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a b s t r a c t

A porous silica-based adsorbent was prepared by impregnating the pores of a silica support with the
extractant 1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-calix[4]arene (Calix[4]arene-R14) and an
additive agent 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (C2mim þ NTf2�) as the
materials to remove cesium(I) (Csþ) ions from seawater. The as-prepared adsorbent showed excellent
adsorption performance toward Csþ ions, with adsorption equilibrium reached within 2 h and an
adsorption amount of 0.196 mmol/g observed. The solution pH, temperature, and the presence of
coexisting metal ions were found to have almost no effect on Csþ adsorption. The adsorption mechanism
was considered to proceed via ion exchange between Csþ and C2mimþ. In addition, the particle-induced
X-ray emission analysis results further clarified that the adsorbed Csþ ion species on the adsorbent was
in the form of both CsCl and CsBr.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although nuclear energy is often considered to be efficient and
powerful, as well as to release lower greenhouse gas emissions than
conventional types of energy, the last-growing generation and
accumulation of large amounts of high-level radioactive materials
remain a serious issue [1e3]. Cesium-137 (137Cs) as one of the heat-
generating (0.42W/g) fission products of a nuclear power plant, has
a long half-life of approximately 30 years, and is a strong gamma (g)
radiation emitter [4e6]. In particular, the chemical activity and high
solubility of 137Cs make it extremely harmful to human body,
leading to the damage of tissues and even cancer [7e9]. When the
disaster struck at the Fukushima nuclear power plant, seawater was
used in the emergency cooling of the plant, resulting in the release
of large amounts of radioactive 137Cs into the ocean. Thus, in such
emergency situation, the sudden elevation in the 137Cs content in
radioactive contaminated seawater is a matter of great public
concern for the whole of society, and urgent measures should
therefore be taken to remove it from the environment [10e12].
Among all of the existingmethods, such as co-precipitation, solvent
extraction, and ion exchange, over the past few decades adsorption
has been considered one of the most promising methods to clean
Y. Kim).
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up large volumes of liquid wastes owing to its merits of minimized
solvent consumption, compact equipment, high radiation and
thermal stability, less formation of the third phase, and high quality
of the obtained products [13e15].

Regarding the adsorption of Csþ from seawater, challenge still
remain in terms of how to ensure the selectivity of the adsorbent in
the presence of high concentrations of competing ions (e.g., Naþ,
Kþ, Mg2þ, Ca2þ, and Ba2þ). 1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-
crown-6-calix [4]arene (Calix [4]arene-R14) has been widely eval-
uated as an effective chelating agent for the selective recovery of
Csþ ions from high-level liquid waste [16]. The maximum distri-
bution coefficient (D) of Calix [4]arene-R14 toward Csþ ions in 1-
dodeconol has been reported to be excellent in 2e3 M nitric acid.
However, under weaker acidic conditions, there is a drastic
decrease in its extraction performance toward Csþ, not even to
mention the usage in seawater environment [17].

Ionic liquids (ILs), which comprise an organic cation and either
an organic or inorganic anion, and exhibit low melting points, a
wide electrochemical window, good solubility, and low vapor
pressure, among other advantageous properties; Hence, they have
attracted considerable attention as a novel class of solvents over the
past few years [18]. However, they also have significant disadvan-
tages, such as they are costly, not easy to synthesize (especially task
specific ILs), and do not readily evaporate, which limit their wide
application as ideal substitutes for common organic solvents. Many
previous studies on the utilization of room temperature ILs in
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Scheme 1. Area in Aomori prefecture, Japan, from which the seawater used in this
study was collected.
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solvent extraction processes have mainly focused on using them as
diluents for certain chelating agents [19e21]. Most significantly, by
dissolving Calix [4]arene-R14 in commercially available ILs, its
extraction ability toward Csþ was improved under less acidic con-
ditions (pH < 3). In addition, the extraction mechanism was
explained as the exchange of Csþ ions with the cationic constituent
of the IL [22,23]. However, handling the subsequent generation of
large amounts of secondary waste ILs remains a challenge. There-
fore, to impregnate the pores of the porous materials with the IL,
which can not only reduce the amount of IL used compared with
the conventional solvent extraction method, but also improve the
adsorption performance of Calix [4]arene-R14 under lower acidic
conditions to some extent.

In this study, porous silica (SiO2eP), which has strong me-
chanical strength, a wide specific surface area, low column pres-
sure, and high radio-resistance, was adopted as the support
[24e26]. An adsorption system is further constructed by impreg-
nating the pores of SiO2eP with Calix [4]arene-R14 and 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(C2mim þNTf2�) (as shown in Fig. 1). The adsorption behavior of this
adsorption system toward Csþ ions in seawater was then system-
atically investigated according to the effect of contact time,
adsorption amount, and solution temperature.

2. Experimental

2.1. Materials

C2mim þ NTf2� and cesium chloride (CsCl) were purchased from
Aladdin Industrial Corporation. Calix [4]arene-R14 was purchased
from Sanwachemiphar Corporation [27]. All of the other chemicals
used in this study were of analytical grade and used without any
further purification. Coastal seawater was collected from 50 m off
the coast of Rokkasho village, Aomori, Japan (as shown in Scheme
1). The collected seawater was filtered through a membrane filter
with a pore size of 0.45 mm before being stored in a polypropylene
bottle.

2.2. Preparation of the (Calix [4]arene-R14þC2mimþNTf2�)/SiO2eP
adsorbent

The synthesis of the (Calix [4]arene-R14þC2mim þ NTf2�)/
SiO2eP adsorbent can be briefly summarized as follows: Approxi-
mately 5 g of Calix [4]arene-R14 and 3 g of C2mim þ NTf2� were
dissolved in 200mL of dichloromethane (CH2Cl2). At the same time,
20 g of dried SiO2eP particles wereweighed and placed in a 300mL
round bottom flask, to which the above solution was slowly added;
the flask was then placed onto a rotary evaporator. Themixturewas
stirred at 25 �C for 1e2 h, and then CH2Cl2 was subsequently
Fig. 1. Molecular structure of Calix [4]aren
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evaporated by increasing the temperature of the water bath to
40 �C under reduced pressure, resulting in Calix [4]arene-R14 and
C2mim þ NTf2� being gradually impregnated and immobilized into
the pores of the SiO2eP support. After further drying in a vacuum
oven at 50 �C for more than 24 h to remove the remaining CH2Cl2
from its pores, the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP
adsorbent was obtained as white particles.
2.3. Characterization

First, to survey the morphology and structure of the prepared
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent and ensure
the successful impregnation of Calix [4]arene-R14 and
C2mim þ NTf2� into the pores of the SiO2eP support, the prepared
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent was
dispersed over a sticky carbon surface adhered to a flat aluminum
platform sample holder and measured using scanning electron
microscopy (SEM, JEOL JSM-6610LV) equipped with an integrated
energy dispersive X-ray (EDS) analyzer system. Next, Fourier-
transform infrared (FT-IR) spectra were recorded in the range of
4000e400 cm�1 using a Shimadzu IRAffinity-1 spectrophotometer.
Prior to measurements being carried out, powder samples of the
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent were dried
in a vacuum oven at 70 �C overnight. Then, the dried samples were
e-R14 (left) and C2mim þ NTf2� (right).
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ground with an excess amount of potassium bromide (KBr) powder
and pressed into pellets of a suitable size to use in the FT-IR spec-
troscopy measurements. The FT-IR spectrum of the viscous
C2mim þ NTf2� sample was directly measured using a liquid cell
fabricated from KBr. The thermal stability of the prepared (Calix [4]
arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent was studied using a
Shimadzu DTG-60/60H apparatus under a dynamic atmosphere of
nitrogen gas (N2), with a flow rate of 30 mL/min at a heating rate of
1 �C/min. Approximately 10 mg of the samples were loading in
platinum crucibles and scanned in a temperature range of 25 �C-
800 �C. The pore textural properties of the prepared (Calix [4]ar-
ene-R14þC2mim þ NTf2�)/SiO2eP adsorbent were measured using a
Microtrac Belsorp-max surface area analyzer at �196 �C. The total
microporous and external surface areas, as well as the average
diameter and total pore volume of the samples were calculated
from N2 adsorption-desorption curves using the multipoint Bru-
nauereEmmetteTeller (BET) method.

Particle-induced X-ray emission (PIXE) measurements were
performed to clarify the distribution condition of the adsorbed Csþ

on the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent. All of
the vacuum PIXE measurements were performed using a 3 MeV
proton beam emitted from an electrostatic accelerator installed in
the dynamitoron laboratory at Tohoku University. A proton beam
was focused on a sample area of less than 1 � 1 mm2 and two Si (Li)
detectorswere installed at 120� and 45� angles to the direction of the
beam. The acquisition time was set as 2 h for each target with a sum
dosage of approximately 500,000 pC. Using the GeoPIXE II software,
the net peak areas for the Ka and La lines were determined, and the
corresponding elemental maps were constructed [28].

2.4. Batch adsorption experiments

The prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP
adsorbent was used to adsorb Csþ ions dissolved in seawater in
batch mode as a function of the contact time, adsorption capacity,
solution temperature, and phase ratio. A stock solution containing
100 mM of Csþ ions was prepared in advance of the experiments.
The natural pH value of the seawater was measured as 7.86. The pH
values of the working solutions were adjusted using hydrochloric
acid. Except for the adsorption capacity experiments, all of the
working solutions were prepared by diluting the stock solution 20
times to 5 mM of Csþ ions. In the adsorption capacity experiments,
the concentration of Csþ ions was adjusted to within the range of
1e100mM. A typical procedure used in the adsorption studywas as
follows. 0.2 g of (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP
adsorbent was weighed into a 13.5 mL vial bottle fitted with a
plastic cap. Next, 4 mL of the aqueous phase prepared above was
added. The resultant mixture was then shaken mechanically at
160 rpm for a certain contact time at a given temperature. All of the
samples used in the measurements were filtered using a syringe
equipped with a nylon net filter with a pore size of 20e40 mm prior
to analysis. The concentration of the Csþ ions present in the
aqueous solution before and after the adsorption process was
detected by atomic absorption spectroscopy (AAS, Shimadzu
AAe6200) at a wavelength of 363.5 nm. The uptake percentage (R,
%) and adsorption amount (q, mmol/g) of Csþ ions were determined
using the following equations [29,30]:

R ¼ 100 � ðC0 � CtÞ=C0 (1)

q ¼ ðC0 �CtÞ � V
m

(2)

where, C0 (mmol/L) is the initial concentration of Csþ ions; Ct
(mmol/L) is the concentration of Csþ ions at a given time; m (g) is
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the dry weight of the adsorbent; and V (mL) is the volume of the
aqueous phase used in the experiments.

3. Results and discussion

3.1. Characterization

As shown in Fig. 2, the prepared (Calix [4]arene-R14þ
C2mim þ NTf2�)/SiO2eP adsorbent has good uniform spherical
particles that have an average diameter of 40e50 mm. The clean
surface morphology of the (Calix [4]arene-R14þC2mim þ NTf2�)/
SiO2eP adsorbent indicates that Calix [4]arene-R14 and
C2mim þ NTf2� were completely loaded into the inner pores of the
SiO2eP support. The EDS mapping results revealed that the main
elements in the adsorbent are Si, O, C, and S, which are consistent
with the elements that constitute Calix [4]arene-R14,
C2mim þ NTf2�, and the SiO2eP support.

The thermogravimetric analysis (TGA) curves of the SiO2eP,
Calix [4]arene-R14, C2mim þ NTf2�, and (Calix [4]arene-
R14þC2mim þ NTf2�)/SiO2eP adsorbent shown in Fig. 3 allowed us
to determine not only the contents of the impregnated Calix [4]
arene-R14 and C2mim þ NTf2�, but also the stability of the prepared
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent. SiO2eP
comprises an inorganic SiO2 skeleton and an organic divinylben-
zene copolymer immobilized inside the pores of the SiO2 particles.
As shown in Fig. 3(a), upon increasing the heating temperature, the
weight of the SiO2eP support gradually decreased, and the total
mass loss below 295 �C was approximately 1.59%, which corre-
sponds mainly to the loss of structural water and physically
adsorbed water. The subsequent weight loss of 17.6% is caused by
the thermal decomposition of the divinylbenzene copolymer. From
the TGA curves shown in Fig. 3(b) and (c), the decomposition of
both Calix [4]arene-R14 and C2mim þ NTf2� began at approximately
302 �C. In particular, in the case of Calix [4]arene-R14, its decom-
position features two stages. The first stage occurs in the temper-
ature range of 302e389 �C, with a sharp mass loss of 80%, with the
second stage showing a relatively slight mass loss of 20% up to a
heating temperature of 670 �C. Therefore, from the TGA curve of the
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent shown in
Fig. 3(d), the ratio of each component could be estimated, as
37.12 wt% of (Calix [4]arene-R14þC2mim þ NTf2�), 11.08 wt% of
organic copolymer, 50.21 wt% of SiO2, and 1.59 wt% of H2O. The
starting point of its decomposition at around 300 �C also indicates
the excellent thermal stability of the prepared (Calix [4]arene-
R14þC2mim þ NTf2�)/SiO2eP adsorbent.

FT-IR spectra of SiO2eP, Calix [4]arene-R14, C2mim þ NTf2�, and
the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent are
shown in Fig. 4. In the case of SiO2eP, the FT-IR adsorption bands at
470.61, 806.05, and 1107.21 cm�1 correspond to SieO bending and
stretching vibrations, indicating that the main structure of the
SiO2eP particles has a silica skeleton [31]. The vibrational mode
derived from divinylbenzene copolymer was found to not be sig-
nificant due to its low loading amount. In the spectrum of the
prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent, it
can be observed that some new bands, shown in the red boxes,
derived from Calix [4]arene-R14 and C2mim þ NTf2� emerge.
However, the intensities of these bands are weak, which indicates
the successful impregnation of Calix [4]arene-R14 and
C2mim þ NTf2� into the pores of the SiO2eP support.

N2 adsorption-desorption measurements were used to estimate
the pore textural properties of the prepared (Calix [4]arene-
R14þC2mim þ NTf2�)/SiO2eP adsorbent, with the results shown in
Fig. 5. Type IV adsorption isotherms of two materials were
observed, with sharp capillary condensation steps (with relative
pressure, P/P0: 0.9e1) and H1-type hysteretic loop, illustrating the



Fig. 2. (a) SEM images and (b) EDS mapping of the prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent.

Fig. 3. TGA curves of (a) SiO2eP, (b) C2mim þ NTf2�, (c) Calix [4]arene-R14, and (d) the
prepared (Calix [4]arene-R14þ C2mim þ NTf2�)/SiO2eP adsorbent.

Fig. 4. FT-IR spectra of (a) SiO2eP, (b) C2mim þ NTf2�, (c) Calix [4]arene-R14, and (d) the
prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent.

H. Wu, T. Kudo, S.-Y. Kim et al. Nuclear Engineering and Technology 54 (2022) 1597e1605
existence of macropores and mesopores [32,33]. The low total pore
volume and specific surface area of the prepared (Calix [4]arene-
R14þC2mim þ NTf2�)/SiO2eP adsorbent compared to that of the
pristine SiO2eP support were due to successful impregnation of
Calix [4]arene-R14 and C2mim þ NTf2� into the pores of the SiO2eP
support, this is consistent with the above mentioned SEM results.
3.2. Effect of the phase ratio

To investigate the effect of the solid-to-liquid ratio on the
adsorption of Csþ ions from seawater, experiments were first con-
ducted at 25 �C to determine a suitable dosage of adsorbent. An
aqueous phase (4 mL) into which 5 mM of Csþ ions was dissolved,
was mixed with 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 g of the prepared
(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent, respec-
tively. As shown in Fig. 6, with an increase in the amount of
adsorbent added, the uptake percentage of the Csþ ions drastically
increased. Approximately 100% of the Csþ ions were adsorbed
when the minimum amount of 0.2 g of the adsorbent was added.
1600
Therefore, 0.2 g of adsorbent was considered to be the optimal
amount and this amount was used in all of the other experiments
conducted in this study.
3.3. Effect of the contact time

To determine the effect of contact time on the adsorption of Csþ

ions from seawater, experiments were conducted at 25 �C. Ac-
cording to the experimental results presented in Fig. 7, it can be
observed that the adsorption rate of the Csþ ions is relatively fast,
with adsorption equilibrium being reached within 2 h, and a high
uptake percentage of almost 100%. Therefore, all of the other ex-
periments conducted in this study were shaken for 5 h, as this was
determined to be sufficient time to attain equilibrium. Further-
more, a kinetic study can be conducted to give a mathematical
representation of the adsorption rate at which the physical or
chemical process takes place. In the present study, a pseudo-second
order model was applied to evaluate the adsorption rate of the



Fig. 5. N2 adsorption-desorption isotherms of SiO2eP and the prepared (Calix [4]ar-
ene-R14þC2mim þ NTf2�)/SiO2eP adsorbent.

Fig. 6. Effect of the solid-to-liquid ratio on the adsorption of Csþ ions from seawater.
[Csþ] ¼ 5 mM; V ¼ 4 mL; m ¼ 0.05e0.3 g; shaking time ¼ 5 h; shaking
speed ¼ 160 rpm; and T ¼ 25 �C.

Fig. 7. Effect of contact time on the adsorption of Cs þ ions from seawater. [Csþ] ¼ 5 mM; V
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(Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent toward Csþ

ions, and the following expression for this was derived [34]:

t/qt ¼ 1/(k2$qe2) þ t/qe (3)

where qt and qe (mmol/g) are the amounts of Cs þ ions adsorbed
onto the surface of the adsorbent at time t and at the point of
equilibrium respectively, and k2 (g/(mg$h)) is the rate constant.

The plot of t/qt versus t is a straight line with a regression co-
efficient of 0.99, indicating that the obtained experimental results
can be well fitted to the pseudo-second order model. Furthermore,
the calculated adsorption amount, qe, for the Csþ ions is
0.104 mmol/g, which is in good agreement with the experimental
value.
3.4. Adsorption capacity and isotherms

The initial concentration of metal ions in the solution plays an
important role in the adsorption efficiency and amount of metal
ions adsorbed onto the prepared adsorbent. The results presented
in Fig. 8 show that at a low initial concentration of Csþ ions in the
medium, the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsor-
bent exhibits high adsorption efficiency.With an increase in the Csþ

ion concentration, the adsorption efficiency decreased gradually;
this is because of a constant number of available adsorption sites on
the prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsor-
bent. The continuous increase in the initial Csþ ion concentration in
themedium led to adsorption saturation. The Csþ ion concentration
at which the surface saturation occurs is described as the adsorp-
tion amount, i.e., the maximum amount of Csþ ions that (Calix [4]
arene-R14þC2mim þ NTf2�)/SiO2eP can accommodate. The Lang-
muir isotherm model was adopted to analyze the obtained exper-
imental data and it is expressed as follows [35]:

Ce/qe ¼ 1/(kL$qm) þ Ce/qm (4)

where qe (mmol/g) is the amount of Csþ ions adsorbed at the
point of equilibrium; Ce (mmol/L) is the equilibrium concentration;
qm (mmol/g) is the theoretical maximum amount of Csþ ions that
can be adsorbed; and KL (L/mmol) is the Langmuir isotherm model
constant.

In the case of the applied Langmuir isotherm model, high
regression coefficients were observed for the obtained
/m ¼ 0.02 L/g; shaking time ¼ 10 mine16 h; shaking speed ¼ 160 rpm; and T ¼ 25 �C.



Fig. 8. Effect of adsorption amount on the adsorption of Cs þ ions from seawater. [Csþ] ¼ 1e100 mM; V/m ¼ 0.02 L/g; shaking time ¼ 5 h; shaking speed ¼ 160 rpm; and T ¼ 25 �C.
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experimental results (R2 ¼ 0.99), revealing that the use of this
theoretical model to describe the adsorption process of Csþ ions on
the investigated (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP
adsorbent is valid. The accessibility of the Langmuir isotherm
model indicates that the adsorption of Csþ ions onto (Calix [4]ar-
ene-R14þC2mim þ NTf2�)/SiO2eP occurs at specific homogeneous
adsorption sites on the adsorbent surface to form a monolayer. The
calculated adsorption amount of Csþ ions is 0.193 mmol/g, which is
in a good agreement with the experimental value of 0.196 mmol/g.
Fig. 10. Effect of solution pH on the adsorption of Cs þ ions from seawater.
[Csþ] ¼ 5 mM; V/m ¼ 0.02 L/g; shaking time ¼ 5 h; shaking speed ¼ 160 rpm;
3.5. Effects of the solution temperature, pH values, and [C2mimþ]

The effects of the solution temperature, pH values, and
[C2mimþ] on the uptake percentage of Csþ ions from seawater
using the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent
are presented in Fig. 9, Fig. 10, and Fig. 11, respectively. First, it was
found that with an increase in the solution temperature, the uptake
percentage of the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP
adsorbent toward Csþ ions was maintained at approximately 100%,
indicating that the variation in temperature had no effect on the
Fig. 9. Effect of solution temperature on the adsorption of Cs þ ions from seawater.
[Csþ] ¼ 5 mM; V/m ¼ 0.02 L/g; shaking time ¼ 5 h; shaking speed ¼ 160 rpm; and
T ¼ 15e50 �C.

T ¼ 25 �C; and pH ¼ 1.7e9.5.
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adsorption process. Previous studies have shown that Calix [4]ar-
ene-R14 exhibits excellent Csþ ion affinity in a highly acidic me-
dium and no adsorption ability toward Csþ ion in pH region.
Through the mixing of C2mim þ NTf2� with Calix [4]arene-R14, the
obtained adsorbent exhibits good adsorption performance toward
Csþ ions over a wide pH range, which makes its application feasible
in the recovery of Csþ ions from seawater. The experimental results
shown in Fig. 11 were used to further clarify the role that [C2mimþ]
plays in the adsorption process. It was found that with an increase
in the [C2mimþ] in the aqueous phase, the uptake percentage of Csþ

ions is slightly suppressed, revealing that the cationic constituent of
the IL moiety participates in the ion exchange process. This phe-
nomenon is in good agreement with the results of previous studies
[36]. Therefore, the adsorption mechanism is considered to be
governed by the following two equations in terms of the ion ex-
change and the subsequent complexation.

Ion-exchange: C2mim þ solid phase þ Cs þ aqueous phase !

C2mim þ aqueous phase þ Cs þ solid phase (5)



Fig. 11. Effect of [C2mimþ] on the adsorption of Csþ ions from seawater. [Csþ] ¼ 5 mM;
V/m ¼ 0.02 L/g; shaking time ¼ 5 h; shaking speed ¼ 160 rpm; T ¼ 25 �C; and
[C2mimþ] ¼ 0.4e1.65 M.
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Complexation: Csþ solid phaseþ Calix[4]arene-R14! solid phase
Csþ / Calix[4]arene-R14 solid phase (6)
3.6. PIXE analysis

The X-ray spectra obtained from PIXE measurements of the
prepared (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent
before and after Csþ ion adsorption are summarized in Fig. 12.
Fig. 12. PIXE spectra of the (Calix [4]arene-R14þC2mim þ NTf2�)/SiO2eP adsorbent before a
adsorption; (b) The high energy region of the spectrum before adsorption; (c) The low energ
after adsorption.
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Before adsorption, as shown in Fig. 12(a) and (b), Al and Fe peaks
can be observed at 1.5 and 6.3 keV, which are considered to be
background peaks. The significant peaks at 1.7 and 2.3 keV can be
attributed to the Ka of Si and S, which are considered to originate
from porous silica and C2mim þ NTf2�. After adsorption, the char-
acteristic peaks depicted in red can be assigned to Csþ. At the same
time, the peaks formed at 11.9 and 13.3 keV shown in Fig. 12(d) can
be attributed to Br�, and the peak at 2.7 keV shown in Fig. 12(c) is
attributed to Cl�. Therefore, the adsorbed Csþ ion species from the
aqueous phase to solid phase is in the form of both CsBr and CsCl,
and not only the expected CsCl. No peak that could be assigned to
Na was observed, indicating that the adsorbent prepared in this
study exhibits good selectivity toward Csþ ions. Both reconstructed
elemental mappings of Cs and Br were found to exhibit a similar
round shape to that of the framework of silica; this suggests that
the extractant of Calix [4]arene-R14 and C2mim þ NTf2� were uni-
formly impregnated inside the silica support, further resulting in
Csþ being uniformly adsorbed and distributed throughout the en-
tirety of the adsorbent. Further, the comparison of some novel Cs(I)
recovery materials developed in recent years (except for conven-
tional inorganic zeolite, ammoniummolybdophosphate (AMP), and
ferro cyanate (KNiFC) etc.) with the (Calix [4]arene-
R14þC2mim þ NTf2�)/SiO2eP adsorbent prepared in this study are
summarized in Table 1.
4. Conclusions

In this study, a silica-based adsorbent was prepared to recover
Csþ ions from seawater by impregnating the pores of the silica
support with Calix [4]arene-R14 and C2mim þ NTf2�. The as-
synthesized adsorbent was found to be exceptionally effective
and selective in the recovery of Csþ ions from seawater without the
interference of other coexisting metal ions. Adsorption equilibrium
nd after the adsorption of Csþ ions: (a) The low energy region of the spectrum before
y region of the spectrum after adsorption; (d) The high energy region of the spectrum



Table 1
Comparison of the adsorption performances toward Cs þ by various materials.

Adsorbent Adsorption capacity Adsorption kinetics Selectivity Reference

Magnesium phosphate (MgP-
MS)

64 mg/g (T ¼ 298 K, pH ¼ 8.5,
adsorbent dosage ¼ 30 mg/
20 mL)

20 min (T ¼ 298 K, pH ¼ 8.5,
[Cs] ¼ 1000 mg/L, adsorbent
dosage ¼ 30 mg/20 mL)

Co-adsorption toward Naþ, Kþ, Mg2þ, Ca2þ, Mn2þ, Ni2þ,
Fe2þ and Co2þ

[37]

Zeolitic imidazolate framework
functionalized with
ferrocyanide (ZIF-8- FC)

422.42 mg/g (T¼ 298 K, pH¼ 7,
adsorbent dosage ¼ 1000 mg/L)

1400 min (T ¼ 298 K, pH ¼ 7,
[Cs] ¼ 500 mg/L, adsorbent
dosage ¼ 1000 mg/L)

When [Kþ, Naþ] ¼ 1 M, adsorption performance
toward Cs decreased

[38]

Prussian blue-embedded
alginate aerogel

19.88 mg/g (pH ¼ 6.5, contact
time ¼ 24 h)

180 min (pH¼ 6.5, [Cs]¼ 200 mg/L) Naþ at the concentration found in seawater lowered
the Csþ adsorption efficiency from 97% to 55%

[39]

Dibenzo-24-crown-8 ether
conjugate adsorbent

77.70 mg/g (pH ¼ 7, adsorbent
dosage 10 mg/10 mL, contact
time ¼ 3 h)

60min (T¼ 298 K, [Cs]¼ 0.015mM,
adsorbent dosage 10 mg/10 mL)

Even in the presence of high concentration of K and Na
ions, conjugate adsorbent showed a very high sorption
capacity for Cs

[40]

(Calix [4]arene-
R14þC2mim þ NTf2- )/Si O2-p

26.05 mg/g (T ¼ 298 K,
pH ¼ 7.86, adsorbent
dosage ¼ 0.2 g/4 mL)

120 min (T ¼ 298 K, pH ¼ 7.86,
[Cs] ¼ 5 mM, adsorbent
dosage ¼ 0.2 g/4 mL)

Recovery of Csþ without the interference of the other
co-existing metal ions in seawater

This work
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was reached within 2 h and a relatively high adsorption amount of
0.196 mmol/g was achieved for Csþ ions. The adsorption perfor-
mance of the prepared adsorbent toward Csþ ions was found to be
almost unaffected by the variation in the solution pH and tem-
perature under the experimental conditions and the uptake per-
centage remained at approximately 100%. The adsorption
mechanismwas considered to be mainly governed by ion exchange
and subsequent complexation. By exchanging the cationic con-
stituent of the IL, the adsorption performance of Calix [4]arene-R14
toward Csþwas improved in lower acidic conditions. Moreover, less
amount of IL was consumed compared with the conventional
extractionmethod. Through PIXE analysis, it was found that the Csþ

ions were uniformly adsorbed and distributed on the prepared
adsorbent. The reconstructed elemental mapping from the PIXE
measurements further proved that the recovered Csþ ions existed
in the form of CsCl and CsBr. Overall, the results suggest that by
mixing C2mim þ NTf2� as an additive agent with the extractant Calix
[4]arene-R14, it is feasible to effectively recover Csþ ions from
seawater.
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