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Abstract: Decontamination of water from radionuclides contaminants is a key priority in environ-
mental cleanup and requires intensive effort to be cleared. In this paper, a microporous iron-doped
zeolite-like sodium zirconosilicate (F@SZS) was designed through hydrothermal synthesis with
various Si/Zr ratios of 5, 10, and 20, respectively. The synthesized materials of F@SZS materials were
well characterized by various techniques such as XRD, SEM, TEM, and N, adsorption-desorption
measurements. Furthermore, the F@SZS-5 and F@SZS-10 samples had a crystalline structure re-
lated to the Zr-O-5i bond, unlike the F@SZS-20 which had an overall amorphous structure. The
fabricated F@SZS-5 nanocomposite showed a superb capability to remove cesium ions from ultra-
dilute concentrations, and the maximum adsorption capacity was 21.5 mg g™! at natural pH values
through an ion exchange mechanism. The results of cesium ions adsorption were found to follow the
pseudo-first-order kinetics and the Langmuir isotherm model. The microporous iron-doped sodium
zirconosilicate is described as an adsorbent candidate for the removal of ultra-traces concentrations
of Cs(I) ions.
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1. Introduction

Zeolites are finding increasing interest in technological applications due primarily
to their adsorption and catalytic behaviors. Framework structures of traditional zeolite
materials like aluminosilicate and aluminophosphates are created by four-coordinate
elements [1]. However, studies performed in the last decade demonstrated that many titano-,
niobo-, and zirconosilicates are also able to be involved in ion exchange applications [1-5].
The synthesis of zeolitic nanostructures of another class, mostly, of silicates, which contain
five and six coordinates in their frameworks like titanium (Ti), niobium (Nb), and zirconium
(Zr) elements along with tetrahedral fractions, has attracted the growing interest of many
researchers. These materials are characterized by considerable structural diversity, with
a broad spectrum of physical and chemical properties such as engineered microporosity,
pore volumes (Vy,), surface areas (Sp ), and surface activities [6-10].

Synthetic zeolitic microporous zirconosilicates with heteropolyhedral frameworks of
tetrahedra SiO, and octahedral ZrOg have attracted a great deal of attention due to the
prospects of their wide application in technological applications such as high-selectivity
sorbents, catalysts, and ion conductors [7-11]. Most of zirconosilicate frameworks show the
mobility of alkali ions with ion-exchange features and the extraordinary stability of their
polyhedral configurations are due to the formation of Si-O-Si or Si-O-Zr linkages [12].
So far, the work on the synthesis of alkali zirconosilicates has been aimed primarily at
modeling processes of mineral formation. In particular, analogs of a number of zeolite-
type minerals are synthesized. For example, a eudialyte mineral was synthesized in a
weakly alkaline aqueous medium [1]. Rocha et al. reported the synthesis of a microporous
sodium zirconosilicate with the structure of the mineral petarasite [10]. Subsequently, Jale
et al. reported three zirconoosilicate minerals (elpidite, umbite, and gaidonnayit), which
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contain SiOy in tetrahedral coordination and ZrOg in octahedral coordination [11]. On
the other hand, the isomorphous substitutions of various ions as metal dopants into the
zeolitic frameworks have also attracted interest over the last decade [12-19]. These metal
dopants can be incorporated into the zirconosilicates frameworks, either as guest species
in a solid solution or as separate phases encapsulated in the zeolite frameworks [19-21].
It has been shown that the dopants lead to changing ion-exchange activities of zeolite
materials, in which the isomorphous substitutions of some ions with others have different
oxidation states through incorporations into tetrahedral positions [13,15]. Moreover, the
presence of tetrahedral zirconium ions in the octahedral coordination results in two negative
charges on the framework for each of the metal ions incorporated. Overall, the synthesis
of microporous zirconosilicates is rare in the literature because of the time-consumed
synthesis of these materials and the lack of control on the synthetic routes for obtaining the
desired structures.

The removal of radionuclides from aqueous solutions, especially cesium and stron-
tium, has become an emerging issue for the environment after the tragedy of the Japanese
nuclear power plant (Fukushima Daiichi) [22-25]. As a result, huge amounts of radionu-
clides were released into the environment. Particularly, cesium ions have moved out across
the wastewater to surface water, creating serious environmental problems given its high
mobility and its long half-life [26-28]. To date, various classes of inorganic sorbents have
been developed for capturing cesium ions from aqueous solutions [22-29]. Thus, there is
great interest from researchers for tailoring advanced materials that can remove the ultra-
traces of cesium ions in the presence of their competing ions, e.g., sodium, potassium, and
rubidium ions. Toward this logarithm, there are continuous intensive efforts in tailoring
radioactive-durable inorganic sorbents that can efficiently capture the radionuclides from
aqueous solutions such as active zircon-/titano- phosphates and silicates owing to their
efficient separation and radiation stabilities. The ion-exchange behaviors of the synthetic
titano- and zirconosilicates are rather rare. It was demonstrated that zeolite-like K and Na
titanosilicates prepared by the hydrothermal synthesis efficiently adsorb Cs(I) and Rb(I)
ions from solutions. It was also found that various cationic forms of synthetic titanosilicates
can remove trace amounts of Cs(Il) and Sr(Il) from aqueous solutions [1]. Elpidite mineral
(NapZrSigOq5-3H0) is an example of zirconosilicate phases characterized by its active
ion-exchange behavior [19].

The aim of the present study is to design a new effective microporous nanostructured
iron-doped sodium zirconosilicate (F@SZS) by a simple hydrothermal method and study its
adsorption behavior towards radioactive cesium ions. The textural and structural character-
istics of the synthesized iron-doped zirconosilicate sorbent were examined using different
analytical techniques (i.e., XRD, SEM, TEM, and N, adsorption—desorption measurements).
The effects of different factors such as pH, equilibrium time, and cesium ion concentrations
on the adsorption efficiency were studied. The obtained adsorption data were applied to
different isotherm models studies.

2. Materials and Methods
2.1. Synthesis of the Fe-Doped Microporous Sodium Zirconosilicate Sorbent

A copolymer surfactant—dodecyl-poly-ethylene-oxide-ether designated as Brij-35
(CH3(CH3)11(OCH2CH3)23—OH, Mw = 1198 g mol™), sodium silicate (Na,SiO3), zirconyl
chloride octa-hydrate (ZrOCl,-8H,0,), iron(Ill) citrate (C¢HsFeOy), urea (CO(NH,),), and
hydrofluoric acid (HF) were obtained from Sigma-Aldrich Pty Ltd. Iron-doped sodium
zirconosilicates with different mole ratios of Zr/Si were synthesized by dissolving 1 g of
ZrOCl,-8H,0 (4.1 x 1072 M), 0.15 g iron citrate (8.1 x 10~3 M), 1.5 mL HF (38%), and 1.6 g
Brij-35 in de-ionized water (DIW) and stirring them at room temperature for 30 min, and
then sodium silicate (NaySiO3) was introduced into a precursor solution with different
ratios (0.2, 0.4, and 0.8 M). The solution was kept under constant stirring at 65 °C for 1 h.
Then, 1.2 g of urea (0.27 M) was added with continuous stirring, until the pH value of the
solution reached 8. The reaction mixture was moved to a 100 mL Teflon-lined stainless
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steel autoclave. Crystallization was carried out at 200 °C for 140 h. The precipitate was
collected by filtration and washed several times with DIW and ethanol to remove the
remaining agents. Finally, the as-synthesized iron-doped sodium zirconosilicates were
dried at 80 °C for 12 h in a vacuum oven and carefully calcined in the air at a heating
rate of 2 °C min™! to increase the temperature from room temperature up to 550 °C for
5 h, in order to remove the surfactant and obtain microporous iron-sodium zirconium
silicate composites with a different structure (F@SZS). Here, F@5ZS-20, F@5Z5-10, and
F@SZS-5 represent the synthesized Zr/Si composites with Si/Zr mole ratios of 5, 10, and
20, respectively.

2.2. Adsorption Assessment

The adsorption experiments were carried out using the batch method to evaluate
the adsorption activities of the synthesized materials toward cesium ions from aqueous
solutions. The Cs(I) ions and other metal ion-standard solutions were obtained from Wako
Company Ltd. (Osaka, Japan). Fifty milligrams of each of the aforementioned F@SZS
materials with different Si/Zr molar ratios were added to 25 mL solutions with 50 mg
L~! cesium at different pH values ranged from 2 to 11 that can be adjusted using diluted
hydrochloric acid and sodium hydroxide. After shaking for an appropriate time at 25 °C,
the porous F@SZS sorbents were collected by filtration. The concentrations of the cesium
ions in the aqueous solution before and after sorption into porous F@SZS materials were
determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The adsorption capacity, g, (mg g~!), was calculated as following [27]:

o = Gi=C)V )

m
where C; and C, are the initial concentration and the equilibrium concentration of cesium
ions (mg L), respectively, V is the volume of the testing solution (L), and m is the amount
of the synthesized F@SZSs materials (g). The effects of interfering ions, namely; Na(I), K(I),
Rb(I), Mg(II), Ca(1I), Sr(II), Fe(Ill), Ni(II), Cr(III), Zn(II), La(IIl), U(VI), Th(IV), Cu(Il), Ba(II),
Al(III), and Pb(II), on Cs(I) ions in F@SZS-5 were tested. A Cs(I) ion concentration of 0.5 mg
L~! and an interfering ions concentration of 2 mg L™! were used to evaluate the adsorption
feasibility of cesium in low concentrations in the same manner according to the sorption
experiments from pure solutions.

3. Results and Discussion
3.1. Characterization of the Synthesized Materials

The phase structures, crystallinities, and morphologies of the synthesized F@SZS
materials are key factors for its application as sorbents towards the remediation of metal
ions from aqueous solutions. The chemical structures of the synthesized zirconosilicates
were examined by XRD with a Philips X-ray generator model PW 3710/31. The intense
diffraction peaks indicated the crystalline nature of both the as-synthesized F@SZS-5 and
F@SZ75-10 materials. Figure 1a—c shows the XRD patterns of all the synthesized F@SZS
materials with different molar ratios calcined at 550 °C. Wide diffraction peaks were ob-
served for the F@SZS-20 sample, indicating the formation of amorphous structures. Five
small peaks at 260 = 13.02°, 21.5°, 27.55°, 35.2°, 44.3°, and 48.4° corresponding to (1 0 0),
(122),(042),(204), (260), and (0 6 5) planes, respectively. These results revealed that the
synthesized F@SZS materials were in the form of elpidite mineral (H¢Nay;O1gSigZr) with a
structure assigned as a pure orthorhombic Pbem space group containing double SigO15
chains and segregated ZrOg octahedra with the following unit-cell parameters: a = 7.140 A,
b =14.680 A, ¢ = 14.650 A), occupied by Na* cations and H,O molecules [1,13-19]. The
XRD peak intensity of F@SZS-20 was not observed due to the presence of amorphous
silica. The finding that the XRD patterns of all samples were different with respect to
relative intensity indicated that the SiO, ratios induced these changes. The insertion of
Fe®* ions into the zirconosilicate matrix was not detected as a new phase, because the avail-
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able concentration was considered low [20,21]. Moreover, The XRD pattern of Fe-Zr—-O
composite (Figure 1a—c) was similar to that of ZrO,, with only some minor differences in
structure [15-18]. Furthermore, the recorded patterns of the F@SZS materials displayed a
considerable shift of the main peaks to higher 26 values, which can be owing to the contrac-
tion of the microphase. In conclusion, the crystal structures of the synthetic microporous
materials exhibited interpretation difficulties due to crystal imperfection and doped ions in
addition to the contamination with the synthesized by-products.
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Figure 1. Representative XRD patterns (a—c) and nitrogen adsorption/desorption isotherms (d—f) for
F@SZS-5, F@SZS-10, and F@SZS-20 after calcination at 550 °C for 5 h.

The surface area (Sa ), pore volume (V}), and pore size (Dp) of the F@SZS nanocom-
posites were obtained from the nitrogen adsorption—desorption isotherms of the F@5ZS
nanocomposites with different Si/Zr molar ratios using the nitrogen adsorption—-desorption
method at 77 K with a BELSORP MIN-II analyzer (JP. BEL Co. Ltd., Osaka, Japan). The
surface area of F@SZS-5, F@SZ5-10, and F@SZS-20 were found to be 129.6, 72, and 40 m* g,
respectively, and the average pore openings calculated from desorption data by the BJH
method (Barrett, Joyner, and Halenda) were 2.12, 1.58, and 1.14 nm for F@SZS-5, F@SZ5-10,
and F@SZS-20, respectively (Figure 1d—f). This means that these three materials can be
roughly considered microporous materials consisting predominantly of cylindrical pores
with a defined pore width and the pore width decreased with increasing Zr/Si ratios.
Therefore, these iron-doped sodium zirconosilicate nanozeolitic materials with different
texture properties have different adsorption capacities of Cs(I) ions.

SEM images were obtained using a scanning electron microscope, JSM-T20, manufac-
tured by JEOL Ltd. (Tokyo, Japan) to analyze the crystalline features and morphologies
of the F@SZS materials and. The nanorods with an iron-doped sodium zirconosilicate
structure were observed. Figure 2a presents the grain structure of the F@SZS-5 material
with different magnifications. It is clearly seen that the F@SZS-5 sample showed a dense
structure along with some degree of agglomeration. The distribution of grains with rod-like
shapes along with some degree of agglomeration was observed, and the estimated size was
70 nm. High-resolution transmission electron microscopy (HR-TEM) was performed using
a JEOL JEM model 2100F transmission electron microscope. The HR-TEM images of the
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calcined F@SZS-5 showed distinct uniform pores (Figure 2b). To investigate whether iron
was successfully doped into zirconosilicate particles, elemental mapping and chemical anal-
ysis was conducted using scanning transmission electron microscopy-energy-dispersive
X-ray spectroscopy (STEM-EDS) mapping (Figure 3). In the elemental mapping of the
iron-doped sodium zirconosilicate nanocomposite (Figure 3), the uniform distributions
of Zr, Si, Na, O, and Fe elements can be clearly observed, which is consistent with the
morphology of the composite. The EDS analysis of the F@SZS-5 indicated the presence of
Zr (16.20%), Si (27.48%), Fe (5.96%), O (54.9%), and Na (2.8%) in the composition domain
of the F@SZS-5 microstructure (Figure 3d). In comparison, Figure 4 shows the elemental
mapping and the chemical compositions of the F@SZS-20 material (i.e., Si/Zr ratio = 20).
The EDS analysis indicated the presence of Zr (2.6%), Si (38.38%), Fe (6.19%), O (52.20%),
and Na (0.98%) in the composition domain of the F@5ZS-20 microstructure. Our finding
that a high Si/Zr ratio leads to the formation of a low content of zirconosilicate and a high
content of silicon dioxide.

Figure 2. SEM (a) HR-TEM (b) images of the microporous F@SZS-5 with different magnifications.
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Figure 3. STEM images of the microporous F@SZS-5 sorbent with the distributions of silicon (a),
zirconium (b), oxygen (c), iron (d), and sodium (e). (f) EDS analysis results and the calculated values
of the atomic abundance of the species present in the solid F@SZS-5 sorbent.

Si ' 100 nm IrL ———————— 100 nm

c

O 1601

804 Fe Fe

SEE

000 15 30 4560 7.5 90

1l]l]n . FeK 100 nm Na K

Figure 4. STEM images of the microporous F@SZS-20 material with the distributions of silicon (a),
zirconium (b), oxygen (c), iron (d), and sodium (e). (f) EDS analysis results and the calculated values of
the atomic abundance of the species present in the solid F@SZS-20 material.

3.2. Adsorptive Properties of the Synthesized Materials

To understand the affinity of NayZrSigO15-3H,0 doped with Fe for metal ions adsorp-
tion, the synthesized materials, i.e., F@SZS-5, F@SZS-10, and F@SZ5-20, were evaluated
for Cs(I) ions adsorption over the pH ranged from 1.0 to 11.0. The acidity of the solution
affected both the electrical charge on the surfaces of the iron-doped sodium zirconosilicate
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materials (F@SZS-5, F@SZS-10, and F@SZS5-20) and the types of cesium species in the
solutions. As shown in Figure 5a, the adsorption capacities of Cs* on F@SZS-5, F@SZS-10,
and F@SZ5-20 kept roughly constant in the pH range of 4.0-10.0. However, as the pH
value was decreased (pH < 4) or increased to the strongly basic region (pH > 9), a sudden
decrease in the adsorption capacity was observed. The Cs(I) ion exchange in the acidic
medium was suppressed due to the excessive hydronium ions (H3O") near the surface
which competed with Cs(I) ions in the F@SZS active site, while the decrease of the uptake
of Cs(I) ions at pH beyond 10 may be explained by the formation of soluble CsOH [24,25].
All subsequent adsorption experiments of Cs(I) ions were performed on F@SZS-5, taking
into consideration its highest performance in cesium adsorption among the synthesized
F@SZS materials.
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Figure 5. Effect of pH (a), time (b), the PFORE model (c), the PSORE model (d), the liquid film
diffusion model (e), the Weber—Morris model (f), the Elovich model (g), and Bangham’s model (h)
plots for the adsorption of Cs(I) ions onto the F@SZS-5 material.

The effect of contact time on the adsorption capacity of the F@SZS-5 sample is im-
portant in determining the adsorption rate of Cs(I) ions to define the optimum operating
conditions. The adsorption of Cs(I) ions onto F@SZS-5 was studied within a time period of
1-120 min at 25 °C in a single solution system. The uptake of Cs(I) ions by F@SZS-5 was
initially increased by increasing the contact time, until it reached the maximum capacity.
Within the first 10 min, the adsorption efficiency of Cs(I) ions exhibited 44.9% of the total
adsorption capacity (Figure 5b). The adsorption efficiency was higher in the adsorption on-
set because of the availability of dense active sites as well as porous features that smoothed
the mobility of Cs(I) ions inside the micro-channels of the F@SZS-5 material. In a pure
solution of 50 mg L Cs(I) ions and 50 mg of S@SZS-5 at pH 7 and 25 °C, the equilibrium
was attained after 60 min. To know the controlling mechanism of the adsorption process,
the time/adsorption data were applied to frequently applied kinetic models such as the
pseudo-first-order model (PFORE) and the pseudo-second-order model (PSORE) [30,31],
which can be written as following;:

k
log(de — q1) = 10g Ge — 5752 1, )
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t t 1

_— =4 —,

9 Ge  kog;
where g, and k; indicating the adsorption capacity at equilibrium and the PFORE rate
constant, respectively, were obtained by the linear regression analysis of log(g. — q:) versus t
(Figure 5c). The time/adsorption data were also fitted into the PSORE model, which shows
the occurrence of the chemisorption including the adsorption steps involving external and
internal diffusion. The plotting of t/q; vs. t shown in Figure 5d gave a straight line with
a slope and an intercept, from which k; (g mg‘1 min~') and ge were calculated (Table 1).
The determination coefficient (R?) for the PFORE model (0.978) was relatively higher than
that of the PSORE model (0.925). In addition, the calculated g, from the PFORE model
(23.44 mg g7!) was closer to the experimental value compared to that from the PSORE
model (32.2 mg g!) that crucially overrated the equilibrium capacity of the overall process.
It is, thus, hard to differentiate between the two studied models. To gain an accurate
and deep understanding of the adsorption kinetic behavior of Cs(I) on the microporous
F@SZ5-20, the adsorption/time data were further applied to the models. McKay liquid
film diffusion model [31] supposes that the adsorption of metal ions is controlled by the
film and particle diffusion (Equation (4)), in which Cs(I) ions moves out across the bulk
solution towards the microchannels of F@SZS-20, and boundary layer might have a key
role in this process.

®)

log(1 — F) = — Kgp /2303 t, )
Je =X+ K; tl/zl ®)
g = ;ln(txﬁ) + }3 In(t). 6)

Table 1. Kinetic parameters for the adsorption of Cs(I) ions onto microporous F@SZS-5 sorbent.

Kinetic Models Kinetic Parameters

q1mgg ! 23.44

Kq min~! 0.076
PFORE R2,4 0.9785

R? 0.989

go Mg gfl 32.2

Ky mg~! min~! 1.5 x 1073

PSORE R? 4 0.9242
R? 0.9546

K min~! 0.076
Liquid film diffusion R2 adj 0.9785
R? 0.9892

Kjp, mg g1 min0?) 3.37
e X ~1.36
Weber-Morris diffusion Rzadj 0.9489
R? 0.9744

B(gmg1) 0.185

. . « (mg g*1 min~1) 5.14
Elovich kinetic Rzadj 0.889
R? 0.9335

Ky (mLg 'L 2.29

L a 0.63
Bangham kinetic Rzadj 0.9926
R? 0.9955

The plotting of log(1 — F) against t gives a straight line with an intercept close to zero,
where F is the fractional attainment at equilibrium (i.e., F = 4:/9,) [30]. This elucidates that
the adsorption of Cs(I) ions onto the microporous F@SZS-5 might be controlled by the diffu-
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sion through the liquid film at the F@SZS-5 interface (Figure 5e). The rate constant for liquid
film diffusion (K was found to be 0.076 min~!. Furthermore, the time dependence data
of Cs(I) ions adsorption onto the microporous F@SZS-5 was modeled by the Weber—Morris
model [32] to know whether intra-particle diffusion or film diffusion is a rate-determining
step (Equation (5)). From plotting t*° against g,, the intera-particle diffusion rate constant
(Ki (mg g’1 min~%%)) and the constant proportional to the boundary layer thickness (x)
can be determined (Figure 5f). Given the higher determination coefficient value (R?),
the adsorption of Cs(I) ions onto the microporous F@SZS-5 sorbent was controlled by
an intra-particle diffusion mechanism. Moreover, the Elovich model [30] is useful, if the
interaction of Cs(I) ions on the F@SZS-5 surface active site is a rate-determining step. In the
Elovich model, the initial adsorption rate (o; mg g ~! min~!) and the adsorption constant (5;
g mg~!) were obtained by plotting g; against In(t) using Equation (6) (Figure 5g). The large
difference between the value of « (5.14 mg g~! min~!) and the value of g,, (0.35 mg g~!
min 1) showed that the Elovich model did not describe the adsorption of Cs(I) ions onto
F@SZS5-5 and the chemical reaction was not a rate-determining step. The Bangham’s model
is also useful to describe the adsorption of Cs(I) ions onto the microporous F@SZS-5, in
which the diffusion of Cs(I) ions into the micropores of the F@SZS-5 particles is a rate-
determining step. In the Bangham’s model, B and Kg (mL g~! L) are Bangham constants
and A is the weight of F@SZS-5 per unit volume of Cs(I) ions solution (g L~1); the straight
nature with a high determination coefficient value (Figure 5h) represented that the pore
diffusion-controlled adsorption process. Our findings that Ho and McKay, Weber and
Morris, and Bangham’s models are applicable to characterize the Cs(I) ions adsorption
onto the microporous F@SZS-5 sorbent, and this was supported by the obtained statistical
indices (Table 1). In the kinetic studies, the process occurs throughout the crystal bulk, and
the intensity of saturation depends on local inhomogeneities of the crystal rather than on
the distances of particular regions from the solution interface. This suggests that the energy
barrier which ions overcome at the crystal solution interface, rather than the diffusion in
the crystal bulk, is a rate-determining step. Therefore, the ion-exchange process has been
improved by subjecting the solid particle surface to the corresponding dopants [1].

The overall Cs(I) adsorption capacities of F@SZS-5 at different concentrations were
studied, as shown in Figure 6a. The adsorption curve indicates that the adsorption capacity
of Cs(I) ions increased with the increasing of initial concentrations. At lower concentrations,
the number of ions in the solution was smaller compared to that in the available sites on
the mesoporous F@SZS-5. However, at higher concentrations, the available active sites
were decreased, which in turn decreased the adsorption efficiency of Cs(I) ions. Figure 6a
shows that the adsorption of Cs(I) ions onto F@SZS-5 was an L-type isotherm and the
equilibrium was achieved, where the maximum adsorption capacity is 21.5 mg g~!. A
comparative study in terms of the maximum adsorption capacity has been performed
with other reported porous inorganic adsorbents, and the results are summarized in
Table 2 [24,25,33-41]. However, the microporous F@SZS-5 is described as adsorbent can-
didates for the removal of high and ultra-trace concentrations of Cs(I). To evaluate the
maximum uptake capacity of Cs(I) ions onto the synthesized F@SZS-5 sorbent, the surface
properties, and the nature of the adsorption reaction, the adsorption data were analyzed by
the most frequently applied isotherms such as Langmuir [42] and Freundlich [43] models to
describe the sorption behavior of Cs(I) onto the F@SZS-5 microporous sorbent. Accordingly,
the adsorption active sites inside the microchannels of the F@SZS-5 sorbent were limited,
where the Langmuir model can approach monolayer adsorption, even at high concentra-
tions of Cs(I) ions, and involves a single reaction with constant energy of adsorption, which
can be expressed as Equation (7)):

C, C, 1
===y ) 7
ge q.  Kiqr @)
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Figure 6. Adsorption isotherms of Cs(I) ions uptake by the microporous F@SZS-5 sorbent (a), Lang-
muir plot (b), and Freundlich isotherm (c) for the adsorption of Cs(I) ions onto F@SZS-5 micropores.
Effect of the microporous F@SZS-5 sorbent on the recovery of Cs(I) ions over more than 10 cycles of
sorption/desorption (d).

Table 2. Comparison of the adsorption capacities of Cs(I) ions onto various inorganic adsorbents.

Adsorbent Contact Time (Min) pH S/L Ratio (g L)  Uptake, (mgg™) Ref.
Montmorillonite-prussian blue 30 6.5-7.0 2 57.47 [34]
Ammonium-pillared MMT /Fe304 60 6.7 0.5 27.53 [35]
Ammonium molybdophosphate calcium alginate 24 3.5-4.5 100 91.80 [36]
Graphene foam/prussian blue 720 Natural 2.5 18.67 [37]
Copper(ll) ferrocyanide-silica 2 7.8 0.1 17.10
Nano SiO,—Fe-CN 60 55 10 32.26 [38]
Al,O3-Zr0,—CeO;, 60 6.0 10 8.88 [39]
Mesoporous CaHPO4 90 9.5 1 60.33 [25]
PB/Fe304/GO/calcium alginate 400 7.0 - 43.52 [40]
Ammonium-pillared MMT-CoFe, 04/ calcium alginate 120 6.7 1.0 86.46 [41]
Mesoporous HAp 30 8.5 1.0 77.20 [24]
Mesoporous MgP 20 8.5 1.0 64.00 [42]
F@S75-5 40 8.0 10 21.50 This
work

Plotting C, against C,/g, gives a straight line (i.e., R? = 0.987) with a slope and an
intercept equal to the maximum calculated adsorption capacity (g, = 28.9 mg g~ !) and the
Langmuir binding constant (K; = 0.093 L mg~!). Our finding that the calculated values
of g1 are comparable to that of the experimental value indicated that the adsorption of
Cs(I) ions onto the microporous F@SZS-5 sorbent is well-fitted with the Langmuir model
(Figure 6b). The Freundlich model was also applied to estimate the adsorption processes
that occur on heterogonous surfaces, where it gives an expression that describes the surface
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heterogeneity and the exponential distribution of active sites and their energies. The
Freundlich model can be expressed as Equation (8):

ge = KpCl/™, ®)

where Kr and 7 describe the capacity (L™ mg(~1/™ g=1) and the intensity of the ad-
sorption process, respectively. The results indicated that the nonlinear Freundlich model
provided a good fitting (i.e., R? = 0.923) to describe the adsorption of Cs(I) ions onto
F@SZS-5 (Figure 6¢). Moreover, a higher value of n (2.38) indicated a higher affinity be-
tween Cs(I) ions and F@SZS-5 active sites. The Kr value for the adsorption of Cs(I) onto
F@SZS-5 was obtained to be 4.74. The analyses of the coefficient of the determination (R?)
values with the used models showed that the experimental data can be well-fitted by the
Langmuir model than the Freundlich model. In conclusion, the adsorption of the mono-
valent Cs(I) ions onto iron-doped sodium zirconosilicate (F@SZS-5) is based on different
interactions such as ion exchange, hydrogen bonding, and physical adsorption [44,45].

The microporous F@SZS-5 sorbent can be applicable for removing monovalent Cs(I)
ions from diluted aqueous solutions. In typical experimental conditions, a solution con-
taining a mixture of 0.5 mg L™ Cs(I) ions and 2 mg L1 Na(I), K(I), Li(T), Rb(I), Mg(II),
Ca(1I), Sr(II), Fe(I1I), Ni(II), Cr(III), Zn(II), La(II), U(VI), Th(IV), Cu(Il), Ba(II), Pb(II), and
AI(IIT) each was used to estimate the applicability of the microporous F@SZS-5 sorbent for
adsorption of Cs(I) ions. It is well-known that alkali metal ions tend to be more hydrated
by decreasing the size. As a result, alkali metal ions such as Li(I), Na(I), and K(I) showed
higher hydration in an aqueous solution compared to Cs(I) [40]. In contrast, divalent metal
ions such as Sr(II) and Ca(II) also exerted a high impact on the adsorption of Cs(I) ions than
the other divalent competing cations at low concentrations and among their competitive
mixtures. This zeolite material could adsorb large cations like Cs(I) and Sr(Il) from aqueous
solutions but has a low adsorption behavior of small cations like Li, Na, and Mg. The
key reasons for this behavior are the hydration energies of the ions in solutions and those
already occupying the structural channels and the difference of electrostatic bonding energy
of the competing ions to the inner cavity surface [44].

The regeneration of the loaded F@SZS-5 was carried out using different concentrations
of nitric acid as compared to the optimal adsorption conditions of Cs(I) ions, which were
carried out at pH 4-11 (Figure 6d). The feasibility of reusability after a number of adsorp-
tion/desorption cycles was evaluated. Cs(I) ions were transported along the micropores to
the bulk solution faster, and more than 97.8% was stripped within less than 15 min when
contacting with 0.5 M HNOs. Subsequently, the regenerated F@SZS-5 was used for the
adsorption of Cs(I) at the optimal experimental conditions of adsorption, and the results
of 13 successive uptake experiments are presented. The competition of monovalent and
divalent cations in solutions often increases the complication of adsorption reaction.

In general, inorganic materials, especially zirconium-containing materials, can be used
in long- and short-term industrial applications, because these materials exhibit a tunable
nature and remain stable at high temperatures, pressures, and radioactivity. Considering
that global research efforts have been devoted to the removal of radioactive materials by
using titanosilicates, we established a novel adsorbent to remove Cs(I) from aqueous solu-
tions by utilizing a microporous iron-doped sodium zirconosilicate. The proposed sorbent
not only provides a readily accessible avenue for the synthesis of a novel adsorbent that
efficiently removes Cs(I), but also enhances selectivity and durability. Unique properties,
such as large surface area-to-volume ratios, uniformly shaped pores, allow rapid removal
of ultra-trace concentrations of Cs(I) ions, tuned selectivity, durability against radioactivity.

4. Conclusions

A novel high-S iron-doped zeolite like sodium zirconosilicate has been successfully
synthesized by a simple hydrothermal process assisted with Brij-35/urea. The chemical
and textural characteristics of the synthesized materials were investigated using XRD,
SEM, HR-TEM, STEM, and N, adsorption/desorption measurements. The synthesized
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F@SZS-5 has great advantages of the large Sp-to-volume ratio, uniform micropores, and
long-term stability and reusability. The results showed an extremely high ability of F@SZS-5
in removing the radioactive Cs(I) ions in ultra-dilute solutions with a maximum uptake
of 21.5 mg g~!. The results of cesium ions adsorption were found to follow the pseudo-
first-order kinetics, and the applied isotherms showed that the Langmuir model is a better
description for the adsorption process than the Freundlich model.
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