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Abstract 

Selective removal of 137Cs and 90Sr from aqueous environments is essential for the volume 

reduction and ultimate safe storage of nuclear waste. This study introduces a facile one-pot 

hydrothermal synthesis of Dual-cation form of TitanoSilicate (DTS, M3HTi4O4(SiO4)3, M = 

Na+ and K+) for the effective and simultaneous removal of Cs+ and Sr2+. DTS showed 

enhanced adsorption capacities (469 mg/g for Cs+ and 179 mg/g for Sr2+) and the adsorption 

kinetics were extremely fast with around 98 % and greater than 99 % removal achieved 

within 1 min from a dilute Cs+ and Sr2+ solution, respectively. Moreover, DTS indicated the 

superior selectivity for both Cs+ and Sr2+ due to the dual-cation incorporation in the structure. 

In groundwater, the distribution coefficients (Kd at V/m = 1000 mL/g) for DTS were high for 

both Cs+ (1 ppm, 2.9 × 105 mL/g) and Sr2+ (1 ppm, 1.0 × 105 mL/g), and even in seawater 

DTS maintained a Cs+ (1 ppm) Kd value as high as 4.9 × 104 mL/g. Remarkably, DTS is 

synthesized as a membrane with graphene oxide for continuous removal of the radionuclides, 

which is extremely beneficial to purifying a large volume of contaminated water. 
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Introduction 

Nuclear power is considered a sustainable and efficient carbon free energy source [1]. 

However, there remains ongoing societal concerns due to the potential emission of 

radioactive waste, approximately 2000 - 2300 metric tons of high-level radioactive waste per 

year in the United States [2, 3]. Radionuclides in effluents must be separated, treated, and 

stored safely to prevent any detrimental effect to the environment [4, 5]. Among them, 137Cs, 

134Cs and 90Sr are the most hazardous radionuclides due to the emission of gamma-rays and 

high energy beta particles, respectively, and the high probability of production during the 

nuclear fission process [6-8]. In particular, 137Cs and 90Sr have half-lives of approximately 30 

years, indicating long-lasting radioactivity after about several centuries [9-12]. However, 

removal of these radionuclides from environmental systems has been rather challenging since 

the radionuclides are present in very low concentrations (ppm level or below) and coexist 

with a large excess of competing cations (Na+, K+, Mg2+, Ca2+ and others) [13-15]. Several 

different methods have been demonstrated for the separation of radioactive Cs and Sr such as 

liquid-liquid extraction, chemical precipitation, evaporation, and ion exchange, which are 

also traditional methods for wastewater treatment [16-19]. Among them, ion exchange is an 

efficient process for the recovery of radionuclides from aqueous nuclear wastes due to its 

convenient, selective, and high capacitive properties, resulting in a minimum solidified waste 

[20-22]. 

 

Among various ion exchange materials such as zeolites [23], clay minerals [21, 24, 

25], and chalcogenide [1, 26], titanosilicates are exceptionally good candidates that meet the 

required material properties of chemical and radiation stability, high selectivity, and high 

sorption capacity over a broad pH range [27-29]. Two types of titanosilicates with chemical 
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compositions of Na2Ti2O3SiO4ವ2H2O and M3HTi4O4(SiO4)3ವ4H2O (M = alkali metal) have 

attracted considerable interest as adsorbents for the removal of radioactive Cs+ and Sr2+ ions 

[30, 31]. The former is called crystalline titanosilicate material (CST), whose proton-

exchanged form (H-CST) exhibits remarkable Cs+ selectivity even in a highly concentrated 

sodium solution, but poor removal efficiency for Sr2+ [10]. The latter is a synthetic analogue 

of mineral pharmacosiderite (KFe4(OH)5(AsO4)3) [32]. This titanosilicate compound has a 

three dimensional structure by 8-membered ring windows, which are composed of face-

sharing TiO6 octahedral units (formation of cubane-like Ti4O4 unit), and vertices-sharing SiO4 

tetrahedral units [33]. The charge-balancing extra framework cations occupy the 8-membered 

windows and are coordinated by the surrounding oxygens. Previous studies have revealed 

that the pharmacosiderite type titanosilicate is effective for the removal of Cs+ and Sr2+ in the 

presence of ppm level of competing cations [34]. However, the material performance highly 

depends on the types of extra framework cations such as Na+ and K+, and hence the multi-step 

preparation and additional ion exchange are required to induce different types of cation forms 

according to the targeting ions, which limit  its practical application to large scale processes in 

order to achieve effective simultaneous removal of Cs+ and Sr2+ [30, 34, 35]. 

 

 Here, we introduced a facile one-pot synthesis of a Dual-cation (Na+ & K+) 

incorporated pharmacosiderite type TitanoSilicate (DTS). The design mechanism is to 

directly induce the dual-cation phase through the exchange of cations between K+ and Na+ 

with formation of the pharmacosiderite type titanosilicate in a one-pot route to obtain an 

effective ion exchanger for both Cs+ and Sr2+. The topotactic ion exchange process of dual 

cations with Cs+ and Sr2+ was studied using various spectroscopic analysis techniques. 

Interestingly, compared to the previously reported K+ and Na+ forms of titanosilicates [34], 
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DTS exhibits not only higher adsorption capacity, but enhanced selectivity for the 

simultaneous removal of Cs+ and Sr2+, which facilitates more practical utilization following a 

simplified preparation procedure. Moreover, we demonstrated that DTS retains a very high 

distribution coefficient (Kd, mL/g) for the immobilization of Cs+ and Sr2+ with rapid removal 

kinetics and remains stable over a wide pH range. In particular, DTS remains highly effective 

for the simultaneous removal of Cs+ and Sr2+ ions when immersed in an aqueous solution 

containing various competing cations. Practically, this study also demonstrated a possible 

application of DTS as active sites in a composite membrane with graphene oxide (GO) for 

continuous separation of Cs+ and Sr2+. 

 

Experimental Section 

Materials 

 All chemicals were used as received without further purification. Sodium silicate 

(Na2O(SiO2)xವxH2O), fumed silica, titanium (III) chloride (12 wt% TiCl3 in hydrochloric 

acid), potassium fluoride, strontium chloride hexahydrate, graphite powder and untreated 

seawater (S9148) were purchased from Sigma-Aldrich. Titanium (IV) isopropoxide, sodium 

hydroxide, and hydrochloric acid were supplied by JUNSEI Chemical. Cesium chloride was 

purchased from Alfa Aesar, and potassium hydroxide was obtained from DAEJUNG Co., Ltd. 

Polyethersulfone membrane (PES, 47 mm, 0.22 せm) was supplied by Millipore. 

 

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

 The pharmacosiderite type titanosilicate containing both Na+ and K+ (DTS) was 
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synthesized via a simple one-step hydrothermal route. Typically, NaOH (9 g), KOH (4.5 g), 

KF (4.7 g), sodium silicate (11 g), TiCl3 (12.8 g), and DI water (54 g) were mixed and 

vigorously stirred at 30 °C for 2 h. The mixture was then transferred into a 100 mL Teflon-

lined autoclave, sealed, and heated in an oven at 180 °C for 4 days. The product was collected 

by vacuum filtration and thoroughly washed with DI water and ethanol in sequence. Finally, 

the DTS was dried overnight in an oven at 80 °C. 

 

Synthesis of GO and DTS membrane (GDM) 

 The GO and DTS membrane (GDM) was prepared using a vacuum-assisted filtration 

method. Typically, the synthesized GO powder (80 mg) was dispersed in 1000 mL of DI 

water, and continuously sonicated for 10 h. The GO suspension was centrifuged with 5000 

rpm for 1h, and the supernatant was recovered. The dilute GO suspension was filtered on a 

PES membrane under a moderate vacuum condition. After that, 1 mg/mL of DTS (40 mg in 

40 mL DI water) was poured on the pre-formed GO layer and vacuum-filtered. Finally, the 

synthesized GDM was dried in an oven at 30 °C overnight. 

 

Ion exchange experiments 

Initial and specific Cs+ and Sr2+ ion concentrations were quantified in triplicate using 

inductively coupled plasma mass spectroscopy (ICP-MS 7700S, Agilent) and the average 

value was reported. Unless otherwise noted, the solution volume (mL) to ion exchanger mass 

ratio (g) is 1000 mL/g. The adsorption capacity (qe, mg/g), removal efficiency (RE, %), and 

distribution coefficient (Kd, mL/g) were calculated by equation (1), (2), and (3): 

ݍ ൌ ሺబିሻ                (1) 
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ௗܭ ൌ ሺబିሻ               (2) 

ܧܴ ൌ ሺబିሻబ ൈ ͳͲͲ          (3) 

In Eqs. 1, 2, and 3, C0 and Cf are the initial and final ion concentrations (mg/L) as measured 

by ICP-MS. V and m represent the total volume of solution (L or mL) and the mass of 

adsorbent (g). 

 

The ion exchange experiment for mechanistic studies was conducted with the DTS in 

an excess amount of 0.02 M Cs+ and Sr2+ solution, where V/m was equal to 500 mL/g. The 

mixture was stirred for 24 h at 25 °C. The ion exchanged material was washed several times 

with DI water, isolated by centrifugation before oven drying. 

 

The individual Cs+ and Sr2+ uptake were measured by adding 20 mg of the DTS into 

20 mL of adsorbate solution at 25 °C. After 24 h of contact time, the adsorbent was separated 

from the liquid phase using a syringe filter (PTFE, 0.45 たm) and the residual adsorbate 

concentration in the filtrate was measured by ICP-MS. The obtained data were used to 

determine the adsorption isotherm. 

 

The pH dependent performance study was carried out using three different solutions 

containing Cs+, Sr2+ and a binary mixture of Cs+ and Sr2+ (An+). The pH values were adjusted 

by adding HCl or NaOH into the prepared adsorbate solution (C0,Cs ~ 10 ppm, C0,Sr ~ 9 ppm). 

Ion exchange experiments under different Na+ concentrations were also conducted by 

dissolving the required amount of NaCl in a solution containing Cs+ and Sr2+ (C0 ~ 1 ppm). 
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The removal kinetics of An+ ions was evaluated under various reaction times from 1 

min to 24 h. For each experiment, 20 mg of the DTS sample was added to 20 mL of a 

solution containing An+ ions, and the mixture was shaken at 25 °C until the designated 

reaction time. The solution was then filtrated and the ion concentrations analyzed by ICP-MS. 

 

Competitive ion exchange experiments were studied under various solution 

conditions. The individual ion effect for the DTS was evaluated in the presence of 0.05 M 

Na+, K+, Ca2+, and Mg2+ ions. Comprehensive ionic effect for DTS was carried out in tap 

water, simulated groundwater and real seawater. 

 

Continuous Cs+ and Sr2+ separation experiments of GDM were conducted via vacuum 

filtration at room temperature. Typically, 20 mL of the wastewater was filtered each cycle 

through the fabricated membrane with an effective separation area of 11.3 cm2, and the trans-

membrane pressure was under 0.5 bar. The ionic concentrations of filtrate were then 

measured by ICP-MS. 

 

Material Characterization 

Field emission scanning electron microscopy (SEM) observation was conducted 

using a Hitachi SU8230. Transmission electron microscopy (TEM) was performed with a 

JEOL JEM-2100F (200 kV), and the elemental mapping image was obtained using a Titan 

cubed G2 60-300 (80 kV) coupled with an energy dispersive X-ray spectrometer (EDX). The 
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samples for electron microscopy were dispersed in ethanol, followed by drop-wise casting on 

a 300 mesh copper grid. Powder x-ray diffraction (XRD) patterns were collected using 

Rigaku Smartlab with Cu Kg radiation (そ = 1.5406 Å) operated at 45 kV (200mA) and 

equipped with a high speed 1D detector (D/tex Ultra 250). Raman spectra of the samples 

were collected on ARAMIS (HORIBA) at a 514 nm Ar ion laser. X-ray photoelectron 

spectroscopy (XPS) data were obtained by K-alpha with a microfocused monochromatic Al 

Kg X-ray source (1486.6 eV). Samples were analyzed under an ultra-high vacuum condition 

of 10-9 Torr with a pass energy of 200 eV (survey scans) and 50 eV (high-resolution scans), 

and the peaks were referenced to the C1s peak (284.8 eV) of the surface adventitious carbon 

and fitted using the Avantage software. Atomic force microscopy (AFM) analysis of GO was 

performed with INNOVA-LABRAM HR800 (Horiba Jobin Yvon) using a tapping mode. The 

elemental composition was precisely measured by inductively coupled plasma optical 

emission spectrometer (ICP-OES, iCAP 6300 Duo, Thermo) by dissolving the titanosilicate 

in a hydrofluoric acid solution. The N2 adsorption isotherm was measured using a 

Micromeritics 3Flex after degassing the sample under a high vacuum at 110 °C. The 

adsorbent zeta potentials were measured using a Zetasizer Nano ZSP (Malvern) as a function 

of the aqueous pH. Thermogravimetric analysis (TGA) was carried out using a TG209 F1 

Libra (NETZSCH) under a N2 flow at a heating rate of 10 °C/min. 

 

Results & Discussion 

Physicochemical analysis 

 To simplify the synthetic route and improve the simultaneous removal efficiency for 

Cs+ and Sr2+, the current study designed dual-cation incorporated pharmacosiderite type 

titanosilicate via a one-pot hydrothermal route (Fig. 1a), with TiCl3 and sodium silicate 
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(Na2O(SiO2)xವxH2O) used as Ti and Si precursors. After the hydrothermal treatment at 180 °C 

for 4 days a white precipitate had formed, which was analyzed by XRD and the spectra were 

compared to that of K+ form of titanosilicate (K26L) that was developed earlier [34]. The 

XRD spectra for the two materials correspond to the simulated pattern of the 

pharmacosiderite titanosilicate (Figs. 1b and S1). For DTS, a shoulder and a split peak at 

around 28° and 38° indicated the presence of small amount of impurity. However, the 

elemental analyses obtained by ICP-OES were quite different between K26L and DTS. K26L 

had 14.4 wt% K, 12.1 wt% Si, and 22.2 wt% Ti, while DTS had 5.68 wt% K, 8.40 wt% Na, 

12.0 wt% Si and 25.7 wt% Ti in the structure, revealing that the DTS contains dual cations of 

Na+ and K+ in the structure and larger amount of cations than K26L. With dual cations, the 

DTS represented the cubic nanocrystal structure as shown in TEM and SEM images (Figs. 1c 

and S2a). The fast Fourier transform (FFT) image additionally confirms a cubic structure of 

DTS along the [001] direction (Fig. 1d). Moreover, the elemental mapping results for Si, Ti, 

Na, and K support the homogeneous distribution of dual cations in the DTS structure (Fig. 

1e). The presence of Si outside the focusing image (Si mapping result in Fig. 1e) suggests 

that the small amount of impurity was included in the synthesized DTS. 

 

Ion exchange property of DTS 

To identify the ion exchanged state of DTS, the specimen was immersed in a solution 

of 0.02 M Cs+ and Sr2+, respectively. The ion exchange process was continued for 24 h under 

stirring to ensure complete exchange. The XRD spectra of the exchanged materials retained 

their parent structure, showing the topotactic ion exchange process (Fig. 2a), with exchanged 

DTS remaining cubic-like as represented in the TEM and SEM images (Figs. 2b, c and Figs. 
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S2b, c). XRD peak shifting was noticeable in the DTS_Cs, indicating a change of the lattice 

distance by introducing the larger Cs+ compared to the pre-occupied Na+ and K+ ions in the 

three-dimensional channel. Moreover, the ion dependent hydration of DTS was shown by 

TGA analyses (Fig. 2d), with DTS_Cs exhibiting the lowest level of hydration (6.7 wt%), and 

DTS_Sr having a higher degree of hydration (13.8 wt%), a result of Sr2+ being able to enter 

the channel in the partially hydrated form of [Sr(H2O)x]
2+ [1, 36]. 

 

The Raman spectra of the pristine, Cs+ and Sr2+ exchanged DTS are presented in Fig. 

2e. All materials showed strong bands at around 600 cm-1 and 930 cm-1, which were assigned 

to the stretching of the Ti-O and Si-O bonds, respectively [34, 37]. The Ti-O associated peak 

of the Cs+ exchanged DTS was significantly red-shifted to 580 cm-1 compared to the peak of 

the pristine material (602 cm-1), reflecting the expansion of the TiO6 octahedral units due to 

exchange with the larger radius Cs+ [38]. Relatively, SiO4 tetrahedral units were considered 

as being essentially rigid and hence a noticeable shift of the peak from 930 cm-1 was not 

observed [35, 39]. 

 

Direct observation of the XPS binding energy (BE) shift for the exchanged DTS is 

evidenced in Fig. 2f. The pristine DTS showed the characteristic 2p3/2 and 2p1/2 for Ti at 

458.4 eV and 464.1 eV. The Ti2p peaks for the DTS_Sr shift to higher BE by 0.4 eV, which 

suggests that the local chemical state of Ti is influenced by the divalent Sr2+ incorporation 

into the cage of DTS [40]. Moreover, the Ti2p peak in the DTS_Cs XPS spectrum can be 

fitted as two peaks at 458.1 eV and 463.8 eV. The decrease in BE by 0.3 eV was attributed to 

the presence of the larger ionic radius Cs+, thus Ti becomes a more electron-rich state. The 

change in the Na1s and K2p spectra following ion exchange with Cs+ and Sr2+ will be 
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discussed below. 

 

Adsorption isotherm studies 

In order to investigate the ion exchange capacity and affinity of DTS for Cs+ and Sr2+, 

the measured equilibrium data were evaluated using the well-known Langmuir and 

Langmuir-Freundlich adsorption isotherm models (Figs. 3a and b). The equilibrium constant 

and other related parameters are listed in Table 1. 

Langmuir isotherm 

ܳ ൌ ொଵା                   (4) 

Langmuir-Freundlich isotherm 

ܳ ൌ ொሺሻభȀଵାሺሻభȀ                (5) 

where Q (mg/g) is the adsorbed amount of cations at the equilibrium concentration, and Qm 

and b are the maximum adsorption capacity (mg/g) and the Langmuir affinity coefficient 

(L/mg), respectively. Ce is the equilibrium concentration (ppm) and n is a constant. 

 

The Cs+ equilibrium data was fitted using the Langmuir and Langmuir-Freundlich 

isotherms showing good agreement with R2 > 0.99. The n value in the Langmuir-Freundlich 

model is 1.31, close to 1, indicating that Cs+ adsorption follows the monolayer coverage of 

the Langmuir model. Considering the 8-membered cages of DTS, the pre-occupying Na+ and 

K+ cations can be exchanged with Cs+, with the ions coordinated by framework oxygens. The 

Sr2+ equilibrium data was also fitted using both the Langmuir and Langmuir-Freundlich 
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isotherms but shows different adsorption behaviors compared to Cs+. The value of n in the 

Langmuir-Freundlich model is 2.53, much greater than 1, revealing that Sr2+ ion exchange 

deviates from the Langmuir model. This behavior can be understood when considering that 

the molar adsorption amount of Cs+ (3.5 mmol/g) was 1.75 times higher than Sr2+ (2.0 

mmol/g), hence Cs+ ions have a higher amount of surface coverage, corresponding to a better 

Langmuir model fit [1]. Previous studies reported that the equilibrium adsorption behavior of 

the divalent cations tended to better follow the Langmuir-Freundlich isotherm than the 

Langmuir isotherm [1, 41]. 

 

The maximum adsorption capacities (Qm) of Cs+ and Sr2+ were found to be 469 mg/g 

and 179 mg/g, respectively. The obtained ion exchange capacities of DTS are compared with 

well-known Cs+ or Sr2+ ion exchangers (Table 2), proving that the synthesized DTS has high 

adsorption capacities for the removal of these radionuclides. These capacities denote 69 % for 

Cs+ and 80 % for Sr2+ of the theoretical ion exchange capacities (678 mg/g for Cs+ and 223 

mg/g for Sr2+), based on the cation content in DTS. The higher charge normalized adsorption 

of Sr2+ (4.1 meq/g) than Cs+ (3.5 meq/g) can be rationalized by the following three factors: (1) 

physical adsorption of the Sr2+ ions on the DTS surface due to the highly negative zeta 

potential ~ -40 mV (Fig. S3) [20], (2) formation of Sr(OH)+ [42], and (3) precipitation of 

insoluble Sr(OH)2 in the alkaline condition induced by the hydrolysis of DTS (the hydrolysis 

phenomena will be discussed below.) [30, 34].  

 

To confirm the overestimation of Sr2+ adsorption capacity, XPS Na1s and K2p 

spectra for DTS, DTS_Cs and DTS_Sr were obtained following the ion exchange in an 

excess amount of 0.02 M Cs+ and Sr2+ solution, respectively (Fig. 4). For each ion exchange, 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

the prominent Cs+ and Sr2+ related peaks were observed in the Cs3d (Fig. 4a) and Sr3d (Fig. 

4b) spectra, respectively. The surface contents of Na+ and K+ for the exchanged DTS were 

significantly decreased compared to the XPS spectra of the pristine DTS. Regarding the Na1s 

spectra (Fig. 4c), both DTS_Cs and DTS_Sr indicate a similar intensity, but the K2p spectra 

(Fig. 4d) of DTS_Cs showed lower intensity than DTS_Sr. Thus, considering the ion 

exchange process between the cation in the structure and radionuclides to be removed, the 

DTS adsorbs more Cs+ ions than Sr2+ ions. 

 

The affinity for Cs+ and Sr2+ ions was also evaluated in terms of the Langmuir 

constant b (L/mg) and distribution coefficient Kd (mL/g). A higher b value of 0.13 L/mg in 

Sr2+ indicated that DTS had a larger affinity for the divalent Sr2+ than the monovalent Cs+ in 

the low concentration regime (Table 1) [1, 13]. In addition, to study the affinity in competing 

ionic solutions, Kd values were measured in the presence of both 10 ~ 50 ppm concentrated 

Cs+ and Sr2+ (Fig. 5). In the case of 10 ppm, the Kd value for Sr2+ was higher than that of Cs+, 

but as the concentration increased to 20 or 50 ppm, these two cations showed Kd values of a 

similar order of magnitude. Interestingly, even with coexistence of Cs+ and Sr2+, the Kd 

values of DTS were found to be higher than 104 mL/g (removal efficiency > 97 %) in all three 

cases of 10, 20 and 50 ppm, and a comparison of Kd values against other adsorbents including 

chalcogenide, titanosilicate, hexacyanoferrate and MOF (Table 2) revealed remarkable 

selectivity of Cs+ and Sr2+ by DTS. 

 

Ion exchange kinetics 

To verify the kinetics of DTS purification of contaminated aqueous environments, 
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ion exchange was performed in the presence of low concentration Cs+ (~ 10 ppm) and Sr2+ (~ 

9 ppm) solutions at 25 °C (Figs. 6a and b). The kinetics of individual ion adsorption (Fig. 6a) 

was exceptionally rapid and highly efficient, showing a removal efficiency of around 98 % 

for Cs+ and greater than 99 % for Sr2+ within 1 min, with ultimate removal performances of 

99.3 % and 99.7 % (Kd values of > 105 mL/g) for Cs+ and Sr2+, respectively. Moreover, DTS 

still exhibited fast kinetics even in a higher concentration of Cs+ (~ 100 ppm) and Sr2+ (~ 75 

ppm) solution with almost the same removal rate at contact times of 1 min and 24 h (Figs. 6c 

and d). To the best of our knowledge, DTS is one of the most effective ion exchangers in 

terms of removal kinetics. The layered metal sulfide, KTS-3 adsorbed 94 % and 92 % of the 

initial Cs+ (~ 1.2 ppm) and Sr2+ (~ 1 ppm) ions within 5 min (V/m = 1000 mL/g), respectively 

[1]. FJSM-SnS exhibited fast equilibrium kinetics of 5 min at 65 °C, but it slowed to 30 min 

(Cs+ ~ 128 ppm, V/m = 278 mL/g) and 60 min (Sr2+
 ~ 44 ppm, V/m = 1000 mL/g) at a lower 

temperature of 17 °C [13].  

 

The enhanced removal kinetics of DTS is partly related to the three-dimensional 

cubic structure. Moreover, the DTS crystallites form a mesoporous structure ranging from 10 

to 40 nm, as indicated in the BJH desorption analysis (Fig. S4). The ionic solution can readily 

access active sites and thereby a rapid ion exchange process can occur. Even under binary 

conditions (Fig. 6b), DTS showed almost unaltered removal efficiencies as compared to the 

cases of individual ions, confirming once again the high adsorption capacity and the 

tremendous affinity of DTS for the simultaneous removal of Cs+ and Sr2+. The slight 

fluctuation observed in the kinetic curves reflects the dynamic ion exchange process, as 

observed by other inorganic ion exchangers [1, 13, 26]. For both individual and binary 

conditions, the adsorption kinetics follows a pseudo-second-order kinetic model implying 
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that the rate of direct adsorption process controls the overall sorption kinetics (See Fig. S5) 

[43, 44]. 

 

pH stability 

The pH of effluent is one of the most critical factors influencing the adsorption 

performance of radioactive cations, and hence removal rates were assessed across a wide pH 

range from 2 to 12 for individual and binary Cs+ and Sr2+ solutions. Fig. 7a confirms that 

DTS exhibits excellent Cs+ removal performance over the pH range. More than 99 % of Cs+ 

ions were removed at pH 3 to 10. In highly acidic (pH 2) and basic (pH 12) conditions the 

Cs+ removal performance was around 98 % and 96 %, respectively. In the case of Sr2+, DTS 

exhibits remarkable removal performance with greater than 99 % at pH 3 to 12, but in 

strongly acidic conditions (pH 2) the removal efficiency drastically decreased to 24 %. 

Unlike Cs+, the low capability for Sr2+ removal in pH 2 could be attributed to the formation 

of the protonated H-DTS. It was also reported that the protonated H4Ti4O4(SiO4)3ವ8H2O 

showed negligible Sr2+ adsorption in acidic conditions [31], because it has a Ti-OH functional 

group that is less acidic than the Si-OH group in H2Ti2O3SiO4ವ2H2O (H-CST) [31, 33]. It is 

therefore more difficult to exchange with divalent Sr2+ ions in acidic conditions. For both Cs+ 

and Sr2+, the presence of competing ions (binary condition) is not detrimental to the 

adsorption performance because the DTS has rich ion exchange sites as demonstrated in the 

isotherm study.  

 

To confirm the structural stability of DTS, XRD spectra were collected after 24 h 
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contact time in various pH solutions (V/m = 1000 mL/g) at 25 °C under 200 rpm of shaking 

(Fig. 7b). At pH 2, the low intensity at around 11° and 23° suggests the formation of H-DTS 

[33], and the appearance of a sharp peak at 26° corresponds to TiO2 due to slight 

decomposition of the DTS. However, in all other pH conditions, the stability of the DTS is 

very impressive. The ion exchanger retains its high crystalline structure even in a strongly basic 

environment (pH 12), and displays a very high simultaneous removal efficiency for Cs+ and 

Sr2+. 

 

Removal selectivity 

The distribution coefficients (Kd) and removal efficiencies for Cs+ and Sr2+ are 

shown as a function of the Na+ concentration (Fig. 8). The pure binary solution showed the 

highest Kd values for Cs+ and Sr2+ due to the absence of competing Na+. As the Na+ concentration  

increased up to 0.25 M, the Kd value for Cs+ and Sr2+ remained almost constant (slight 

increase). This increase can be described by the following equation: 

M3HTi4O4(SiO4)ವ4H2O + H2O  M3-xH1+xTi4O4(SiO4)ವ4H2O + xM+ + xOH- (M=Na+ or K+) (3) 

As revealed by Eq (3), the hydrolysis reaction of DTS produces MOH, which increases the 

pH of the equilibrium solution [30, 34]. Increasing amounts of Na+ in solution (0 ~ 1 M) lead 

to a shift to the left in the reaction scheme (3) and a decrease in the proportion of the 

hydrogen in the exchanger, as evidenced by a decrease of the equilibrium solution pH from 

10.5 to 8.8. At higher Na+ concentrations of 0.5 M and 1 M, the Kd values for these ions 

decrease due to the highly competitive effect of Na+. However, even in the presence of 1 M 

Na+, DTS still exhibits a high Kd of 2.2×104 mL/g for Cs+ and 6.8×104 mL/g for Sr2+ along 

with high removal efficiencies of 95 % and 98 %. Such good performance demonstrates the 
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material to be an effective adsorbent to treat dilute Cs+ and Sr2+ solutions in concentrated Na+ 

solutions. 

 

To make our study more practical, DTS was tested in simulated groundwater, and 

real tap water and seawater conditions, in which Cs+ and Sr2+ ions were diluted (Fig. 9a). 

From the contaminated groundwater and tap water systems, the Kd values were found to be 

more than 105 mL/g (% Removal > 99 %) for both Cs+ and Sr2+, demonstrating superior 

effectiveness of DTS for simultaneous removal of Cs+ and Sr2+. In the case of Sr2+, the Kd 

values and removal efficiencies decreased in groundwater and especially seawater, compared 

to those of Cs+. These performance degradations in Sr2+ relates to the presence of high 

concentration of divalent Ca2+ and Mg2+, as can be speculated from the adsorption data 

against each competitive cation (Fig. 9b). However, even in seawater containing more than 

10,000 times higher concentrated other cations, DTS still retains a high removal efficiency of 

98 % and a high Kd of 4.9×104 mL/g for Cs+. Thus, it can be concluded that the superior 

performance originates from the rich ion exchange sites, and the coexistence of K+ and Na+ in 

the structure enables DTS to have stable selectivity for Cs+ and Sr2+ from the water system 

containing both K+ and Na+. 

 

Continuous separation of Cs+ and Sr2+ with graphene oxide (GO) and DTS composite 

membrane 

From the viewpoint of process operation, the continuous separation of Cs+ and Sr2+ 

using nanoparticles is difficult due to the filter clogging, pressure drop, and liquid / solid 

separation [15, 45, 46]. In order to mitigate these problems, GO was introduced to make a 
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composite membrane with DTS. The used GO was synthesized with modified Hummer’s 

method, and the results of characterization using Raman spectroscopy, XRD, and AFM are 

shown in Fig. S6. AFM image shows that the lateral size of each GO nanosheet appears to be 

less than 200 nm, and its thickness of 5-12 nm indicates the several layers of GO have been 

stacked (Figs. S6a and S6b) [47]. Previous studies have demonstrated that GO membrane had 

unique permeable properties to only H2O molecules through narrow path between GO sheets 

[48, 49]. On the other hand, DTS has advantageous adsorption characteristics of very fast 

removal kinetics for both Cs+ and Sr2+ with the formation of mesoporous cluster allowing the 

fast passage of ions (Fig. S4). Thus, in order to combine these two useful effects into one, the 

composite membrane (GDM) was synthesized by sequential steps of stacking GO thin layer 

on the bottom for proper liquid flux and placing DTS on it using a simple vacuum filtration 

method.  

 

In order to elucidate a relation between the amount of GO and flux, different 

volumes of GO solutions were used in the preparation of the GO membranes. Regardless of 

the used volume of GO, all GO membranes exhibited distinct Raman peaks at around 1350 

cm-1 and 1590 cm-1, indicating that GO was successfully incorporated in the PES membrane 

(Fig. 10a) [50, 51]. The PES membrane indicated the highest flux of 1.5×104 Lｲm2ｲh-1, and the 

measured flux decreased with the increasing volume of used GO solutions (Fig. 10b). Among the 

prepared GO membranes, the GO20mL indicated a high flux of 1394 Lｲm2ｲh-1, which is much 

higher than flux of 512 Lｲm2ｲh-1 and 323 Lｲm2ｲh-1 from GO40mL and GO60mL.  
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The macroscopic image of GO20mL membrane indicated that the PES membrane 

was totally covered by GO, and DTS can be stably maintained on the GO20mL membrane 

(Fig. S7). Moreover, the SEM image of the PES membrane (Fig. 11a) showed the presence of 

around 0.2 たm sized pores on the structure, but the pores were covered by GO after vacuum 

filtration of 20 mL GO (Fig. 11b). The cross-sectional SEM image of GDM (Fig. 11c) 

represents that the DTS was supported by the preformed GO20mL membrane. Moreover, the 

EDX result along the indicated line in Fig. 10d showed two distinct layers, one of which was 

titanium and silica dominant layer corresponding to DTS, and the other of which was a PES 

layer having sulfur. Between the two layers, GO layer exists as indicated in Figs. S7 and 11b, 

but the carbon and oxygen originated from GO were not discriminated by the EDX because 

GO was embedded in the PES membrane as a very thin layer.  

 

The removal performance of GDM was evaluated with an individual Cs+ and Sr2+ 

solution (~ 5 ppm). GDM showed almost 100 % removal for both Cs+ and Sr2+ implying the 

possible application of GDM for the continuous purification of the radionuclides (Fig. S8). 

Compared with the results from GDM, the pure GO membrane showed much lower removal 

rates of around 30 % (Fig. S8). This comparison clearly showed that the high performance is 

attributed to DTS rather than GO. In Fig. 12, the reusability of GDM was investigated by 

filtering 10 consecutive cycles of 20 mL of Cs+ and Sr2+ binary tap water (C0 ~ 1.7 ppm). The 

result exhibited that the membrane worked efficiently up to 10th cycles showing high 

removal efficiency above 98 ~ 99 % for 9 consecutive cycles and slight decrease of Sr2+ 

removal rate to 97 % at 10th cycle (Fig. 12a). In terms of stability, after immersion of the 

membrane in DI water for 24 h, the recovered GDM maintained excellent result (Fig. 12b) 

similar to that in the pristine GDM before immersion (Fig. 12a).  
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To be making the prepared GDM more practical, the simulant groundwater (C0 ~ 1 

ppm) was also used as feed solution for 10 cycles (Fig. 12c). The increase in the 

concentration of filtrate Cs+ and Sr2+ from 0.57 ppb to 35.80 ppb and 5.43 ppb to 100.08 ppb, 

respectively, over the 10 cycles is possibly related to a slight saturation of DTS in GDM and 

competitive effect by Na+, K+, Ca2+, and Mg2+, but GDM still showed around 90 % of 

removal efficiency for both Cs+ and Sr2+ during 10 cycles. It is worth highlighting that around 

90 % of 200 mL groundwater contaminated with Cs+ and Sr2+ (20 mL × 10 cycles) was 

continuously purified using only 0.04 g of DTS. Finally, GDM was tested in seawater 

containing ~ 1 ppm of Cs+ (6.5 ppm of Sr2+ already dissolved in seawater). It retained above 

90 % Cs+ removal efficiency up to 5 cycles and indicated 71 % of Cs+ removal at 10th cycle 

even in the presence of highly competitive seawater condition (Fig. 12d), though Sr2+ was 

difficult to be removed due to the interference of highly concentrated divalent ions of Ca2+ 

and Mg2+ as shown in Fig. 9. Thus, the synthesized GDM shed the light on the application of 

DTS as continuous process based on extremely fast adsorption kinetics and large capacity. 

 

Conclusions 

 This study has demonstrated the application of the dual-cation form of 

pharmacosiderite type titanosilicate as an efficient ion-exchanger for the simultaneous 

removal of Cs+ and Sr2+. The dual cations of Na+ and K+ are incorporated into the three-

dimensional cubic structure interconnected by silicate and titanium and ion exchange with 

Cs+ and Sr2+. It is remarkable that DTS showed high capacity and rapid removal kinetics with 

a broad pH resistance. DTS exhibited superior selectivity for both diluted Cs+ and Sr2+ as 

high as more than 105 mL/g of Kd values in contaminated tap water and groundwater, and a 
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greatly promising Cs+ selectivity of 4.9×104 mL/g even in seawater. The high-performance 

retention in complex ionic solutions relates to the dual-cation incorporation, leading to 

continuous affinity for Cs+ and Sr2+ in the presence of a large amount of K+ as well as Na+. In 

the practical point of view, DTS was utilized as the composite membrane with GO for 

continuous separation of Cs+ and Sr2+, and the process showed promising high removal 

efficiencies during 10 consecutive cycles in tap water, groundwater and seawater. 

Considering the simple and economic one-step synthesis route, this study demonstrates the 

practicality of the dual-cation incorporated DTS to treat radionuclide contaminated effluents. 
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Fig. 1. (a) Schematic representation for synthesis of DTS, and cesium and strontium 
removal. (b) XRD patterns for DTS, K26L and simulated pharmacosiderite type 
titanosilicate (K3HTi4O4(SiO4)3•4H2O). (c) TEM and (d) high resolution TEM images with 
the corresponding FFT image (inset) of DTS. (e) Elemental mapping results for DTS. 
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Fig. 2. (a) XRD patterns for pristine DTS, Cs+ exchanged DTS (DTS_Cs) and Sr2+ exchanged DTS 
(DTS_Sr). High resolution TEM images of (b) DTS_Cs and (c) DTS_Sr with the corresponding 
FFT image (inset). (d) TGA profile, (e) Raman spectra, and (f) XPS Ti2p spectra for pristine DTS, 
DTS_Cs and DTS_Sr. 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Adsorption isotherms at 25 °C for (a) Cs+ and (b) Sr2+ with 

Langmuir and Langmuir-Freundlich fitting curves (V/m was set to 
be 1000 mL/g). 
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Fig. 4. XPS (a) Cs3d, (b) Sr3d, (c) Na1s, and (d) K2p spectra for DTS, DTS_Cs and 
DTS_Sr. 
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Fig. 5. Distribution coefficient for Cs+ and Sr2+ in binary conditions. 
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Fig. 6. Removal kinetics for (a) individual and (b) binary Cs+ (~ 10 ppm) and Sr2+ (~ 9 
ppm). Residual concentration of (c) Cs+ (~ 100 ppm) and (d) Sr2+ (~ 75 ppm) over 
adsorption time. 
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Fig. 7. (a) pH-dependent Cs+ and Sr2+ uptake in individual and binary conditions. Initial 
concentrations of Cs+ and Sr2+ were set to around 10 ppm and 9 ppm, respectively. (b) pH-
dependent XRD patterns for DTS. The mixture was shaken for 24 h at 25 °C (V/m was set to 
be 1000 mL/g). 
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Fig. 8. Variation of distribution coefficient and removal rate of Cs+ and Sr2+, and the 
corresponding equilibrium pH with increasing molar concentration of Na+. The initial 
concentrations of Cs+ and Sr2+ were set to around 1ppm. 
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Fig. 9. (a) Cs
+
 and Sr

2+
 distribution coefficient in tap water, simulated 

groundwater and seawater conditions. In tap water (16 ppm Na
+
, 4.6 

ppm K
+
, 5 ppm Mg

2+
, 12 ppm Ca

2+
) and groundwater (115 ppm Na

+
, 

181 ppm K
+
, 112 ppm Mg

2+
, 25 ppm Ca

2+
), the initial concentration of 

Cs
+
 and Sr

2+
 were set to around 1 ppm. In seawater (9702 ppm Na

+
, 321 

ppm K
+
, 1085 ppm Mg

2+
, 99 ppm Ca

2+
, 7.1 ppm Sr

2+
), the initial 

concentration of Cs
+
 was set to be around 1 ppm. (b) Distribution 

coefficient of Cs+ and Sr2+ (binary) in the presence of 0.05 M competing 
cations. The initial concentrations of both Cs+ and Sr2+ were set to be 
around 1 ppm.  

(a) (b) 
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Fig. 10. (a) Raman spectra and (b) water flux for PES, GO20mL, GO40mL and GO60mL 
membranes. 
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Fig. 11. SEM images of (a) PES and (b) GO20mL membranes. Cross-
sectional SEM image of (c) GDM and (d) EDS result according to 
cross-sectional surface of GDM.  
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Fig. 12. 10 cycles of filtration results in tap water (a) before and (b) after immersion of GDM 
in DI water for 24 h, and in (c) simulated groundwater and (d) real seawater with pristine 
GDM. 
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Table 1 Fitting parameter for Cs+ and Sr2+ equilibrium data obtained with Langmuir and 
Langmuir-Freundlich models. 

 

Langmuir Langmuir-Freundlich 

b (L/mg) 
qm 

(mg/g) 
R2 b (L/mg) 

qm 

(mg/g) 
n R2 

Cs+ 0.063 469 0.99 0.051 499 1.31 0.99 

Sr2+ 0.13 179 0.93 0.082 223 2.53 0.97 
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Table 2 Comparison of Cs+ and Sr2+ adsorption capacity and distribution coefficient for 
various adsorbents. 

 
Qm,Cs

* 
(mg/g) 

Qm,Sr
* 

(mg/g) 
Kd,Cs 

(mL/g) 
Kd,Sr 

(mL/g) 
Adsorption 
condition** 

Reference 

KMS-2 532 87 7.1×103 2.1×104 
C0,Cs & C0,Sr (binary)  

~6 ppm, 
V/m=1000 mL/g at RT 

[36] 

KTS-3 280 102 5.5×104 3.9×105 
C0,Cs & C0,Sr (binary)  

~6-8 ppm,  
V/m=1000 mL/g at RT 

[1] 

FJSM-SnS 409 65 ~3.0×104 ~9.0×104 
C0,Cs ~5-8 ppm, 
C0,Sr ~2-7 ppm,  

V/m=1000 mL/g at 65 °C  
[13] 

K@RWY 310 - ุ 105 - 
C0,Cs ~10 ppm, 

V/m=1000 mL/g at RT 
[26] 

HCF-gel-4 308 - 1.6×105 - 
C0,Cs ~9 ppm, 

V/m=2000 mL/g at 25 °C 
[17] 

MIL-101-
SO3H 

453 - 
- 

(RE: 
99.99 %) 

~2.3×104 
C0,Cs ~145 ppm, 
C0,Sr ~82 ppm,  
V/m=250 mL/g  

[18] 

ETS-4 ~797 ~219 - - - [11] 

Na26L & 
K26L 

415 105 - - - [34] 

ETS-1 1d & 
ETS-2 1d 

346 159 - - - [29] 

DTS 469 179 2.2×105 1.1×106 
C0,Cs & C0,Sr (binary) 

~10 ppm, 
V/m=1000 mL/g at 25 °C 

This 
work 

* Saturation capacity for Cs and Sr 

** Kd,Cs and Kd,Sr are calculated by using the adsorption condition 
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Highlights 

 Dual-cation form of DTS was synthesized via a facile one-pot hydrothermal route. 

 DTS showed superior Cs+ and Sr2+ adsorption capacities with very fast kinetics. 

 Even in real-water systems, DTS exhibited high selectivity for Cs+ and Sr2+. 

 DTS was used as a membrane with GO for continuous separation of Cs+ and Sr2+
. 
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