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Abstract The synthesis of rattle-type nanostructured
Fe;0,@Sn0, is described along with their application to dis-
persive solid-phase extraction of trace amounts of mercury(Il)
ions prior to their determination by continuous-flow cold va-
por atomic absorption spectrometry. The voids present in
rattle-type structures make the material an effective substrate
for adsorption of Hg(I), and also warrant high loading capac-
ity. The unique morphology, large specific surface, magnetism
property and the synergistic effect of magnetic cores and SnO,
shells render these magnetic nanorattles an attractive candi-
date for solid-phase extraction of heavy metal ions.The sor-
bent was characterized by transmission electron microscopy,
scanning electron microscopy, FTIR, energy-dispersive X-ray
spectroscopy and by the Brunnauer-Emmett-Teller technique.
The effects of pH value, adsorption time, amount of sorbent,
volume of sample solutions, concentration and volume of el-
uent on extraction efficiencies were evaluated. The calibration
plot is linear in the 0.1 to 40 ug-L~" concentration range, and
the preconcentration factor is 49. The detection limit is 28 ng-
L™". The sorbent was applied to the analysis of (spiked) river
and sea water samples. Recoveries ranged from 97.2 to
100.5%.
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Introduction

Over the past decade, dispersive magnetic solid phase extrac-
tion (MSPE) has attracted widespread attractions in separation
science [1]. In this regard, magnetic nano-adsorbents provided
excellent practicable performance because of their magnetic
susceptibility, high effectual specific surface area and high
capability to functionalize the surface [2]. The unique mag-
netic property enables a facile separation of nano-adsorbents
by applying an external magnetic field. However, owing to
contamination, agglomeration and oxidation of the bare mag-
netic extractants, the adsorption performance of the sorbent
can be decreased [1]. Therefore, the development and design
of more efficient magnetic sorbents with enhanced adsorption
ability is still required.

Magnetic core-shell nanocomposites have been subjected
to the wide-ranging studies for the combined functionalities of
cores and shells [3]. They exhibit the great potential for utiliz-
ing as an MSPE sorbent. For example, the combination of
magnetic cores and dielectric metal oxides (e.g. TiO, or
SnO,) as shell can provide wonderful opportunity for using
the properties of both the magnetic and dielectric materials [3].
Recently, hollow nanostructures with moveable cores, so-
called yolk-shell or rattle-type nanocomposites (NCs) have
aroused notable interest because of the tailorability and func-
tionality in both the cores and hollow shells [4]. The yolk-shell
or rattle-type structure is a special class of core—shell stracture
with distinguished core @void @shell configuration [5, 6]. The
formed void in yolk-shell structures can provide unique
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properties like low density, high specific surface area, poten-
tial interior core, designable interstitial void, and more capable
outer shell [6]. The simultaneous use of the moveable core,
shell, and the interstitial void between the core and the shell in
adsorption can cause more exposure of the active sites to the
compounds, which in turn prepare much more effectual inter-
action with the guest molecules [7].

In yolk-shell structures, the outer shell has beneficial roles.
Several studies have reported that the outer shell can prevent
the aggregation and sintering of the neighboring particles even
under harsh reaction situations [7, 8]. The shell can act as a
mediator with external environment via the presence of pores,
and transportation into and out of the nanorattles can also be
possible [8]. According to the structure, a wide range of ap-
plications are developed in nanoreactors [9], drug/gene deliv-
ery [10], lithium-ion batteries [11], sensors [12], surface en-
hanced Raman scattering [13], catalysis [14], microwave ab-
sorption [3], biomedical fields [15], and so forth.

Numerous approaches have been proposed for the prepara-
tion of yolk-shell NCs, which the common synthesis ap-
proaches can be divided into three categories consist of
hard-template method, soft template method, and template-
free synthesis [16]. According to the salient features of the
yolk-shell structure, it can be introduced as an appropriate
sorbent for solid-phase extraction. The design of magnetic
yolk-shell NCs in MSPE procedure was previously performed
for detection of trace amount of polycyclic aromatic hydrocar-
bons through synthesis of a rattle-type microsphere with
magnetic-carbon double-layered shells [1]. Recently,
Fe;0,@Zr(OH), yolk-shell nanospheres were examined as
adsorbents for the removal of Pb(Il) [17]. Therefore, an in-
creasing trend in preparation of SPE sorbent with yolk-shell
structures can be expected.

Nano-scale metal oxide materials are one of the most im-
portant classes of materials because of their superlative prop-
erties and extensive applications in science and technology
[18]. A variety of metal oxides (e.g., TiO, [19], Al,O3 [20])
have been investigated as potential adsorbent for solid phase
extraction of heavy metals. Their nanometer size provide a
large surface area, a high surface-to-bulk ratio, and surface
functional groups that can interact with heavy metal ions
[21]. Between various metal oxide nanostructures, SnO, is
one of the smart materials due to its several interesting prop-
erties such as wide band gap (E, = 3.6 eV, at 300 K), high
capacity, surface hydroxyl groups, large surface area, vast
temperature stability, high chemical stability and environmen-
tal benignity [18, 21].

So far, no study has been reported the use of SnO, nano-
structures as an adsorbent of solid phase extraction. According
to the mentioned properties, SnO, nanoparticles can be very
promising materials for solid phase extraction procedure.

Mercury is considered to be a perilous environmental pol-
lutant that can lead to various diseases in the brain, kidney, and
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central nervous system [22]. It can accumulate in biological
tissues and impact the entire food chain [23]. Mercury can
enter the aquatic system and even in trace amounts can cause
health hazards to the human beings and all other microorgan-
isms [24]. Hence, determination of mercury in ultra-trace
amounts is extremely important. Herein, we present a simple,
flexible and controlled method for the synthesis of yolk-shell
nanostructure with magnetic core and SnO, shell. Now, atten-
tion is being paid to developing simple and efficient methods
for fabricating. The synthesis of rattle-type SnO, is performed
at low temperature. For the etching process, NaOH solution
was utilized and autoclave and high temperature was not ap-
plied. Importantly, the method requires no prior surface mod-
ification, no complicated synthetic processes, corrosive etch-
ing agents and high-temperature. In the present study,
Fe;0,@Sn0O, yolk-shell as a MSPE sorbent was successfully
synthesized by an efficient and facile strategy. The yolk-shell
was applied for fast and effective extraction of mercury ions
from water samples.

Experimental
Materials

Ferric chloride hexahydrate (FeCl5.6H,0), ferric chloride
tetrahydrate (FeCl,.4H,0), ammonium hydroxide, urea,
tetracthyl orthosilicate (TEOS), ethanol, sodium hydroxide,
sodium borohydride, mercury(Il) chloride were all purchased
from Merck (Darmstadt, Germany, www.merckmillipore.
com). HC1 (37%) was obtained from Scharlau (Barcelona,
Spain, www.scharlab.com). Tin (IV) chloride pentahydrate
(SnCl4.5H,0) was also purchased from Sigma-Aldrich
(Beijing, China, www.sigmaaldrich.com). All chemicals
were analytical grade and used without further purification
and deionized (DI) water was also used in all experiments.

Apparatus

All mercury measurements were carried out with an atomic
absorption spectrometry (AAS, GBC932 AA, Victoria,
Australia) equipped with a vapor generation system
(Hydride Generator, GBCHG 3000) with argon (99.99%) as
the carrier. Sodium borohydride was utilized as the reducing
agent for the determination of Hg**. The fresh solution was
made by addition of 0.3% NaBH, in 0.5% NaOH. The hydro-
chloric acid solution (3 mol L™") was also prepared by dilution
of the concentrated HCI. The characterization of rattle-type
Fe;0,@Sn0, structures was also carried out by transmission
electron microscopy (TEM, LEO 912AB), scanning electron
microscopy (SEM, KYKY - EM3200-26 kV), Fourier trans-
form infrared spectroscopy (FT-IR, Bruker, VERTEX 70),


http://www.merckmillipore.com
http://www.merckmillipore.com
http://www.scharlab.com
http://www.sigmaaldrich.com

Microchim Acta (2017) 184:707-713

709

Brunauer-Emmett-Teller (BET, Belcat-a bell Japan inc.) and
energy-dispersive X-ray (EDX, Sirius SD, England) analyzes.

Synthesis of adsorbent
Preparation of Fe;0, nanoparticles

The Fe;O4 nanoparticles were prepared by a chemical co-
precipitation method. The preparation of Fe;O, nanoparti-
cles were carried out by mixing FeCl;.6H,O (9.4 g) and
FeCl,.4H,O (3.5 g) with 160 mL double-distilled water.
The solution was stirred under the nitrogen gas atmo-
sphere to prevent possible oxidation. Then, 20 mL of
ammonium hydroxide (25% v/v) was added drop wise to
the solution while increasing the temperature up to 80 °C.
The reaction was kept at the mentioned temperature for
30 min. Finally, the black precipitate were rinsed with
double-distilled water by magnetic decantation for several
times and dried at 50 °C for 4 h [25].

Synthesis of Fe;0,@SiO; core-shell

The Fe;0,@Si0, nanoparticles were synthesized through a
modified Stober method. Briefly, Fe;O,4 particles (0.9 g) were
dispersed in a mixture of ethanol (225 mL) and double-
distilled water (75 mL) by sonication for 15 min.
Subsequently, ammonium hydroxide (15 mL) and TEOS
(2.1 mL) were added to the reaction mixture. The resulting
solution was held at 40 °C for 12 h under continuous mechan-
ical stirring. The final resulted nanoparticles were separated
by magnetic decantation, and washed with ethanol and water,
respectively [25].

Synthesis of Fe;0,@Sn0, yolk-shell

0.06 g of the Fe30,@Si0, was dispersed in 60 mL of ethanol/
water (37.5 vol.% ethanol) solution by sonication for 20 min,
followed by addition of urea (0.36 g) and SnCl;.5H,0
(0.287 g) under stirring [3]. After stirring for 10 min, the
mixed solution was heated at 50 °C under stirring for 12 h. The
product was rinsed with deionized water four times and dried at
60 °C for 4 h. Then, nanoparticles were dispersed in 100 mL
NaOH solution (1 M) and heated at 60 °C for 12 h under stirring.
In this regard, NaOH solution was utilized as etching agent of
silica layer for the formation of interstitial void in yolk-shell
structure. The resulting product was washed with double-
distilled water and ethanol by magnetic decantation for four times
and dried at 60 °C for 4 h. Figure 1 shows the schematic illus-
tration of synthesis process of Fe;0,@SnO, yolk-shell
nanoarchitecture.

Adsorption and elution characteristics

The removal efficiency is defined as:

C; —C,.
Ci.

Removal (%) =

Where C; and C.are attributed to the analyte amount in
initial solution and effluent solution after extraction process,
respectively.

The relative recovery (RR) for analysis of real water sam-
ples are calculated by using Eq.

Cfounded_creal

RR =
Cadded

Where Cgoungeq 18 the concentration of analyte in the final
solution after spiking of a certain amount of standard solution
into the real sample, C,., is obtained based on the concentra-
tion of analyte in the real sample and C,4404 1s also attributed
to the concentration of a certain amount of standard which was
spiked into the real sample.

MSPE procedure

For MSPE procedure of mercury ions in a batch system, first:
15 mg of Fe;0,@Sn0O, nanoparticles were dispersed into
100 mL of aqueous samples, then the pH was adjusted to 6
and the solution was stirred at 400 rpm for 5 min. The room
temperature was applied for all of extraction and determina-
tion procedures. All experiments were carried out with three
replications. Afterwards, nano-adsorbents were separated
from the solution by using an external magnetic field and
washed with deionized water. In order to elution of mercury
jons from the substrate, 2 mL of HNO; (0.5 mol L™ ")/thiourea
(2% w/v) was used. Finally the eluted solution was separated
and mercury concentration measured by using CV-AAS.

Results and discussion
Choice of sorbent

To date, metal oxide nanomaterials have widely been intro-
duced as adsorbents which can exhibit favorable sorption to
heavy metals [26]. Among nano metal oxides, SnO, can be
utilized due to outstanding properties which can provide an
appropriate substrate by surface hydroxyl groups, proper sur-
face area and chemical stability [27]. Despite the potential
properties, the utilization of SnO, nanoparticles as a sorbent
for SPE has not been reported. Accordingly, in the present
work, a sorbent of SPE has been developed based on SnO,
nanoparticles.
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Fig. 1 The schematic illustration

of synthesis process of
Fe;04@Sn0; yolk-shell TEOS SnCly NaOH
nanoarchitecture —_> —_— B ' ‘
NH,OH Urea
Fe304 Fe304@Si02 Fe304@Si02@Sn02 Fe304@sn02
yolk-shell

In order to improve the efficiency of SnO, substrate, we
also applied an effectual configuration via yolk-shell structure
with Fe;0, interior core and SnO, shell. In this way, the syn-
thesis procedure of yolk-shell Fes0,@SnO, nanoparticles is
illustrated in Fig. 1. The process includes (1) preparation of
Fe;04 by co-precipitation strategy, (2) coating of magnetic
nanoparticles with silica layer via sol-gel method, (3) the for-
mation of SnO, layer by depositing on silica surface, (4) etch-
ing of middle silica layer and the yolk-shell structure. It should
be noted that the removal of middle layer can be based on
selective etching which lead to the formation of void in hard
template method of yolk-shell structure. Furthermore, urea not
only play a role to form SnO, shell, but also the alkaline
condition obtained via the relative hydrolysis of urea can lead
to dissolving of silica layer [28]. The resulted composite as a
MSPE sorbent was applied for extraction and trace-level de-
termination of mercury ions from aqueous samples.

Characterization of adsorbent

A variety of techniques was utilized for characterization of the
rattle-type sorbent (Fig. 2). The FT-IR spectra of the resulted
yolk-shell are illustrated in Fig. 2a. The characteristic peak of
548 cm is attributed to FeO band. The presence of silanol
groups on the surface of Fe;O,4 was also confirmed by absorp-
tions at 803 cm ! (symmetric vibration of Si-O-Si), 945 cm !
(Si-OH) and 1093 cm (asymmetric vibration of Si-O-Si). As
shown in Fig. 2a, the peaks located at 640 cm ™' and 730 cm™!
are likely due to the vibration of Sn — O band in SnO, lattice
and the absorption peaks at 1627 cm™ ' and 831 cm ' is
assigned to SOH(H,0) and SOH(Sn—OH), respectively. The

attributed peaks to silica coating were eliminated that can ap-
prove the presence of the void. Furthermore, the EDX analysis
(Fig. 2b) was also used to prove the formation of metal oxides
and elimination of silica coating. The amount of silica was
determined to be 0% that it can confirm lack of silica layer
in the prepared nanoarchitectures. The morphology, size and
structure of yolk-shell nanoparticles were evaluated by SEM
and TEM analysis. It can be seen in Fig. 2c, that the
nanoarchitectures are approximately spherical with an esti-
mated size below 150 nm. In addition, the approximate thick-
ness of SnO, shell was obtained in the region of 5 to 15 nm.
Based on TEM image, the formation of yolk-shell structure
was proved. The BET analysis was also applied for calculating
surface area of the sorbent. The surface area of Fe;0,@SiO,
and Fe;0,@Sn0, yolk-shell structure was obtained as
44.9981 m? g ' and 105.4841 m” g', respectively. In this
way, increasing surface area is another reason for confirmation
of interstitial void formation in the sorbent structure, that it can
cause higher loading capacity and extraction efficiency of the
target analyte.

Optimization of the extraction procedure

The following parameters were optimized: (a) pH, (b) amount
of sorbent, (c), adsorption time, (d) type, concentration and
volume of eluent, (¢) volume of sample solution on extraction
efficiencies. Respective data and Figures are given in the
Electronic Supporting Material. We found the following ex-
perimental conditions to give best results: (a) A sample pH
value of 6; (b) amount of sorbent of 15 mg; (c¢) adsorption time
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Fig. 2 FT-IR spectra of Fe;0,@SiO, and Fe;0,@Sn0O, yolk-shell (a), EDX spectrum (b), SEM and TEM images of Fe;0,@SnO, yolk-shell (¢)
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Table 1  Recovery of Hg** in the presence of possible interfering
species in aqueous solution

Interfering ion Concentration (p1g LY Recovery (%)
Pb>* 1000 97.4+29
Cd > 1000 969+ 1.6
Mg 10,000 951425
Ca** 10,000 97.1 £3.5
Zn** 10,000 954+23
cu?t 10,000 96.1+2.7
Na* 10,000 98.6 + 2.1
Fe** 10,000 99.1 £3.5
Ag* 10,000 97.6 +2.1
cr 10,000 100.8 +2.2
NO;~ 10,000 99.8 +2.9
S04~ 10,000 983 £3.7
PO, 10,000 98.7 +4.0
CO5> 10,000 98.8 +2.2

of 5 min; (d) 2 mL of mixture of 0.5 M HNO5 and 2% thiourea
as eluent solution; (e) volume of sample solution of 100 mL.

Interference studies

The effect of some common ions on the adsorption effi-
ciency of Hg™ was studied under the optimized condi-
tions. In these experiments different concentrations of
some possible interfering ions were added to 100 mL of
standard solution containing 1 ug of Hg**. The results are
summarized in Table 1. These data proved that the com-
plex matrices such as seawater cannot affect the recovery
of mercury ions adsorption. Furthermore, based on the
performed examinations, the completion adsorption for
mercury ion was obtained by 1000 pg L' of target ana-
lyte. Although, the trace level determination of mercury
ions was aimed for the present work, the sorbent can
completely adsorb mercury ions by mg L' levels.

Table 3  Determination of mercury ions in real water samples

Sample Added (ng LY Founded (ng LY Recovery (%)
River water 0 N.D.? -
500 490.6 98.1+2
5000 5023.5 100.5+3
Seawater 0 N.D. -
500 486.1 972+3
5000 4942.4 98.8+3
#Not detected

Analytical figures of merit

The analytical methodology was investigated by reporting
linearity, detection limit and preconcentration factor (PF) of
the prepared sorbent for mercury determination. Under the
experimental optimal conditions (pH: 6, amount of sorbent:
15 mg, sample volume: 100 mL, eluent volume: 2 mL), nine
Hg?* standard solutions were enriched and the eluting solu-
tions were analyzed by CV-AAS. The results indicated that
calibration curve was linear in the range of 0.1-40 ug L™ with
correlation coefficient (r) of 0.996. The limit of detection
(LOD) of the method was studied under optimal condi-
tions after application of the extraction procedure to the
blank solutions. The LOD, calculated from Cyop = 3
Sg/m (where Cpop, Sq and m are the limit of detection,
standard deviation of the blank and slope of a calibra-
tion curve, respectively), was 0.028 ug L~'. The PF was
calculated by the ratio of slopes of the calibration curves be-
fore and after preconcentration [29]. According to the result,
the PF value was 49.

Table 2 compares the figures of merit of the present adsorbent
with the other solid phases used in the literatures for extraction of
mercury ion from different samples. It can be seen that some
values of the suggested sorbent is more or less comparable with
those of the other methods which are modified with various
functional groups. However, the present sorbent is based on an

Table 2  Comparison of the method with other reported extraction techniques for determination of mercury

Extraction process Analysis method Detection Linear range Preconcentration Ref.
limit (pg Lh (ng Lh factor
Fe;0,@Sn0, yolk-shell CV-AAS 0.028 0.1-40 49 This work
GO-MC-MPTS* CV-AAS 0.06 0.12-80 80 [30]
Ionic liquid based-preconcentration CV-AAS 0.0023 0.01-2.5 36 [31]
SH@Si0O,/metal-organic framework nanocomposite CV-AAS 0.02 0.1-80 167 [32]
Agar powder modified by 2-mercaptobenzimidazole CV-AAS 0.02 0.04-2.4 13 [33]
Functionalized silica gel-SPE CV-ETAAS 0.006 0.009-1.5 42 [34]
CPE-Hg-PONPE 7.5 ETAAS 0.00001 - 22 [35]

# Graphene oxide-magnetic chitosan grafted with 3-mercaptopropyltrimethoxysilane

@ Springer



712

Microchim Acta (2017) 184:707-713

inorganic substrate without any modification with functional
groups. In this way, the prepared magnetic sorbent also intro-
duces a low-cost adsorbent with fast kinetic of adsorption that
is synthesized with green solvents.

Analysis of natural water samples

The validation and reliability of the introduced preconcentration
procedure was examined by the analysis of two different natural
water samples (Haraz River water and Seawater of Persian Gulf).
The physicochemical characteristics of seawater sample were as
following: pH: 8.4, dissolved O,: 4.8 mg L™, conductivity:
57.7 ms cm "' and total dissolved solid: 28.9 mg L™". The mer-
cury was not detected in the real samples. To demonstrate the
accuracy, water samples spiked with Hg”* at two concentration
levels of 0.5 pg L' and 5 ug L™". The data, listed in Table 3,
shows that the recovery of Hg>* was obtained over 97.2%. Based
on U.S. Environmental Protection Agency (EPA) [30], the max-
imum allowable level of mercury in seawater can be 1.8 pg L™
and performance data of the present method has provided the
quantitative analyses lower than the mentioned concentration
level. Accordingly, it clearly demonstrates that recoveries are
satisfactory and the presented method is qualified to determine
mercury ions according to the guideline level of EPA.

Conclusions

In summary, we have demonstrated an efficient rattle-type sor-
bent with a new synthetic methodology for solid phase extraction
of trace amount of mercury. The SnO,-shelled magnetic core
with novel properties and without any modification indicated a
high-performance for the preconcentration of Hg”". In fact, an
inorganic substrate including of interstitial void is employed for
adsorption of target analyte. Due to the presence of void, higher
specific surface area is acquired which can cause more efficiency
for a sorbent. The facile synthesis with green solvents, fast ad-
sorption with satisfactory preconcentration factor and high accu-
racy are obtained for the present sorbent. The results proved this
fact that the introduced sorbent has sufficient potential in extrac-
tion procedure and also the magnetic SnO, nanorattles can be
attractive candidate materials for solid phase extraction of heavy
metal ions. The relative low reusability and also low selectivity
respect to analogous ions can be mentioned as the limitation of
the introduced sorbent.
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