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Synthesis of core—shell magnetic titanate
nanofibers composite for the efficient removal of

Sr(n)t
Rong Yi,*® Gang Ye® and Jing Chen*®

We report a facile approach for the fabrication of FesO @titanate fibers magnetic composite through
a hydrothermal method and sol—gel process. The structure and morphology were characterized by X-
ray diffraction (XRD), transmission electron microsphere (TEM), scanning electron microscope (SEM) and
energy-dispersive X-ray analysis (EDX). Owing to the high ion exchange capacity of the functional
titanate layer, the obtained core-shell structured magnetic microspheres exhibited high removal
efficiency towards strontium from wastewater. The effects of contact time and Sr(i) concentration on
the uptake amount of strontium were systematically investigated. The results indicated that the
adsorption equilibrium can be reached within 30 min, and the maximum exchange capacity was
approximately 37.1 mg g~1. Moreover, the captured Sr(i) can be eluted using 5 wt% of EDTA(Na), which
contributed to the reduction of waste volume. Based on the experimental results of ion exchange
process and X-ray photoelectron spectroscopy (XPS), a possible adsorption mechanism was proposed.
This work provided a facile approach to synthesize magnetic functional nanocomposites for wastewater

rsc.li/rsc-advances treatment.

Introduction

Environmental contamination with harmful fission products
(FPs), which are generated during the operation of nuclear
facilities, has aroused world-wide concern after the nuclear
accident at Fukushima, Japan.'? The leak of radionuclides may
give rise to a serious threat to human health. For example, *°Sr
is one of the typical FPs and is found in operational waste from
reactors and reprocessing plants.® It was possesses a long half-
life (Ty, = 28.5 years), high radioactivity and is a biological
hazard. Moreover, °°Sr can substitute for calcium in bones,
leading to increased risk of leukemia and other diseases.*

In order to address this issue, many techniques have been
developed to remove radionuclides from radioactive streams
and their subsequent disposal, including membrane distilla-
tion,>® reverse osmosis”® and solvent extraction.® However,
these methods currently deployed to manage radioactive waste
can be complex and extremely costly." Inorganic cation
exchangers, especially synthetic inorganic cation exchanger
materials, such as layered zirconium phosphates synthetic
micas,"** titanium molybdophosphate® and layered titanate
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nanofibers,'**® are recognized as a promising candidates for the
removal of radioactive cations owing to their large ion exchange
capacity, high selectivity, excellent irradiation and chemical
stability. The radioactive ions can be captured from wastewater
through preferentially exchanging with sodium ions or proton
in the synthetic materials. Recently, a novel synthetic inorganic
exchange, trititanate nanofibers (with a chemical formula
Na,Ti;05), has been shown to exhibit high removal efficiency
towards Sr(u)."”*® Furthermore, its interlayer containing sodium
cations are replaced by strontium along with a structural
collapse, avoiding the trapped radioactive ions releasing to
water again.

However, nanoscale of this adsorbent made it difficult for
solid-liquid separation, especially under radioactive operating
condition. Even if they were employed in column separation to
avoid this issue, under-size and irregular particles lead to a surge of
column pressure, and more importantly, inadequate strength and
unsuitable mechanical properties rendered them unsuitable for
industrial application. Therefore, a support material was needed to
be introduced to overcome these shortcomings.

In recent years, many researchers focus on magnetic nano-
composite because of their rapid separation performance under
external magnetic field. Decorating magnetic particle with
specific extractant or ion exchange opened a new perspective for
the separation of radionuclides, which combined the high
adsorption capacity with advantage of magnetic separation.'>**
Bohmer et al. functionalized magnetic silica particles with tetra-
CMPO-calix[4]arenes to magnetically assisted removal of
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lanthanides and actinides,*** which showed high adsorption
efficiency towards Eu(m), Am(m), Ce(m). Yang et al. prepared
magnetic Prussian blue/graphene oxide nanocomposites for the
removal of radioactive cesium in water and its maximum
adsorption capacity was up to 55.56 mg g '.** Song et al.
fabricated a multi-shelled magnetic Fe;O0,@MnO, hollow
composite and the adsorbent displayed considerable sorption
capacities towards uranium (U(vi)) and europium (Eu(m)).
According to their spectroscopic studies, U(vi) was proved to be
adsorbed on the Mn™-O-H site while Eu(m) shows higher
affinity to the Mn"-O-H site.*

Therefore, from the perspective of practical application, the
titanate fiber incorporated with magnetic particles will provide
a promising technology for the removal of radioactive strontium.
Until now, several studies have reported the fabrication strategy of
magnetic titanate nanocomposites. Liu et al. utilized van der Waals
interactions to synthesis a novel and facile acid-induced self-
assembly process to tightly anchor Fe;O, NPs onto the surfaces
of titanate nanostructures.” Niu et al. prepared magnetic titanate
nanotube through a co-precipitation process based on the
exchange of protons with Fe*/Fe*" ions, followed by functional-
ized with C;g3 groups for the efficient extraction of phthalate
esters.”® However, the Fe;O, particle in their synthetic nano-
composite was naked, which were susceptible to air oxidation.
Therefore, a protective layer was needed to be introduced onto the
surface of Fe;O, particle. Besides, to our knowledge, employing
magnetic titanate fibers with core-shell structure for the removal
of strontium (Sr(u)) have never been reported.

Herein, a new kind of core-shell structured magnetic
microspheres decorated with titanate fibers was prepared for
the removal of strontium, which was obtained from Fe;0,@-
SiO,@TiO, under hydrothermal treatment at 160 °C in 10 M
NaOH solution. The synthetic procedure was optimized and the
morphology of the magnetic microspheres was detailed. In this
process we found that the introduction of silica layer will benefit
to the immobilization of titanate fibers. Adsorption kinetics and
isotherms of magnetic microspheres towards Sr(i) were inves-
tigated through batch experiments. In addition, a possible
adsorption mechanism was raised based on the variation of
ions during adsorbing process and the X-ray photoelectron
spectroscopy (XPS) analyses.

Experimental
Chemicals

Ferric chloride hexahydrate (FeCls-6H,0), anhydrous sodium
acetate, ethylene glycol (EG), tetraethyl orthosilicate (TEOS)
were purchased from Sigma-Aldrich. Tetrabutyl orthotitanate
(TBOT) and hydroxypropyl cellulose (HPC) were supplied by
J&K. All chemicals were analytical grade used without further
purification. Deionized water was obtained from a Milli-Q water
purification system.

Synthesis of Fe;0,@Si0,@TiO, microspheres

The Fe;0,@Si0,@TiO, microspheres were prepared as
described in our previous work.”” First, the magnetic core Fe;O,
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was synthesized through a solvothermal method.”® Briefly,
2.70 g of FeCl;-6H,0 and 7.2 g of sodium acetate were dissolved
in 100 mL ethylene glycol under magnetic stirring to obtain
a homogeneous yellow solution. The mixed solution was then
transferred into a Teflon-lined stainless-steel autoclave and
heated at 200 °C for 8 h. Finally, the products was washed with
ethanol and deionized water and dried in vacuum at 60 °C for
12 h.

To obtain Fe;0,@Si0,@TiO, microspheres, the magnetite
particles were coated with a thin layer of silica and titania via
sol-gel approach, respectively. Typically, 0.5 g Fe;O, particles
was treated with 0.1 mol L™' HCI aqueous solution by ultra-
sonication and washed with deionized water, followed by
dispersion in a mixture of absolute ethanol (200 mL), deionized
water (50 mL) and concentrated ammonia aqueous solution (2.5
mL, 28 wt%). Tetraethyl orthosilicate (TEOS, 0.5 mL) was added
to the above solution drop by drop. After stirring at room
temperature for 6 h, the Fe;0,@SiO, microspheres were sepa-
rated by using a magnet, washed with ethanol and deionized
water, and then mixed with deionized (3 mL), HPC (1.25 g) and
absolute ethanol (400 mL). 5 mL of TBOT was added dropwise
under vigorous mechanical stirring and the mixed solution was
heated to 85 °C for 2.5 h. The product was washed with ethanol
for three times and dried in vacuum at 60 °C for 8 h.

Preparation of Fe;O,@titanate nanofibers composite

Typically, Fe;0,@Si0,@TiO, particles (0.2 g) was added to
a solution of NaOH (25 mL, 10 M) followed by ultrasound for
15 min. The mixture was then placed into a Teflon-lined auto-
clave, sealed and hydrothermally treated at 160 °C for 48 h. The
product was recovered with the help of magnet and washed with
deionized water until a pH value was approximate 8. After an
alcohol washing step, the sample was dried at 60 °C for 8 h in
vacuum.

Ion-exchange experiments

The ion-exchange behavior of Sr(u) onto the magnetic titanate
nanocomposites was studied by batch experiments. 10 mg of
microspheres was added into 4 mL of SrCl, solution with a pH
value of 6.5. The adsorption kinetic was investigated via altering
contact time from 5 min to 240 min and the adsorption
isotherm was determined by varying the initial strontium
concentration between 0.05-0.5 g L. After being shaking for
specific contact time in 25 °C constant temperature bath oscil-
lator, the solid phase was separated by using an NdFeB magnet
and the aqueous solution was filtered with syringe-type filters.
The concentration of strontium in the supernatant was
analyzed by atomic absorption spectroscopy (AAS). The distri-
bution coefficient (K) and adsorption capacity g, were calcu-
lated by following equations:

G-C vV
Kd—TX% (1)
C—-C)xV
ql:(oi’) (2)
m
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where C,, C. and C; represent aqueous strontium concentration
at the initial time, at the equilibrium and at the time ¢,
respectively; V is the volume of solution, and m is the mass of
adsorbent.

Characterizations

X-ray diffraction (XRD) patterns of powder samples were
recorded on a Bruker D8 Advance-X-ray diffractometer with
monochromatized Cuy, radiation (1 = 1.5418 A). The size and
morphology of magnetic microspheres was observed using
ZEISS 1530 scanning electron microscope (SEM) and JEM 2011
transmission electron microscopes (TEM). Atomic Absorption
Spectroscopy (AAS) was used to determine the concentration of
metal ions. X-ray photoelectron spectroscopy (XPS) measure-
ment was carried out on an Axis Ultra (Kratos Analytical Ltd)
imaging photoelectron spectrometer using a monochromatized
aluminum Ko anode, and the C 1s peak at 284.8 eV was taken as
an internal standard.

Results and discussion

Characterization of materials

Fig. 1 shows the morphology of the Fe;0,4, Fe;0,@Si0,, Fe;-
0,@Si0,@Ti0, and Fe;O,@titanate. The magnetic core Fe;0,
particles (Fig. 1a) have a mean diameter of approximate 300 nm.
After coating with silica via the typical Stober method, an
evident core-shell structure can be observed from Fig. 1b and
the thickness of silica layer was about 20 nm. Since the titanate
fibers can be obtained from the reaction between TiO, poly-
morphs and concentrated NaOH solution at lower hydro-
thermal temperatures,® a layer of titania was introduced as
reagent to the Fe;0,@SiO, microspheres using sol-gel
approach, resulting in an obvious thickness increase of shell
layer (Fig. 1c). Finally, the resultant outer layer TiO, reacted with
10 M NaOH solution at hydrothermal under 160 °C. The ob-
tained titanate fibers was deposited on the magnetic micro-
spheres, forming Fe;O,/titanate nanofibers magnetic
composite (Fig. 1d). In order to identify the pore structure and
porosity of Fe;O,/titanate fibers, nitrogen adsorption-desorp-
tion characterization was conducted and the results were given
in Fig. S1 and Table S1.T Due to the high proportion of magnetic
core, the Fe;O,/titanate fibers showed a comparatively low
specific surface area of 56.7 m”> g~ " and pore volume of 0.2 cm?
g~ '. But its large average pore width contributed to mass
transfer of adsorption process.

In synthetic process, the SiO, layer was destroyed because of
its poor alkali resistance. However, element Si was still detected
in the final composite through EDS study (Fig. S21). In order to
check its role in the deposition process of titanate fibers,
a contrast trial was conducted without the silicon coating step,
only a layer of TiO, was deposited onto the outside surface of
Fe;0, particle before hydrothermal treatment. Its image was
shown in Fig. S3a,f which showed that the titanate nanofibers
had not merged with magnetic precursor and were scattered
independently. It is concluded that the SiO, layer contributed to
the immobilization of titanate nanofibers.
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Fig. 1 TEM images of (a) FesO4 particles; (b) Fes04@SIO,; (c) Fes-
04@Si0,@TIO,; (d) FesO4/titanate.

To further identify the structure of deposited titanate
nanofiber, high resolution transmission electron microscopy
(HRTEM) was utilized and its image was displayed in Fig. 2. It
can be seen that the nanofiber possessed quite obvious layered
structure, in which TiOg-octahedra were the basic structure
unit, each TiOg octahedron shared edges with other octahedra
to form zigzag layer.” The exchangeable Na(1) ions were
distributed in interlayers and can be substituted with other
cations during ion exchange process.

The structure change during synthetic process was
confirmed by XRD studies. Fig. 3a shows the XRD pattern of the
Fe;0,@Si0,@TiO, particles. All diffraction peaks only could be
indexed to the magnetite phase of Fe;0, (JCPDS 19-629), indi-
cating that the SiO, and TiO, were both amorphous. However,
after reacting with 10 M NaOH at 160 °C hydrothermal condi-
tion, the XRD pattern of final product, as shown in Fig. 3b, only
matched well with the magnetite. No characteristic peaks of
other materials were detected, which may be due to the low
crystallinity of obtained titanate fibers. In order to improve this
situation, the precursor, Fe;0,@SiO,@TiO, particles, were
calcinated at 500 °C for 2 h. The outer layer amorphous TiO,
transformed to the anatase phase, which can be confirmed by
the appearance of new peaks in Fig. 3c. All of them can be
indexed to the anatase phase of TiO, (JCPDS 21-1272).%* But all
the diffraction peaks of anatase disappeared after treated with
10 M NaOH in a Teflon-lined autoclave at 160 °C. This result
implied that enhancing the crystallinity of reagent TiO, did not
contribute to the improvement of crystallinity in final product.

The surface morphology evolution after calcination treat-
ment of precursor was revealed by SEM. The micrograph of the
Fe;O,/titanate obtained from uncalcined Fe;0,@SiO,@TiO,
particles was provided in Fig. 4a. It can be seen that plenty of
titanate fibers covered the surface of final product. On the other

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 HRTEM image of FezO4/titanate (a) and the schematic structure of titanate nanofibers (b).

hand, the Fe;O,/titanate prepared from Fe;O0,@SiO,@TiO,
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nanosheets (b). Fig. 6 Adsorption isotherms of Sr(i) on FesO,/titanate fibers.
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Table 1 Comparison of Sr(i) adsorption performance between different magnetic adsorbents

Adsorption capacity
Adsorbent Equilibrium time (mgg™) Ref.
Multiwall carbon nanotube/iron oxide magnetic 40 min 9.18 32
Graphene oxide-magnetite 5h 14.1 33
Magnetic polyaniline/graphene oxide 12h 37.17 34
Magnetic Fe;0, particles modified sawdust 30 min 12.59 35
Bis(trimethoxysilypropyl) functionalized magnetic particles 90 min 3.15 36
Magnetic clinoptilolite/CoFe,0, composites 1200 min 20.58 37
Synthesized magnetic chitosan beads 6h 11.58 38
Magnetic Sr(u)-imprinted polymer 120 min 54.49 39
Alginat/Fe;O, composite 6h 12.5 40
Magnetic microspheres impregated with crown ether 10 h 9.05 41
Magnetic titanate nanofibers 30 min 37.1 This work

(Fig. S2 and Table S27), which exhibited the existence of Na and
Ti with a molar radio close to 2 : 3. This was consistent with
NazTi307.

Adsorption behavior study

Adsorption Kkinetics. It is necessary to investigate the
adsorption kinetic in the process of strontium adsorption,
which is of great significance for the practical use of adsorption
materials. Fig. 5 shows the adsorption rate of Fe;O,/titanate
fibers for Sr(u) with initial concentration of 200 ppm at pH =
6.5. The adsorption process was very fast and the equilibrium
was established within 30 min. The rapid uptake rate may result
from its large specific surface area and fiber structure.

Adsorption isotherm. To investigate the adsorption capac-
ities, the adsorption isotherm of Fe;O,/titanate fibers toward
Sr(u) was obtained by varying the initial concentration of Sr(u)
from 0.05 to 0.5 g L™ ". Adsorption capacity g. (mg g~ ') versus
concentration of Sr(m) at equilibrium C, (g L") was plotted in
Fig. 6. It can be seen that the growth trend of g. was analogous
to that in the kinetics experiments. The adsorption capacity
undergoes a rapid increase when the initial concentration of
Sr(n) is less than 0.1 g L7, followed by a sluggish growth pace
with the increasing of Sr(u) concentration. In order to describe
the adsorption of Sr(n)-adsorption by Fe;O,/titanate fibers
magnetic composite, Langmuir and Freundlich adsorption
isotherm model were employed for the adsorption analysis to fit
with the experiment data, which was used to describe single-
layer adsorption with all free binding sites and multi-layer
adsorption with several kinds of adsorption sites, respectively.
These two models can be expressed in the following form
separately:**

= e ()
de = Gmax 1 +KCe
ge = KFCe]/n (4)

where C. (mg L") is the equilibrium concentration of stron-
tium, g. (mg g ') is the amount of Sr(u) adsorbed per unit
weight of the adsorbent at equilibrium, gm. (mg g~ ') repre-
sents the monolayer maximum adsorption capacity. K is the

27246 | RSC Adv., 2019, 9, 27242-27249

equilibrium constant related to the enthalpy of sorption in
Langmuir isotherm model. Kr and n are the Freundlich
constants relative to the multilayer adsorption capacity and
adsorption intensity, respectively.

As shown in Fig. 6, the Langmuir adsorption isotherm model
fit well with experiment data better, suggesting that the adsor-
bent surface was heterogeneous. The Langmuir isotherm
constants and their correction coefficients were listed in Table
S31 and the maximum adsorption capacity was calculated to be
39.08 mg g .

Comparison of various magnetic adsorbents

A comparison between Fe;O,/titanate fibers and some other
reported magnetic composites for Sr(u) adsorption was con-
ducted and the results were presented in Table 1.%>*' It can be
seen that the magnetic titanate nanofibers exhibits excellent
adsorption ability among magnetic composite used for Sr(u)
removal. Although some magnetic adsorbents, such as
magnetic polyaniline/graphene oxide, magnetic Sr(u)-imprinted
polymer, shows high adsorption capacity towards Sr(u) as well,

7
)
I - - ‘/
of & ~o—° °
I =)
1Y
=0
g ) [ —o— Released Na(l)
< T —&— Adsorbed Sr(II)
1k
0 [ " 1 n 1 " 1 n 1 n 1 " 1
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Time (min)

Fig. 7 The effect of contact time on the variation of Na() and Sr(i)
during adsorption process.
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the time for establishing adsorption equilibrium is more than
2 h. By contrast, the magnetic titanate nanofibers is endowed
with rapid Sr(n) uptake rate and the adsorption equilibrium can
be reach within 30 min.

Elution and reusability

%Gr is a common P radioactive source. Regeneration of adsor-
bed Sr(u) will yield some economical benefit. Moreover, it can
contribute to reduction and degradation of radioactive waste.
Therefore, it necessary to investigate the elution of adsorbed
Sr(u) by using various eluent and the results is shown in Table
S4.7 It could be clearly observed that the captured Sr(u) can be
eluted by using 5 wt% of EDTA(Na) and desorption rate is up to
92.2%. However, when the composite is reused for Sr(u)
removal, the adsorption ability experienced a significant
decline. Similar phenomenon can be found in many reported
synthetic ion exchangers for Sr(u) uptake, resulted from the
collapses of interlayered structure.****** As for titanate nano-
fibers, when part of the Na(i) ions is replaced by Sr(u), a signifi-
cant reduction of the interlayer spacing (d1) can be observed
and the (003) planes is found to be substantial deformation
because of the strong interaction between the (003) planes and
the Sr(u) ions."® Owing to the strong affinity between the Sr(u)
ions and the negatively charged layers in titanate nanofiber, the
magnetic composite was endowed with high selectively toward

View Article Online
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Sr(u) and it was difficult for the absorbed Sr(u) to release into the
environment again.

Adsorption mechanism

Based on the previous study, the adsorption of titanate toward
ions was the process of Na(1) replacement by Sr(ur), which existed
in interlayers of adsorbent. Therefore, we supposed the Sr(u) are
entirely exchanged with Na(i) during the adsorption of Fe;0,/
titanate fibers towards Sr(u). The variation of ions with the
increasing of contact time, including released Na(r) and adsor-
bed Sr(u), can be monitored. The changing amount versus time
were plotted in Fig. 7. It is noted that sodium ions appear in the
solution after adsorption and the concentration increases with
the increase of adsorbed strontium ions. However, the radio
between the molar amount of released Na(1) and the amount of
adsorbed Sr(u) was calculated to be about 1.7, not up to 2,
indicating other components were likely to be involved in the
Sr(u) adsorption.

In order to further confirm the adsorption mechanism, the
XPS of the samples before (MT3) and after Sr(u) adsorption
(MT3-Sr) were measured. To further understand the electronic
states of the elements and investigate the interaction between
the functional groups of Fe;O,/titanate fibers and Sr(u), high
resolution spectra of Na 1s, Sr 3d, Fe 2p, Ti 2p and O 1s were
recorded and the results were presented in Fig. 8. Direct

a Na 1s 1071.55 ev b Sr 3dsj 133.73 ev
£) )
© L
= = Sr3d3/ 135.52
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1074 1072 1070 1068 140 138 136 134 132 130
Binding Energy (ev) Binding Energy (ev)
c | Fe2p3p 710.50 ev d - Ti 2py/3:458.45 ev
5 i ' £l 5
© : 8 :
- | > ;
G i [ |
5 | 8 |
c ! = :
740 730 720 710 700 468 464 460 456

Binding Energy (ev)

Binding Energy (ev)

Fig. 8 XPS high resolution spectra of (a) Na 1s, (b) Sr 3d (c) Fe 2p and (d) Ti 2p before and after Sr(i) adsorption; Sr 3d spectrum of the Sr(i)-

adsorbed sample.
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evidence for an ion exchange process between Sr(u) and Na(r)
ions which existed in the interlayers of the titanate were found
in Fig. 8a and b. After Sr*" adsorption, the peak at 1071.55 eV
(Fig. 8a) assigned to the Na 1s peak disappeared, indicating that
Na(1) ions were almost completely exchanged. Meanwhile,
a double characteristic peak of Sr(u) 3d at 133.73 and 135.52 eV
(Fig. 8b) appear in the spectrum of adsorbed sample, which
were contribute to the Sr 3ds/, and Sr 3d;,, respectively. In the
Fe 2p spectrum, a slight shift of Fe 2p peaks at 710.50 and
724.40 eV were observed, revealing that Fe;O, was involved in
the adsorption of Sr(u), which accounted for the phenomenon
that the radio between the molar amount of released Na(i) and
the amount of adsorbed Sr(u) was less than 2. Besides, the Ti 2p
peaks (Fig. 8d) at 458.45 and 464.25 eV are shifted to higher
binding energies on account of the interaction between TiOs
octahedron and Sr(u). From the O 1s higher-resolution decon-
volution spectra of Fig. S4,7 three different peaks centered at
529.97, 531.30 and 532.66 eV were observed. The peak at
529.97 eV was attributed to O 1s of TiOg or FeOg octahedra and
was shifted to a higher binding energy after Sr(i) adsorption
(Fig. S57).

Conclusions

In this paper, a novel core-shell structured magnetic nano-
composite sorbent Fe;O,@titanate fiber was prepared through
hydrothermal and sol-gel process. The composite showed high
exchangeable capacity towards strontium due to the introduc-
tion of sodium titanate. Batch experiments showed that the
exchange balance can be established within 30 min and
adsorption isotherm fits well with the Langmuir isotherm
model. The maximum exchange capacity was approximately
37.1 mg g . Through monitoring the variation of ions with the
increasing of contact time and employing XPS analysis,
a possible adsorption mechanism was raised that naked Fe;O,
particle and the titanate fiber contribute to the removal of Sr(u).
This novel magnetic composite shows great potential for the
strontium removal from wastewater.
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