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e A bifunctional absorbent for Cs*: FesO4@18-Crown-6 ether is developed.
e The adsorbent has a superparamagnetic property, allowing an easy recycling.
e The adsorbent has a high capacity and high selectivity of Cs* adsorption.

e The experimental results are supported by the DFT calculations.

Abstract

Carboxyl FesOs nanoparticles (Fes0Os@R—-COOH) modified with 18-Crown-6
ether functional groups have been prepared via an amidation reaction and used as
bifunctional adsorbent for Cs*. The adsorbent has a superparamagnetic property,
allowing an easy recycling, and a high capacity of Cs* adsorption on the crown ether.
The adsorption isotherms and kinetic behaviors agree well with the Langmuir and the
pseudo-second-order models. The material exhibits a high selectivity for Cs* in the
solution with co-existing cations (NH4*, Rb*, K*, Na* and Li*). A theoretical calculation
according to density functional theory (DFT) is used to estimate the structure of Cs*
adsorption on crown ether, demonstrating an exothermic process and showing a good
agreement with the experimental observations. The adsorption behavior is affected not
only by the size of macrocyclic crown ethers, but also by the chelating symmetry and
the binding energy. The newly developed adsorbent has a potential application for

removing cesium out of wastewater and salt lakes.

Keywords: carboxyl FesO4; magnetic adsorbent; crown ethers; cesium; adsorption.

1. Introduction



Among a large mumber of toxic contaminants, *3'Cs is one of the most harmful
isotopes with a high fission yield of ~6.15%, 30 years half-life, strong y radiation, and
a high solubility in water [1]. The damage of the Fukushima Daiichi Nuclear Power
Plant by an earthquake resulted in the release of highly harmful radionuclides,
including a significant amount of radioactive cesium, into the environment [2].
Therefore, development of better methods for separating cesium from radioactive
wastewater is highly demanded. A variety of separation methods have been studied,
including solvent extraction [3], ion-exchange [4], precipitation [5] and adsorption [6].
Among them, the adsorption technique is most promising because of its low cost and
environment-friendly, especially at a low concentration of the target ions in
wastewater. But it is still a challenge to design and fabricate sorbents with the
properties of fast recycling and a high selectivity.

In order to quickly separate the adsorbents from water after adsorption of target
ions, the magnetic separation method has an advantage in the recovery without
filtration and centrifugation. For example, potassium nickel hexacyanoferrate coated
on magnetite surface has been made to apply in the collection of low-level cesium
from liquid radioactive waste [7]. Prussian-blue-modified magnetite for treatment of
Cs™ in water was also tried [8]. However, the previously reported magnetic adsorbents
coated with zeolites [9], polyoxometalates [10], multivalent phosphates [11], titanium
ferrocyanide and hexacyanoferrates [12,13] normally do not have a high selectity of
Cs* when it co-exists with other alkali cations [14].

On the other hand, as good ionophores, crown ethers form a class of compounds
for binding certain alkali cations in solution. For example, Awual et al. clarified that
the mesoporous silica monoliths modified with dibenzo-18-Crown-6 ether had a high
selectivity of Cs™ when Na" and K* ions co-exist [15]. Furthermore, the 18-Crown-6
ether can be prepeared as an indicator electrode for detecting Cs™ in spiked tap water
due to its high selectivity property [16]. 18-Crown-6 ether can also be a candidate of
extracting agent with high efficiency and high selectivity for Cs* in industry [17,18].
But as a macrocyclic ligand, large scale application of 18-Crown-6 ether in solvent

extraction is restricted by high cost of chemicals and environmental pollution [19].
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Consequently, it is urgently needed to develop new adsorbents with a combination of
properties of magnetic separation and high adsorption/selectivity for extracting Cs*
from solutions.

In this work, a high selectivity and low-cost adsorbent for Cs* was fabricated by
grafting 18-Crown-6 ether onto superparamagnetic Fe3Os nanoparticles. The
structures of the nanocomposites were studied by using various techniques including
X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The adsorption behavior of the specimens was studied by
simulating the adsorption kinetics curve and adsorption isotherm. By using density
functional theory (DFT), we also calculated the chelating positions of the captured Cs*

cations, and understood the origin of the high selectivity.

2. Materials and methods

2.1. Preparation of adsorbents

All the chemical reagents were purchased from China National Medicines
Company (Beijing China) with analytical reagent grade. 0.02 mol
FeSO4-(NH4)2S04-6H20 was added into 120 mL water to form a Fe precursor solution.
10 mL of oleic acid (R-COOH), 2 g NaOH and 30 mL ethanol were mixed under
stirring for 30 min, to which was added the Fe precursor solution. A precipitate appeared
after further stirring for about 2 min. Finally, after keeping stirring for 15 min, the
mixed reactants were transferred into a 200 mL telfon-lined autoclave and maintained
at 180 °C in an oven for 24 h, then cooled to room temperature. The powder product
was recovered by washing with ethanol and dimethylformamide (DMF) for three times.
We expect the product at this stage contains FezO4 nanocrystals with a surface coating

of oleic acid, designated FesOs@R—-COOH [20] (Fig. 1).
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Fig. 1. Proposed formation procedure of magnetic adsorbent and adsorption process of Cs* on the
particle surface.
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The Fe304@R—-COOH particles were gathered by a magnet and then re-dispersed
in 200 mL DMF with 0.02 g 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI) and 0.014 g 1-Hydroxybenzotriazole hydrate (HOBT) in a 400
ml three nech flask, preventing the —-COOH functional groups from self-
dehydration/combination during the later reaction with ethers. After stirring with 400
rpm for 1 h, 0.042 mL N,N-Diisopropylethylamine (DIEA) as a dehydrating agent and
0.2 g 4'-Aminobenzo-18-Crown-6 were added into the solution under stiring for 6 h.
Dehydration would take place in between —COOH of the acid and —NH: of the ether,
linking them together to form new organic functional groups of R-4'-
Formamidobenzo-18-Crown-6 ether [21]. Finally, the obtained adsorbent particles
were collected by the magnetic method and dried in a vacuum oven. The design and

praparation procedure of magnetic adsorbent are illustrated in Fig. 1.

2.2. Characterization of adsorbents

Powder XRD patterns of the specimens were obtained on a PANalytical Empyrean
diffractometer with Cu Ka radiation. The shape of the particles were observed using
SEM on a LEO 1530VP microscope. High resolution TEM (HRTEM) images and
selected area electron diffraction (SAED) patterns were recorded on a JEOL-2011FEF
microscope operated at 200 kV. Fourier transform infrared (FTIR) spectra were
recorded on a Spectrum One-B FTIR spectrometer with KBr pellets (Perkin Elmer,

USA). A Pvris Diamond TGA instrument was used for thermogravimetric (TG)
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analysis from 25 °C to 800 °C with a heating ramp of 10 °C in nitrogen gas. The
vibrating sample magnetometer (VSM) (PPMS-9T, Quantum Design) was used to

obtained the magnetic property of the sample.

2.3. Cs* adsorption

The batch adsorption experiments were performed by adding 0.1 g adsorbent into
50 mL of solution of different concentrations of Cs* in an 150 mL flask with a shaking
speed of 120 rpm. The pH value was adjusted by HCI (1.0 M) and NaOH (1.0 M). 100
ml of 0.1 M NH4Cl was used for Cs" to reach desorption equilibrium in 4 h from
adsorbents. A GBC-908 Atomic Absorption Spectrometer (GBC Scientific Equipment
Pty Ltd.) was used for testing the concentrations of Cs*. The Cs* removal efficiency
(E %) and the adsorption capacity in equilibrium (ge, mg/g) were calculated using the

equations as shown below [22]:

Co—Ct

E(%) =~ x100% "
0 = (Co—Cr)V
m )

where Co (mg/L) and C: (mg/L) are the initial Cs* concentration in the solution and that
at a given time, m (g) represents the quantity of the adsorbent, and V (L) is the volume

of the Cs* solution.

2.4. DFT calculations

R-4'-Formamidobenzo-18-Crown-6, on the surface of FezOs particles, acted as a
receptor of Cs* cations. To simplify the description, we use a short term of Fes0.,@18-
Crown-6 for the final adsorbent. The calculation of the effect of different crown size on
chelating Cs™ was based on the crown ether groups only. However, only 4'-
Formamidobenzo-18-Crown-6 was considered in the calculation of chelating different

cations. The local structure, stability and electrostatic potential (ESP) of the functional
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groups chelating the Cs* cations were obtained using the wB97XD method reported by
Chai and Head—Gordon [23], where def2-TZVP basis set was used for the selected
atoms [24,25]. Vibrational frequency calculation was used at the same level to confirm
the nature of the stationary points. Basis Set Superposition Error (BSSE) correction was
involved partitioning the complex into two fragments i.e. Cs*™ and 4’-Formamidobenzo-
18-Crown-6. All geometry optimisations and frequency analyses were carried out by
the Gaussian 16 software [26].

The interaction between Cs* and 4'-Formamidobenzo-18-Crown-6 was measured as

the interaction energy (AE) and is defined using the equation below:

AE =Ec ompl e‘BSSE Ecs+ E_r e cterp (3)

where the energy parameters E E. .and E represent to the energy of the

complex ! receptor

complex, Cs* and 4’-Formamidobenzo-18-Crown-6, respectively.

Multiwfn program was used for the quantitative analyses (ESP) and average local
ionization energy with the grid spacings of 0.15 Bohr [27]. The VMD 1.9 program was
employed to render the color ESP and reduced density gradient (RDG) [28,29].

3. Results and Discussion

3.1. Specimen characterization

The prepared adsorbent specimens were initially characterized by using powder
XRD. Fig. 2 shows the XRD pattern of the final Fes04@18-Crown-6 adsorbent. The
26 values of the diffraction peaks correspond to the d-spacings of the face-centred cubic
spinel structure of FesO4 (JCPDS: 86-1354). It has been noted there is an extra peak at
20 of 37.38°, which cannot be indexed to the Fe3Os structure. It is unlikely from
hematite Fe.O3, a common impurity in magnetite Fe3O4, since the closest peak from
hematite is (110) at 35.61° with a significant difference with 37.38°. In addition, if this

peak is from hematite, the strongest peak, (104), at 33.15° should also appear, which is
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actually absent from our XRD pattern. Fortunately, this small amount of unknown

impurity did not significantly affect our adsorption results.
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Fig. 2. XRD pattern of the obtained FesO4@18-Crown-6 adsorbent. The peaks are indexed to the
face-centered cubic FezOj4 structure.
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Fig. 3. (8) SEM, (b) TEM and (c, d) HRTEM images of Fes0.@18-Crown-6. The insets are the
corresponding (b) SAED pattern, (c) FFT of the image of the central particle, and (d) structural
model on the [001] projection.



The size and morphology of the adsorbents were revealed by SEM and TEM (Fig.
3a, 3b), showing a round shape with an average diameter of the particles around 12 nm
with a narrow size distribution. The inset in (b) shows a SAED pattern from an area
covering many particles. The group of concentric circles corresponds to a series of d-
spacings of FesO4. HRTEM was used to further confirm the FesO4 structure as shown
in Fig. 3c and 3d. From these images, the measured d-spacings, 0.25 and 0.29 nm, can
be indexed onto the (113) and (220) planes of the FesOs structure, respectively. All the
Fe304 particles have a high crystallinity and are stable under electron beam irradiation

even their surface may be covered by an organic layer.
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Fig. 4. FTIR spectra of the as-prepared Fe;0s@R-COOH and Fe;04@18-Crown-6 adsorbent.

Typical FTIR spectra of the precursor FesO4s@R—-COOH and the final adsorbent
Fe30s@18-Crown-6 were used to identify the organic groups presented in the
specimens as shown in Fig. 4. The wide band at 3130-3630 cm™ are from the O—H
vibrations in the adsorbed water. The obvious peaks at 2920 and 2844 cm! can be
assigned to the —CHjs stretching and the —CHz stretching modes. The asymmetric and
symmetric COO- stretches present at 1543 and 1445 cm™?, indicating that a bidentate
fashion comes from the oleic acid chain with two oxygen atoms coordinated
symmetrically to the particle surface [30]. Both water and oleic acid present in

Fe30s@R—COOH and Fe304@18-Crown-6 adsorbent. The strongest peak around 1140
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cm-! from Fes0.@18-Crown-6 adsorbent is assigned to the stretching vibration of
C-0-C, and the small vibration peak at 995 cm- is due to the C—O vibration, indicating

that the 18-Crown-6 functional groups are at the particle surface [31].
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Fig. 5. TG analysis of the as-prepared (a) Fes0s@R—-COOH and (b) Fes0.@18-Crown-6 adsorbent.

The thermal stability and degradation processes of FesOs@R-COOH and
Fe304@18-Crown-6 were studied by TGA. Fig. 5 presents the TGA thermogram of the
total weight loss of these particles about 9.53% and 17.33% in a range of temperature
from 100°C to 700°C. These weight losses represent three thermal degradation steps.
The first weight loss in the low-temperature region (below 260°C) results from the
removal of physically and chemically adsorbed water. The weight losses in the second

step, from ~260°C to ~450°C, could be attributed to the decomposition of oleic acid
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adsorb on the Fes04@R—-COOH surface (3.27% in Fig. 5a) and the decomposition of
18-Crown-6 groups in Fe304@18-Crown-6 (10.54% in Fig. 5b). The third step (4.83%
in Fig. 5a and 5.42% in Fig. 5b) in a temperature range from 600°C to 700°C, could be
attributed to the decomposition of the remained hydrocarbon fragments. Assuming the
Fe3O4 particle size is 12 nm in diameter, the TGA results mean that the density of the
surface oleic acid molecules is about 1.1/nm? in Fes0.@R-COOH, while the ratio of

ether to acid in FesO4@18-Crown-6 is about 1 : 1.

3.2. Adsorption studies

3.2.1. Effect of pH values

The initial pH value of the solution has an influence on the Cs* adsorption on
Fe30s@18-Crown-6. In this study, the initial pH values changed from 1 to 11 were
investigated and the results are presented in Fig. 6. The efficiency of adsorption
increases rapidly from 50.6% to 97.3% as the pH value increased from 3 to 7, and then
decreases gradually to 90.6% with a further increase of pH value from 7 to 11. Low
adsorption capacity in acidic environments can be ascribed to the competition of H*
with Cs* ions at the surface of the crown ether groups. Under alkali condition, the

increased ionic strength may affect the adsorption capacity to a certain extent [32].

—
28 el (=
o [=} (=)
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—8— Fe;O:@18-Crown-16

Adsorption efficiency (%)
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(e}

W
(=)
LI

o 2 4 6 8 10 12
Solution pH
Fig. 6. The influence of initial pH values on the Cs*adsorption. (Ccs+: 25 mg/ L, adsorbent Cags: 2.0

g/L, shaking speed rs: 120 rpm, time t: 150 min, temperature T: 25°C.)
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The pH values of the solutions after adding the adsorbent for 5 min and for 4 h
were also measured and no change was observed. Cyclic voltammograms (CV) method
was used to detect the Fe?* in the solutions after adsorption for 3 h. No obvious Fe?*
peak was detected, indicating a high stability of FesOs nanocrystallites during the

adsorption even in solutions with a low pH.

3.2.2. Adsorption isotherms
In order to describe and understand the adsorption process, the Langmuir and

Freundlich isotherms models were used to fit the sorption data [33]:

c_1.C @
9. 9.b a,
1
Ing, =Ink: +=InC, (5)
n

where Ce (mg/L) is the concentration of Cs*, ge (mg/g) is the experimental data of the
adsorbed Cs* at equilibrium, gm (mg/g) is the calculated adsorption capacity, b (L/mg)
and kr (mg/qg) are the Langmuir and the Freundlich constants, n indicates the adsorption
intensity which marked the Freundlich exponent.

Fig. 7 and Table 1 show the data of the Langmuir and Freundlich isotherms models,
which are applied for monolayer and multilayer adsorption on the surface. At different
temperatures, the Cs* adsorption process fits better with the Langmuir isotherm model
by higher correlation coefficients R?, indicating that Cs* ions are adsorbed solely on the
surface of FesO4@18-Crown-6 adsorbents by a monolayer adsorption process. From
Table 1, the adsorption capacity obtained for FesO4@18-Crown-6 adsorbent was 26.98
mg/g for Cs*, which was higher than that reported solid humic acid adsorbent and many

inorganic materials in Table S1 [34].
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Fig. 7. (a) Langmuir and (b) Freundlich isotherm models for the Cs* adsorbed onto the Fe;0.@18-
Crown-6 adsorbent at different temperatures. (Adsorbent Cags: 2.0 g/L, shaking speed rsh: 120 rpm).

Table 1. The results of the Langmuir and Freundlich models present for the Cs* adsorbed onto the
Fe;0.@18-Crown-6 adsorbent.

Langmuir model Freundlich model
TCC) dm(mg/g) b(L/mg) R? ke((mg/g)(L/mg)¥M) n R?
25 26.98 0.2569 0.9994 12.9314 6.9161 0.9766
35 22.45 0.3897 0.9998 11.1629 8.7336  0.9044
45 18.01 1.3769 0.9994 10.5369 8.7997 0.8210
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3.2.3. Adsorption kinetics
In order to investigate the adsorption mechanism of Cs* onto Fe304@18-Crown-6,
the pseudo-first-order and pseudo-second-order kinetic models are used to estimate the

adsorption behavior. The corresponding equations are given below:

In(q, —q,) =Ing, —kt (6)
t 1 1

- = > + —

qt kzqe qe (7)

21% ® 25mgl R°=0.9706
® 50mg/lL R’=0.9856
A 100mg/L R=0.9285

¥
& [
= b
2k

2F

3F

0 20 40 60 80 100
Time (min)

®m 25mg/l R°=0.9998
6 ® 50mg/L R =0.9999
100 mg/L  R*=0.9999

s

0- PRI ISR U [T SRS R S S S S S S

0 20 40 60 80 100
Time (min)

Fig. 8. (a) Pseudo-first-order and (b) pseudo-second-order kinetics plots for the Cs* adsorption on
Fe;0.@18-Crown-6 at different Cs* concentrations. (Adsorbent used Cags: 2.0 g/L, shaking speed
Ish: 120 rpm, temperature T: 25°C)
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where ge and g: are the adsorption abilities of Cs* ions at equilibrium and at a testing
time t (min), the equilibrium rate constants in the pseudo-first-order and pseudo-
second-order kinetic models are signed as ki (1/min) and k2 (g/(mg min)). The fitting
results are shown in Fig. 8.

The fitting kinetic data with the coefficients (R?) are given in Table 2. The R?values
of the pseudo-second-order model match better compared to the parameters obtained
by the pseudo-first-order model. The experimental capacity values (qeexp) Of adsorption
fit well with the calculated values (Qeca) by the pseudo-second-order model. These
results suggest that the Cs* adsorption behavior can be regarded as chemical adsorption

on the active sites of the adsorbent.

Table 2. The pseudo-first-order and pseudo-second-order models match for the Cs* adsorption
behavior on Fes04@18-Crown-6 adsorbent.

c Pseudo-first-order Pseudo-second-order

0

(mg/L) Ce.exp Ce.cal kq R?2 Oe.cal ko (g/mg R?
(mg/g) (mg/g) (1/min) (mg/g) min)

25 12.20 4.8105 0.0499 0.9706 12.5834 0.0260 0.9998

50 18.98 7.1578 0.0577 0.9856 19.5465 0.01991 0.9999

100 24.25 7.0600 0.0635 0.9285 24.9128 0.01975 0.9999

The rate-limiting step of the adsorption process was investigated by the Weber
Morris surface diffusion model. Usually, there are three consecutive steps in the Cs*
adsorption process: (1) Cs* ions transfer from solution onto the exterior adsorbent
surface; (2) Cs* ions on the particle surface transport to the 18-Crown-6 functional
groups; (3) exchange the adsorbed Cs* ions between the particle surface and the

solution (equilibrium steps). The intra-particle diffusion model is given as below:

g =k t*+C, (@)

15



where g (mg/g) is the adsorption at a testing time, kn (Mol gt min—%%) is the diffusion
rate constant in the adsorption process of different steps (n = 1 to 3). The lines of gt vs
t%° of Fes0.@18-Crown-6 adsorbents and the ki, k> and ks values obtained from the
plots are shown in Fig. 9a. The first linear portion of the lines has a steep slope,
indicating the important controlling step is the diffusion of the ions to the particle
surface or the liquid-solid interface. It is the initial fast kinetics feature. A less steep
slope in the second linear part represents a gradual migration of Cs" ions from the
particle surface to the side of crown ether groups, indicating a slow Kinetics feature.
The intra-particle diffusion further slows down and the adsorption of Cs™ ions

approaches to an equilibrium state in the third linear stage.

(a) 24f k= 0.0354
20f ki 0.1853
i o—9 90—
~ 16}
o [
0 F k= 0.1431
E 12f _.___l_}_-l———I—-
s
8t
[ = 25 mg/L
4f e 50 mg/L
A 100 mg/L
0- 1 PR S S 'Y
8 10
(b) 100_

80 |

60 |

40 |

Cs' Adsorption efficiency (%)

—=— 25 mg/L
i —e— 50 mg/L
: T S R L R R S S G SR S S M L S S S M SR
0 20 40 60 80 100
Time (min)

Fig. 9. (a) The intra-particle diffusion modelling of Cs* adsorption on the Fes04@18-Crown-6
adsorbent. (b) Effect of experimental time on Cs* adsorption at different initial concentrations.
(Adsorbent used Cags: 2.0 g/L, shaking speed rsh: 120 rpm, temperature T: 25°C).
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Fig. 9b shows the adsorption of the Fes0.@18-Crown-6 adsorbent for Cs™ in
solutions with different Cs* concentrations of 25, 50, and 100 mg/L as a function of
time. As shown in the figure, the Cs" cations are adsorbed onto the particle surface
quickly, and reaches to equilibrium within 30 min when the initial concentration of Cs*
is 100 mg/L. Since 0.1 g adsorbent can remove 2.425 mg Cs" in 50 ml solution, the
removal percent is 48.5 %. This relatively low percent ensures a quick approach to the
equilibrium, allowing us to obtain the maximum adsorption, or an approximate
adsorption capacity, which is 24.25 mg/g.

When the concentration of Cs* decreases to 50 mg/L in the solution, the percent of
removal in 90 min increases to 75.92%. The total amount of Cs* removed is 18.98 mg/g,
which is lower than the maximum capacity of the adsorbent. Kinetic factors seem to
control the further adsorption. In other words, it would take longer time to approach the
equilibrium state. In a Cs" solution of 25 mg/L, the percent of Cs™ removal further
increases to 96.9% at 90 min. The remaining Cs™ in the solution is 0.775 mg/L. Again,
at this moment, only about 50% of the capacity of the adsorbent have been used. The
remaining 50% active sites can potentially further adsorb Cs* with the adsorption rate

controlled kinetically.

3.2.4. Adsorption selectivity

One of the important problems that restricts applications of the sorption method in
extracting desired ions is the ion selectivity of the sorbent. The most challenging work
is to perform ion separation of Cs* from natural water in a salt lake or wastewater, in
which multiple types of ions result in a high ionic strength and become competitive ions
during the adsorption. In fact, cesium often coexists with other alkali ions such as Li*,

Na* and K* in aqueous solutions.
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Fig. 10. Equilibrium adsorption capacities of Fes0.@18-Crown-6 adsorbent in the (a) non-
competitive solutions with 0.75 mmol/L in each solution; and (b) a competitive solution with 0.75
mmol/L for each cation. The total concentration of the all six cations in the latter is therefore 4.5
mmol/L.

Fig. 10 illustrates the adsorption ability of the Fes04@18-Crown-6 adsorbent for
Cs" in presence of different cations (Li*, Na*, K", Rb*, NH4"). The maximum adsorption
abilities are in order of Cs* >NH4* >Rb*>K*>Na* >Li* in both the non-competitive and
competitive adsorption conditions, and this order is like the order of ionic diameters in
Table S2. It is shown that the non-competitive adsorption abilities in single alkali metal
ions are better than the ions coexist systems by the influence of stronger ionic strength.
This affects the adsorption ability by decreasing ~32.6%. On the other hand, the relative

Cs™ adsorption capacity was not influenced significantly by the presence of NH4*, Rb™,
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K*, Na* and Li* ions in the solution. The prepared adsorbent presents favorable
selectivity for Cs*, especially in the systems with multiple ions. This is because the
target Cs* ions are impregnated into the holes of 18-Crown-6 with a suitable ionic size,
while the co-existing cations (NH4", Rb*, K, Na* and Li*) have smaller ionic radii than
Cs", leading to some difficulties to form stable chelated structures. Consequently,
Fes04@18-Crown-6 has a high affinity for Cs* ions and indeed is an effective adsorbent

for Cs™ in aqueous solutions.

3.3 Magnetic separation property and recycling

Reusability is crucially important to evaluate the adsorbent’s performance because
of the economic and environmental considerations in many applications. In the present
work, the adsorbent underwent ten consecutive adsorption/desorption cycles, where 50
mL of 25 mg/L Cs* solution was used in the adsorption step, while 100 mL of 0.1 M
NH4Cl was used as desorbing agent in the desorption. Each of them was shaken for 4 h
at 25 °C, and the adsorbent was collected by a magnet after desorption. As shown in
Fig. 11, the Cs™ adsorption ability presents a slow downward trend with increasing the
cycle numbers to ten, from 94.3% to 86.4%. At the end of the tenth cycle, the
Fes04@18-Crown-6 adsorbent retained more than 90% of its original Cs* adsorption
capacity, and >85% of the total adsorbed Cs* can be eluted during the desorption steps.
This high stability indicates that the 18-Crown-6 functional group has firmly coated on
the FesO4 surface.

The magnetic property of the Fe:O.@18-Crown-6 adsorbent has also been
investigated (Fig. 12). The magnetizations at the applied magnetic field of 2500 Oe can
reach to 78.7 emu/g, implying a strong magnetic response to the magnetic field. The
remanence of the FesO4@18-Crown-6 adsorbent is 0.41 emu/g, and the corresponding
coercivity is 4.2 Oe. This adsorbent possesses low remanent magnetization and low
coercivity, indicating a superparamagnetic property. The magnetic curve shows non-
linear, reversible characteristic and low hysteresis, indicating a good magnetic

separation ability.
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Fig. 12. Hysteresis curves of Fe30.@18-Crown-6 adsorbent measured at room temperature.

3.4. DFT calculations of the adsorbent surface structure

The selectively chelating cations is governed by the structure of the crown ether.
We optimized the ring size of crown ethers to fit with Cs* ions by the theoretical
quantum mechanical DFT calculations (Fig. S1). From the calculated results, the ring
sizes of 21-Crown-7 and 24-Crown-8 are too big to house a Cs* ion in a symmetric
manner. The crown ether backbone likes to distort near the Cs* cation in a tendency of

lowering the symmetry to reduce energy. The 15-Crown-5 is also unstable when
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chelating with a Cs™ ion, leading to a serious structural distortion. So the above three
crown ethers have difficulties in chelating Cs* to form a symmetric coordination. On
the other hand, the 12-Crown-4 has a stable structure with Cs* by forming four
symmetric coordinated bonds, but the binding ability is lower than 18-Crown-6
chelated with Cs™ in six symmetric coordination. Furthermore, a smaller ring size of 12-
Crown-4 may reduce the selectivity for Cs*. The above calculations suggest that the
chelated structure largely depends on the different sizes of crown ethers, and the
selective adsorption ability is strongly influenced by the symmetry of coordination
structure and binding energy. This calculation guided us to select 18-Crown-6 as the
functional component in the adsorbent in the present work.

The selectivity of ions adsorbed on 18-Crown-6 is also important to be concerned.
We present the DFT study of the interaction between 4’-formamidobenzo-18-Crown-6
and different alkali cations (H", Li*, Na*, K*, Rb*", Cs* and NH4") by evaluating the
geometries and binding energies (Fig. 13). The calculations clearly show that 4'-
formamidobenzo-18-Crown-6 chelated with H*, Li" and Na* are seriously distorted
from six coordination symmetry, because these cations are too small to fill the cavity.
Their binding energies are bigger than others due to that the crown ether would distort
by losing the high symmetry. The 4'-formamidobenzo-18-Crown-6 offers six
coordination to K*, Rb*, Cs* and NH4" and keep a good symmetry when the cavity is
fully occupied [35]. Among them, Cs* binding with crown ether has a lower energy
(AE = -70.02 kcal/mol) than K*, Rb*™ and NH4", indicating that the binding between
crown ether and Cs™ is significantly stronger. We suspect that adding water molecules
to these complexes will further stabilize the structures. But we anticipate that this

selectivity sequence would be unchanged.
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To further study the surface structure of the FesOs@18-Crown-6 adsorbent, DFT
calculations were employed for the 18-Crown-6 functional group structures chelating
with Cs* ions. We firstly optimized the molecular geometries of the 18-Crown-6
functional group in calculations and illustrated in Fig. 14a,b.

The electrostatic potential mapping of the adsorbent surface is usually used to study

the reactivity of the adsorbent. A site with more negative electrostatic potential will
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own the stronger ability to attract electrophiles and it’s more likely to act as the active
site (Fig. 14c and Fig. S2—-S5). The distance between the two oxygen atoms that beside
the benzene is shorter (2.59 A) than the inter-atomic distances of other four oxygen
atoms, resulting in a site possessing the most negative electrostatic potential near the
benzene ring (-52.95 kcal/mol). There are four sites in total owning more negative
electrostatic potential (—51.90, —52.15, -52.24 and -52.95 kcal/mol). We calculated a
Cs™ ion approaching to these four sites by the DFT optimization. The structure of the
Cs™ chelated on 18-Crown-6 surface with the corresponding bond lengths is depicted
in Fig. 14d,e. From these pictures, binding with the Cs™ cation changes the structure of
the 18-Crown-6 moiety slightly. This type of calculated cationic complex structure,
which is most energetically favored, has a “central” cation Cs* chelated by strong
bonds to six oxygen atoms from the respective 18-Crown-6 moiety (3.11, 3.09, 3.12,
3.12,3.10, and 3.07 A).

As the Cs™ is adsorbed, the positive electrostatic potential of the site near the “crown
center”’ reaches 107.76 kcal/mol, indicating that other anions such as Cl-, SO4%-, H20
etc. would attach to this site [36,37]. Finally, the interaction energy (AE) of the Cs*
adsorbed on FesO4@18-Crown-6 was found to be —70.02 kcal/mol, which indicates that
the adsorption process is an exothermic chemical reaction [38], showing a very good

agreement with experimental results.

4. Conclusions

In this study, we have prepared a magnetic Cs* adsorbent by attaching 18-Crown-
6 functional groups to the surface of FesO4 nanoparticles. In order to obtain relevant
data about the chelating interactions between the 18-Crown-6 moiety and the Cs" ions,
adsorption experiments and theoretical DFT calculations were performed. The
adsorption efficiency of this adsorbent can reach to 96.9% in 25 mg/L Cs* solution
without pH adjustment. Besides this, it owns fast adsorption by achieving the maximum
adsorption, high Cs* adsorption selectivity and much fast ‘green’ magnetic separation

ability. The present work implies that FesO@18-Crown-6 is a promising adsorbent for
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Cs™ extraction from wastewater, and the methodology may be applied to extract other

useful ion resources from salt lakes and seawater.
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