions with opposite charges are adsorbed and removed. CDI is characterized by low voltage and 
low energy consumption, and one of its major advantages is the ability to desorb ions by 
applying a reverse voltage during the regeneration process. One of the drawbacks of the 
conventional CDI technology is the difficulty in imparting ion selectivity[43,44]. Since all 
charged ions form electrical double layers and are removed, it becomes challenging to 
efficiently utilize the adsorption capacity of the electrode when specific ions need to be 
removed from high salinity solutions, such as groundwater or seawater. However, by utilizing 
ion intercalation materials, not only can selectivity be enhanced, but also higher capacities can 
be anticipated[45]. 

Therefore, our aim is to design electrodes for CDI processes that incorporate ion exchange 
materials as the active material, providing high ion selectivity, rapid adsorption, and easy 
regeneration. As mentioned earlier, although there are various candidates for ion exchange 
materials, to apply them to CDI for Cs and Sr removal, they need to selectively adsorb each 
ion and be electrochemically stable. Titanosilicate-based ion exchange materials meet these 
criteria. Among the types of titanosilicates, ETS-4[33], ETS-10[34], CST[35], AM-4[36,37], 
and DTS[18]are representative. Among them, DTS exhibits high adsorption capacity for both 
Cs and Sr and also demonstrates high ion selectivity[18], making it highly suitable for 
application in CDI technology. We fabricated an intercalative electrode utilizing DTS as an 
ion-selective adsorption site, enabling the adsorption of target ions even in environments with 
competing ions. 

This study proposed the utilization of DTS to fabricate electrodes for CDI and investigated 
their physicochemical and electrochemical properties through various analyses. Furthermore, 
we assessed the applicability of DTS electrodes in the treatment of radioactive wastewater by 
selectively or simultaneously removing Cs and Sr. By analyzing the results of electrochemical 
adsorption and desorption experiments using DTS electrodes, we identified the optimal CDI 
operation conditions and verified the potential of DTS for multicycle operations. 
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2. Material and Methods 

2.1. Materials 

1-methyl-2-pyrrolidinone (NMP, 99.5 %), polyvinylidene fluoride (PVDF, average MW 
~534,000), potassium fluoride (99%), sodium silicate (Na2O(SiO2)x·xH2O), strontium chloride 
hexahydrate (SrCl2•6H2O, 99%), titanium (III) chloride (TiCl3, 12 wt.% TiCl3 in hydrochloric 
acid) were purchased from Sigma-Aldrich. Potassium chloride (KCl, 99%), sodium chloride 
(NaCl, 99.5%), and sodium hydroxide (NaOH, 97%) were supplied by JUNSEI Chemical. 
Carbon black (Super P) and cesium chloride (CsCl, 99.999%) were purchased from Alfa Aesar. 
Potassium hydroxide (KOH, 95%) was obtained from SAMCHUN CHEMICALS. All 
chemicals were used as received without further purification and all aqueous solutions were 
prepared using Milli-Q water (Millipore). 

 

2.2. Synthesis of Dual-cation (Na+ and K+) incorporated TitanoSilicate (DTS) 

The Ivanyukite-type titanosilicate incorporating Na and K was synthesized as previously 
reported through a hydrothermal reaction[18]. In detail, the following steps were carried out 
under ambient temperature and pressure conditions prior to the hydrothermal reaction. First, 
titanium chloride (12.8 g) was mixed with deionized water (54 g). Sodium silicate (11 g) was 
added to the titanium chloride solution with vigorous stirring. Then, a mixture of sodium 
hydroxide (9 g), potassium hydroxide (4.5 g), and potassium fluoride (4.7 g) was added to the 
vigorously stirred solution. The final mixture was thoroughly mixed until the color changed 
from dark blue to milky-white. Subsequently, the mixture was transferred to a 100 mL teflon-
lined autoclave, sealed, and placed in a preheated oven at 180℃ for a 4-day reaction period. 
After the reaction, the resulting product was washed alternately with DI water and ethanol and 
then dried at an oven to obtain DTS. 

 

2.3. Fabrication of DTS electrode 

The synthesized DTS powder (2 g), conductive agent Super P (0.25 g), and binder 
polyvinylpyrrolidone (PVDF, 0.25 g) are mixed to manufacture a homogeneous slurry through 
ball-milling. The ball-milling conditions are as follows: DTS, carbon black, PVDF, and 20 mL 
of NMP are placed in a 50 mL zirconium oxide jar, and zirconium oxide balls with a diameter 
of 1 mm are added to fill the jar. The zirconium oxide jar is securely sealed, and the mixture is 
milled at a speed of 400 rpm for 6 hours to produce a uniform slurry. 

The slurry is then drop-coated onto a stainless-steel mesh (500 mesh) prepared in a size of 
1×2 cm². The drop-coating is done in a 1×1 cm² area. The amount of slurry is adjusted to 
achieve a loading mass of 1 mg after drying in a 70°C vacuum oven for 24 hours, ensuring 
complete removal of NMP. 
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2.4. Detailed Electrochemical Experimental Methodology 

All electrochemical experiments were conducted using a stainless-steel mesh with the DTS 
slurry as the working electrode, a platinum coil as the counter electrode, and Ag/AgCl (3.0 M 
KCl) as the reference electrode in a three-electrode system. The electrochemical experiments 
were controlled and analyzed using a Biologic potentiostat. As a basic electrolyte, a 20 mM 
NaCl solution (10 mL) was used during the activation and deintercalation stages, while during 
the electro-sorption stage, a solution consisting of 20 mM NaCl and 1 mM CsCl or SrCl2 (10 
mL) was used. 

The activation stage was performed as a priority before using each working electrode, and no 
additional activation was conducted during the experiments. Activation consisted of two steps, 
which included cyclic voltammetry and deintercalation. Cyclic voltammetry was conducted 
with a potential window of -1.0 V (vs. Ag/AgCl) to 0.5 V at a scan rate of 50 mV/s for 5 cycles. 
During the deintercalation step, a voltage of +2.0 V (vs. Ag/AgCl) was applied for 0.5 hours to 
remove pre-existing Na and K ions. 

 

In the electro-sorption/desorption stage, the electrolyte was stirred at 200 rpm while applying 
specific voltages (electro-sorption: Open Circuit Voltage to -1.2 V, electro-desorption: +2.0 V) 
for predefined durations, and the concentration of the solution was measured and utilized. 
However, when measuring the distribution coefficient according to the Na ratio, the electrolyte 
was prepared by adding NaCl to a concentration of 1 ppm Cs or Sr as a reference. 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 (𝑚𝑔 /𝑔) = 𝑉𝑚 (𝐶0 − 𝐶𝑎𝑑𝑠,𝑡) 

(1) 

𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝐾𝑑 , 𝑚𝐿 / 𝑔) = 𝑉𝑚 (𝐶0 − 𝐶𝑎𝑑𝑠,𝑡)𝐶𝑎𝑑𝑠,𝑡  
(2) 

𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 (𝑚𝑔 / 𝑔) = 𝑉𝑚 (𝐶𝑑𝑒𝑠,𝑡) 
(3) 

𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 (%) = 𝐶𝑑𝑒𝑠,𝑡𝐶0 − 𝐶𝑎𝑑𝑠,𝑡 × 100 
(4) 

 

In the equations, C0 and Ct represent the electrolyte concentration at the initial and arbitrary 
time points, respectively. V and m denote the effluent volume and the mass of the composite 
composed of DTS, Super P, and PVDF, respectively. 

 

2.5. Characterization  

The X-ray diffraction pattern was analyzed using an Ultima IV instrument (Rigaku) with Cu 
Kα1 as the X-ray source to obtain structural information. Morphological information and the 
elemental composition were acquired using a scanning electron microscope (SEM; SU5000, 
Hitachi) coupled with energy-dispersive spectroscopy (EDS). 
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For the analysis of elemental species and their chemical states, X-ray photoelectron 
spectroscopy (XPS; K-alpha, Thermo) was utilized with a micro-focused monochromatic Al 
Kα source (1486.7 eV). The C 1s peak was referenced to 284.8 eV using Thermo Avantage 
software for accurate measurements. 

The concentration of the electrolyte was determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES 5110, Agilent) and inductively coupled plasma-mass 
spectroscopy (ICP-MS, Agilent). These analytical techniques provided valuable information 
on the elemental composition, chemical states, and electrolyte concentration, enabling a 
comprehensive characterization of the studied material. 
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3. Results 

3.1. DTS electrode characterization 

 

Dual-cation Titano-Silicate (DTS) was synthesized using the same method as in the previous 
study[18] and its morphology was observed through SEM images, revealing the presence of 
cubic-shaped particles with sizes in the range of tens of nanometers, agglomerated together 

Fig. 2 Schematic illustration of electro-sorption and regeneration using DTS Electrode for Cs+ and Sr2+ 
removal. 

Fig. 1 SEM images of (a) DTS powder, (b) Super P, and (c) as-prepared DTS electrode. (d) XRD patterns 
of as-prepared DTS electrode (red), DTS powder (black), and DTS powder from a previous work 
(blue)[18]. 
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(Fig. 2a). XRD analyses of the sample showed characteristic peaks at 11.4°, 28.2°, as well as 
16.2°, 19.7°, and 22.9°, confirming the successful formation of pharmacosiderite-type 
titanosilicate, consistent with previous reports (Fig. 2d). Additionally, SEM-EDS images 
confirmed the coexistence of Na and K, indicating the successful preparation of DTS (Fig. S1). 

The synthesized DTS was dispersed in the NMP solvent along with Super P and PVDF using 
a ball mill to create a slurry, and drop coating was employed to fabricate the DTS electrode on 
a stainless-steel mesh. SEM images also revealed the uniformity of the electrode fabrication 
(Fig. 2c). The XRD analysis of the freshly prepared DTS electrode revealed no structural 
changes during the slurry preparation process using a ball mill, and distinctive peaks of the 
stainless-steel mesh, which functioned as the current collector, emerged at 43.6° and 50.7° (Fig. 
2d). 

In this study, the robust framework of DTS, composed of SiO4 tetrahedra and TiO6 octahedra, 
facilitated the adsorption and desorption of various cations into the tunnels under different 
voltages. By leveraging the ion selectivity of DTS, Cs+ and Sr2+ were effectively separated 
during the process, as illustrated in Figure 1. 

 

3.2. CV curves and electro-sorption of Cs+ and Sr2+ 

 

To comprehend the electrochemical characteristics of the fabricated DTS electrode, cyclic 
voltammetry (CV) was conducted (Fig. 3a). Prior to the CV measurement, the DTS electrode 
was subjected to a potential of +2.0 V (vs. Ag/AgCl) to remove the intercalated Na and K ions 
from the 8-membered ring tunnel, composed of Ti4O16 clusters and SiO4 tetrahedra, to 

Fig. 3 (a) Cyclic voltammogram of DTS electrode in various solutions (50mM NaCl, KCl, CsCl, or SrCl2) 
at 100 mV s-1; (b) electrosorption quantities of DTS electrode in 20mM NaCl + 1mM CsCl or SrCl2 at 
different working electrode voltages for 0.5 h. Electro-sorption kinetics of DTS electrode at different 
working electrode voltages in (c) 20mM NaCl + 1mM CsCl, and (d) 20mM NaCl + 1mM SrCl2. 
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investigate the electrochemical interactions of DTS with single cations (Fig. S2). Subsequently, 
CV experiments were performed using a 50mM metal chloride solutions, with a potential 
window ranging from -0.7 V to 0.7 V and a scan rate of 100 mV/s. Due to the smaller size of 
Na ions, they exhibited a higher specific capacitance compared to that in the KCl solution[46]. 
Cs and Sr ions, which have sizes similar to that of K ions, showed even higher peak currents 
and specific capacitance than those observed under KCl solution conditions, owing to their 
strong reactivity with DTS. 

For the monovalent cations solutions, a cathodic peak appeared around -0.3 V to -0.2 V was 
observed, whereas in strontium chloride solution, the cathodic peak emerged around -0.1 V. 
The corresponding anodic peak was observed within the range of -0.05 V to 0.1 V. This peak 
pair is attributed to the redox couple involving Ti(Ⅳ) and Ti(Ⅲ)[47]. 

Table 1. Comparison of Cs+ and Sr2+ adsorption capacity for various adsorbents. 

  Method 
𝑄𝑚,𝐶𝑠 

(mg/g) 

𝑄𝑚,𝑆𝑟 

(mg/g) 

Voltage 

(V) 

Reaction 

time 

(hour) 

𝐶0,𝐶𝑠 

(ppm) 

𝐶0,𝑆𝑟 

(ppm) 

Referenc

e 

Prussian blue 

nanorod 

Batch 

adsorptio

n 

205 265 - 3 500 500 [48] 

Na26L & K26L 

Batch 

adsorptio

n 

415 105 - 8 12000 1500 [49] 

ETS-1 

Batch 

adsorptio

n 

332 133 - 3 1500 1500 [33] 

ETS-2 

Batch 

adsorptio

n 

295 159 - 3 1500 1500 [33] 

ETS-4 

Batch 

adsorptio

n 

238 39 - 3 1500 1500 [33] 

DTS 

Batch 

adsorptio

n 

469 179 - - 1500 750 [18] 

DTS 

electro 

adsorptio

n 

186 177 -1.2 1 
133(Cs) 

+460(Na) 

88(Sr) 

+460(Na) 

This 

work 

Activated carbon 

cloth 

electro 

adsorptio

n 

18 22 -1.2 2 20 20 [50] 
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Figure 3b illustrates the adsorption capacity of the DTS electrode in a 20mM NaCl solution 
with the addition of either 1mM CsCl or 1mM SrCl2, under different voltages for a duration of 
0.5 hour. When compared with the results of adsorption experiments conducted within a 
voltage range (-0.2 V to -1.2 V) where water electrolysis does not occur to ensure sustainable 
operation, it was observed that the highest adsorption capacities for both Cs+ and Sr2+ were 
achieved at the most negative voltage of -1.2 V[52].  

 

Additionally, prior to evaluating the performance of the electro-sorption/desorption cycle 
using the DTS electrode, electro-sorption kinetics was determined (Fig. 3c, d) to determine the 
optimal adsorption time. As the applied voltage increased and the adsorption time prolonged, 
the adsorption capacity also increased. For Cs+, the maximum adsorption capacity was 
observed to be 186 mg Cs+/g, while for Sr2+, it was approximately 177 mg Sr2+/g. Notably, for 
Cs+, the measured adsorption capacity was lower than the known Cs+ adsorption capacity of 
DTS. This aspect will be further addressed in the subsequent sections of this paper. Despite 
this, the use of DTS in electro-sorption processes exhibited remarkable adsorption capacities 
even at low concentrations, coupled with rapid adsorption rates (Table 1). 

To comprehend the underlying factors contributing to the remarkable electro-sorption 

performance of the DTS electrode, two control groups were established, and electro-sorption 
kinetics were further analyzed, as illustrated in Figure 4. As a control group to investigate the 
electrochemical effects, DTS electrodes with the same composition of DTS, carbon material, 
and PVDF were used without applying any additional voltage during the adsorption process, 
indicated by the red line in the Fig. 4. Similarly, to demonstrate the effect of DTS, an identical 

(Tianxiang Co., 

Ltd) 

CuHCF 

electro 

adsorptio

n 

218 77 -1.4 1 100 100 [51]  

Fig. 4 Electro-sorption kinetics of (a) Cs+ and (b) Sr2+ under different operating conditions and different 
DTS:Super P:PVDF ratios at -1.2V with 8:1:1 ratio(black), at 0 V with 8:1:1 ratio(red), and at -1.2V with 
0:1:1 ratio(blue).  
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voltage of -1.2 V was applied, but this time, the electrode was composed only of carbon 
material and PVDF without DTS. The electro-sorption process was then carried out, and the 
results are represented by the blue line in Fig. 4. Through this, two facts were deduced. Firstly, 
the electrode composed of carbon and binder without DTS exhibited minimal adsorption 
efficiency compared to the electrode containing DTS. Secondly, although the known theoretical 
adsorption capacity of DTS is remarkably high, without electrochemical assistance, it is 
challenging to adsorb Cs+ and Sr2+ within a short period. However, when an external voltage 
is applied, adsorption occurs rapidly, suggesting the potential utilization of DTS for the swift 
treatment of radioactive-contaminated water. 

3.3. Selective electro-sorption of Cs and Sr 

 

To be utilized as a material for treating radioactive-contaminated water, selectivity for the 
target species is considered a crucial factor. The results of evaluating the selectivity in the 
electro-sorption process of the DTS electrode are presented in Figure 5. In cases where actual 
removal of Cs and Sr from contaminated water is required, their concentrations are not typically 
high[53]. Therefore, Cs or Sr ions were fixed at a concentration of 1 ppm, and the distribution 
coefficient was measured and analyzed while increasing the molar ratio of Na (Figure 5a). Even 
in the presence of an aqueous solution with a 10,000-fold excess of Na ions, the electro-sorption 
process exhibited remarkably high selectivity, with a distribution coefficient of approximately 
5000 mL/g for both Cs+ and Sr2+, even during a short 0.5 hour adsorption process, 
demonstrating its potential as a highly selective process. 

Furthermore, an analysis of the adsorption difference for each ion was performed during 
electro-sorption from a binary solution containing both ions, Cs and Sr (Figure 5b). The results 
of the electro-sorption kinetics analysis for the binary system showed a similar trend to that of 
the single-target ion solution, reaching maximum adsorption after 0.5 hours, with no significant 
difference in selectivity between the two ions. Therefore, it is believed that the inherent high 
selectivity of DTS for Cs and Sr ions is adequately utilized even in the electro-sorption process, 
which involves the rapid adsorption of a large quantity of ions in a short time. 

Fig. 5 (a) Distribution coefficients function of molar ration of Na/Cs and Na/Sr. (b) Electro-sorption 
kinetics of DTS electrode for Cs and Sr in binary solution (20mM NaCl + 1mM CsCl, + 1mM SrCl2) at -
1.2 V (vs. Ag/AgCl). 
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3.4. Structural stability & regeneration tests 

 

In other water treatment processes that utilize adsorbents, the regeneration of the adsorbent 
is typically essential for economic viability. However, the regeneration process often involves 
the use of concentrated acids, alkaline solutions, or toxic substances, which may pose risks of 
environmental contamination and reduce sustainability. One significant advantage of the 
electrochemical water treatment method presented in this paper is the ease of regenerating the 
active material on the electrode by simply applying a reverse voltage. In Figure 6, electro-
desorption kinetics was measured by applying a +2.0 V (vs. Ag/AgCl) voltage to the electrode 
with Cs or Sr adsorbed. After 0.5 hours of applying the reverse voltage, about 80% of the 
previously adsorbed ions were desorbed, and after one hour, over 98% regeneration was 
achieved. Remarkably, XRD analyses of the as-prepared DTS electrode, Cs or Sr adsorbed 
electrode, and Cs or Sr desorbed electrode showed that the structure composed of Ti octahedra 
and Si tetrahedra remained stable. Therefore, the electro-sorption/desorption process utilizing 
DTS as an active material, as proposed in this paper, can be considered an environmentally 
friendly process with cyclability and sustainability. 

 

Fig. 6 Electro-desorption kinetics of DTS electrode for (a) Cs+ and (b) Sr2+ in 20mM NaCl electrolyte. (c) 
XRD patterns of as-prepared DTS electrode(black), Cs-adsorbed DTS electrode(blue), Sr-adsorbed DTS 
electrode(red), Cs-desorbed DTS electrode (light blue), and Sr-desorbed DTS electrode (light red). 
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3.5. electro-sorption/desorption cycle performance 

 

To assess the feasibility of applying the electro-sorption/desorption process repeatedly, a five-
stage cycle test was conducted. Considering the rapid electro-sorption required for Cs and Sr 
ions, as indicated by the electro-sorption/desorption kinetics analysis, the adsorption conditions 
were set at -1.2 V (vs. Ag/AgCl) for 0.5 hours. For efficient desorption and minimal water 
electrolysis, the optimal operational conditions were established by performing a single cycle 
at +2.0 V for 0.5 hours. 

In Figure 7, the results of the cycle test for Cs and Sr ions are illustrated. Stable electro-
sorption/desorption cycles were observed from the second to the fifth cycle, except for the first 
cycle. Unfortunately, the first cycle exhibited the highest sorption capacity but resulted in 
incomplete desorption of adsorbed ions. This phenomenon can be attributed to the difficulty of 
completely deintercalating ions located deep within the DTS framework within a short 
desorption period of 0.5 hour, as evident from the electro-desorption kinetics. During the first 
cycle, only ions within a reachable distance from the electrode surface during the 0.5-hour 
desorption were effectively removed. From the second to the fifth cycle, stable performance of 
electro-sorption and desorption was observed, as ions closer to the electrode surface were 
consistently intercalated and deintercalated within the DTS framework. In the SEM image of 
the DTS electrode subjected to adsorption-desorption cycling, no discernible damage or 
alterations were observed (Fig S3). 

Fig. 7 Cycle tests of DTS electrode in (a) 20mM NaCl + 1mM CsCl, and (b) 20mM NaCl + 1mM SrCl2. 
Electro-sorption at -1.2 V (vs. Ag/AgCl) for 0.5 h and electro-desorption at 2.0 V (vs. Ag/AgCl) for 0.5 h. 
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3.6. Adsorption mechanisms 

To analyze the ion adsorption mechanism of the DTS electrode, the XPS spectra of guest ions 
were presented in Fig. 7, from the initial stage of DTS electrode fabrication to each step of 
adsorption and deintercalation. The binding energies of each cation were determined as follows: 
Cs 3d at 738.2 and 724.3 eV, Sr 3d at 135.6 and 133.8 eV, Na 1s at 1071.7 eV, and K 2p at 
293.2 and 296.1 eV (Fig. 8). 

Regarding the behavior of Na and K ions, in the as-prepared fresh DTS electrode, distinct 
peaks of Na and K derived from DTS were observed. During the activation process, most of 
the Na and K ions were removed during the deintercalation stage of activation process. This 
behavior can be attributed to the characteristic ion exchange nature of DTS in the adsorption 
process. Contrarily, Na which exists in the electrolyte at a 20-fold molar ratio compared to the 
target ions, undergoes unavoidable adsorption due to electrostatic forces, as evidenced by the 
presence of the Na 1s peak. However, the quantity of Na 1s peak observed is lower compared 
to the as-prepared fresh electrode.  

 

 

Fig. 8 XPS spectra of (a) Cs 3d, (b) Sr 3d, (c) Na 1s, and (d) K 2p for as-prepared DTS electrode, Cs 
adsorbed electrode, Cs desorbed electrode, Sr adsorbed electrode, Sr desorbed electrode, and Cs, Sr 
adsorbed electrode. 
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Notably, when adsorbing Sr, significantly fewer Na 1s peaks were observed compared to 
when adsorbing Cs. This observation is consistent with the adsorption capacity results. While 
DTS retained its intrinsic theoretical adsorption capacity during Sr electro-sorption, it did not 
maintain the same capacity during Cs electro-sorption. There is a study that has reported that 
the pharmacosiderite-type titanosilicate exhibits higher affinity for Sr than Cs[54]. This finding 
suggests that in the competition for adsorption with Na, the significantly higher affinity of Sr 
results in minimal Na adsorption, while Cs also exhibits higher selectivity against Na but lacks 
sufficient affinity to exclude Na present at a 20-fold concentration. This interpretation is further 
supported by the XPS spectra of Ti (Fig. S4). The binding energy of Ti 2p in the as-prepared 
DTS electrode was 458.6 eV, which increased to 458.74 and 458.94 eV upon Cs and Sr sorption. 
This suggests a stronger affinity in the order of Sr2+ > Cs+ > Na+[55]. 

Examining the behavior of Cs and Sr ions during electro-desorption, it is confirmed that most 
of the Cs and Sr ions are removed, and simultaneously, the co-adsorbed Na is also efficiently 
removed, resulting in high regeneration efficiency.  
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4. Conclusions 

We demonstrated the selective removal of Cs and Sr using the dual-cation titanosilicate (DTS) 
based capacitive deionization (CDI) technology, coupled with an environmentally friendly and 
straightforward electro-sorption/desorption regeneration method. Leveraging the distinctive 
feature of DTS, which provides a stable structure accommodating the intercalation of cations, 
we successfully removed cesium and strontium from water effluent. The system exhibited rapid 
adsorption kinetics with a maximum adsorption capacity within 1 hour, demonstrating a high 
adsorption capacity (186 mg Cs/g, 177 mg Sr/g). Furthermore, it allows for selective treatment 
in various sodium ratios of solutions, achieving maximum distribution coefficients (Cs: 9433 
mL/g, Sr: 11123 mL/g). In contrast to the harsh regeneration methods employed in traditional 
adsorption-based water treatments, our approach enabled electrode regeneration with a simple 
application of a +2.0 V (vs. Ag/AgCl) overpotential. During the desorption process, no 
structural degradation was observed, and stable adsorption and desorption capacities were 
maintained over five cycles of adsorption-desorption. Our study provided the effective 
selective removal of radioactive Cs and Sr from waste aqueous solutions using the CDI method 
with DTS as an active electroadsorbent.  
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