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A simple and quick separation technique for selenite in natural water was developed using TiO2@SiO2/Fe3O4
nanoparticles. For the synthesis of nanoparticles, a polymer-assisted sol-gel method using hydroxypropyl
cellulose (HPC) was developed to control particle dispersion in the synthetic procedure. In addition, titanium
butoxide (TBT) precursor, instead of the typical titanium tetra isopropoxide, was used for the formation of the
TiO2 shell. The synthesized nanoparticles were used to separate selenite (Se4+) in the presence of Se6+ or
selenium anions for the photocatalytic reduction to Se0 atom on the TiO2 shell, followed by magnetic separation
using Fe3O4 nanoparticles. The reduction efficiency of the photocatalytic reaction was 81.4% at a UV power
of 6W for 3 h with a dark adsorption of 17.5% to the nanoparticles, as determined by inductively coupled
plasma-mass spectrometry (ICP-MS). The developed separation method can be used for the speciation and
preconcentration of selenium cations in environmental and biological analysis.
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Introduction
Selenium is a well-known, naturally occurring trace
element that can exist in either inorganic forms or as organic
species. It is primarily present in four different oxidation
states: selenide (Se2−), elemental selenium (Se0), selenite
(Se4+) and selenate (Se6+). The inorganic species changes
their form depending upon the pH of the solution as Se2−,
SeO32− and SeO42−, and their protonated anions. Among
them, selenite and selenate are more toxic than the other
inorganic forms. Therefore, the speciation of selenium has
become an important issue in environmental and biological
analysis. However, the complexity of selenium speciation
has rendered it one of the interesting challenges in analytical
separation.1
The most common separation technique is HPLC including ion-exchange chromatography, reverse-phase chromatography, and size-exclusion chromatography, hyphenated with
atomic spectrometry, such as inductively coupled plasmaatomic emission spectrometry (ICP-AES), ICP-mass spectrometry (ICP-MS), graphite furnace atomic absorption spectrometry, and atomic fluorescence spectrometry.2 Preconcentration is also an issue in the speciation, for which liquidliquid extraction, solid phase extraction,3 ion-exchange,4 and
coprecipitation5 are the traditional techniques. However,
these techniques suffer from complexity and long analysis
time.
In this work, we propose a simple and quick separation
technique to speciate selenite by photocatalytic reduction.
Since selenium has multiple oxidation states, it participates
in various redox reactions. For example, selenite and
selenate can be reduced to Se0 by photocatalytic reaction of
TiO2 materials.6-9 The photocatalytic reaction can be achieved by the irradiation of either solar radiation10 or a UV light

source (≤ 385 nm)11 on TiO2 shell that can generate electron–hole pairs (e−/h+) owing to its large band gap of around
3.2 eV.
Despite TiO2 nanoparticles being an excellent material to
reduce Se cations in aqueous solution, the reduced selenium
atoms on the nanoparticles should be removed or re-collected completely because they can induce secondary contamination. They are commonly removed by the sedimentation
of TiO2 particles after pH adjustment and coagulation–flocculation. However, those methods required further microfiltration for final purification.12,13 Therefore, TiO2-coated
Fe3O4 magnetic nanoparticles are the choice to overcome the
current drawbacks. The superparamagnetic property of the
core Fe3O4 provides not just only magnetic separation in the
presence of external magnetic force but also good stability in
aqueous solution at relatively low production cost.10,14 In
addition, the presence of the insulation SiO2 layer between
the magnetic core and the TiO2 shell prevents photodissolution of iron and enhances the stability in aqueous solution under UV illumination.15 Furthermore, the intermediate
SiO2 barrier prevented the magnetic core from acting as an
electron–hole recombination center, which can negatively
affect the photocatalytic activity.16,17 So far, Beydoun et al.
have been pioneers in discussing the synthesis and characterization of these magnetic nanoparticles for photocatalytic
reaction.18-21 However, no report has been published on
the application of TiO2@SiO2/Fe3O4 nanoparticles to the
separation of selenium cations.
In this work, therefore, we develop a unique polymerassisted sol-gel method for TiO2@SiO2/Fe3O4 nanoparticles.
For this, hydroxypropyl cellulose (HPC) polymer is used to
control the particle dispersion. In addition, titanium butoxide
(TBT), instead of the typical titanium isopropoxide, is used
for the formation of TiO2 shell on the Fe3O4 nanoparticles.

Separation of Selenite using TiO2 Magnetic Nanoparticles

Again, the synthesized TiO2@SiO2/Fe3O4 nanoparticles had
two noticeable functionalities: photocatalytic reduction of
selenium cations to Se0 atoms by TiO2 shell and an attractive
superparamagnetic force for the particle collection by Fe3O4
core. The synthesized nanoparticles are characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD)
and energy dispersive X-ray spectroscopy (EDAX) and then
used to study the separation of selenite from inorganic
selenium ions in natural water in the presence of formic acid
as a hole scavenger. The separation efficiency is estimated
by determining the remained selenium ions in the sample
solution and the coated selenium atoms on the nanoparticles
using ICP-MS.
Experimental
Synthesis of SiO2@Fe3O4 Magnetic Nanoparticles.
Silica-coated Fe3O4 magnetic nanoparticles (SiO2@Fe3O4)
were synthesized by the alkaline co-precipitation of FeCl3·6H2O
and FeCl2·4H2O, as described in our previous article.22
Under the argon gas flowing condition, FeCl2·4H2O (0.5 g)
and FeCl3·6H2O (1.35 g) were dissolved in 25 mL of deionized water. Then, 12.5 mL ammonium hydroxide (2830%, Sigma-Aldrich Chem. Co., USA) was added while the
solution was heated at 80 oC for 20 min. The synthesized
Fe3O4 magnetic nanoparticles were washed three times with
ethanol and de-ionized water under magnetic separation.
The silica shell was formed by a Stober method using tetraethyl orthosilicate (TEOS; 99.999%, Sigma-Aldrich Chem.
Co., USA). For this, 350 mg of Fe3O4 magnetic nanoparticles
was added to 30 mL of anhydrous ethanol in a round bottom
flask and dispersed by sonication and vortexing. After adding 520 μL of ammonium hydroxide and de-ionized water,
the nanoparticles were re-dispersed. Then, 3.3 mL of TEOS
was added under flowing argon gas and reacted for 90 min.
The synthesized SiO2@Fe3O4 magnetic nanoparticles were
washed three times with ethanol and de-ionized water, and
then stored at ethanol.
Preparation of TiO2@SiO2/Fe3O4 Nanoparticles. In the
sol-gel method used for TiO2 coating, a 500 mL round
bottom flask equipped with a reflux column, a thermometer,
and needle ports for nitrogen gas was prepared. The chemical
reagents were supplied by a peristaltic pump through a needle.
The reaction proceeded by mixing 0.1 g of SiO2@Fe3O4
nanoparticles with 7.5 mL of ammonium hydroxide, 6 mL
of de-ionized water, and 250 mg of HPC polymer using a
magnetic stirrer for 10 min under the inert condition of N2
gas. Then, 2 mL of TBT (reagent grade, 97%, Sigma-Aldrich
Chem. Co., USA) in 23 mL of ethanol with ammonium
hydroxide (28-30%, Sigma-Aldrich Chem. Co., USA) was
added at the flow rate of 2.5 mL/min. The solution was
refluxed for 90 min at 85 oC. After cooling to room temperature, the TiO2@SiO2/Fe3O4 magnetic nanoparticles were
washed three times with ethanol and the final powder was
sintered in an electrical muffle furnace for 2 h at 400 oC.
Photocatalytic Reaction of Se Ions. For the photocatalytic reaction, the standard solutions of Se4+, Se6+, and
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Table 1. Optimized operating condition of inductively coupled
plasma-mass spectrometer (ICP-MS)
Instrument

DRC-e, PerkinElmer

RF power
Acquisition mode
Auxiliary gas flow
plasma gas flow
Nebulizer gas flow
Dwell time
Lens voltage
DRC cell gas (CH4)
Rpa (high mass cut-off)
Rpq (low mass cut-off)

1250 W
Peak hopping
1.2 L min−1
15 L min−1
0.96 L min−1
20 ms
7.5 V
0.6 L/min
0
0.9

Se2− were prepared by dissolving Na2SeO3 (sodium selenite,
99%, Sigma-Aldrich Chem. Co., USA), Na2SeO4·10H2O
(sodium selenate decahydrate, 99.999%, Sigma-Aldrich Chem.
Co., USA), and dimethyl diselenide, (96%, Sigma-Aldrich
Chem. Co., USA) in deionized water. Formic acid (98%,
Sigma-Aldrich Chem. Co., USA) was also used as a hole
scavenger. The pH (Model: 420 A+, Orion, USA) was
adjusted using NaOH (Sigma-Aldrich Chem. Co., USA) and
de-ionized water (18.2 MΩ, Millipore-Q, USA). Photocatalytic reduction of the selenium cations was carried out at 25
o
C in a bath mode of a rectangular quartz cell (10 × 10 × 30
mm). The reaction cell was directly irradiated by a low
pressure D2 lamp (6 Watt, Hamamatsu, Japan).
Instruments. For the determination of 78Se ions, an
inductively coupled plasma-mass spectrometer (ICP-MS,
Elan DRC-e, Perkinelmer Sciex) was used with a forward
plasma power of 1.25 kW. Dynamic reaction cell (DRC)
mode was used with CH4 gas to suppress molecular interferences. The optimized experimental conditions are listed
in Table 1. Standard solutions of Se for the calibration curves
were prepared using ICP/DCP (direct current plasma) standard
solution (9990 μg/mL, Aldrich) and 2% nitric acid for
dilution.
Results and Discussion
Characterization of Superparamagnetic TiO2@SiO2/
Fe3O4 Nanoparticles. Figure 1 presents TEM images of the
synthesized TiO2@SiO2/Fe3O4 nanoparticles. As noted above,
the synthesized nanoparticles offered two unique functionalities: photocatalytic reduction of selenium cations to Se0
and an attractive superparamagnetic force. The superparamagnetic property of the Fe3O4 core was useful for simplifying the collection and washing due to the attractive force
under a permanent magnet. As discussed, the TiO2 shell was
coated on the Fe3O4 nanoparticles (10-13 nm) for photocatalytic reduction. A SiO2 layer was inserted prior to the
TiO2 coating to prevent degradation of the functional
character of photocatalytic reduction with increasing irradiation time. The particle size was increased to within the range
of 15 nm to 19 nm when the SiO2 layer was coated, as
shown in Figure 1(b). Figure 1(c) shows TEM images of
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Figure 1. TEM images of the synthesized nanoparticles; (a) Fe3O4, (b) SiO2/Fe3O4 and (c) TiO2@SiO2/Fe3O4.

TiO2@SiO2/Fe3O4 nanoparticles, with the coated TiO2 layer
being clearly evident as a core-shell type.
The chemical composite of the synthesized nanoparticles,
as determined by EDAX, was listed in the Table 2. The
analytical result revealed the presence of Fe, Si, Ti, and a
significant amount of oxygen. The atomic percentage in the
table indicates the number of atoms in the nanoparticles. The
determined atom number of oxygen, 76.46%, is excessively
larger than the other metal atoms, indicating that the metals
existed as oxides. The similar number of Ti atoms and Fe
atoms of the core indicated that the synthesized nanoparticles contained a sufficient Ti layer for photocatalytic
activity, as well as superparamagnetic property of Fe3O4
core. Compared to the TiO2 layer and the Fe3O4 core, the
inserted SiO2 layer was relatively thin.
For further structural information, XRD diffractograms
before and after the coatings were obtained. As shown in
Figure 2, the spectrum of the core Fe3O4 powders (Fig. 2(b))
dried at 80 oC was well matched with the standard XRD
pattern (Fig. 2(a)) for bulk magnetite (JCPDS 19-06290).
This typical magnetite pattern was seen even for the
TiO2@SiO2/Fe3O4 nanoparticles, although the intensities
were weakened as the coating was progressed. Since the
SiO2 layer was amorphous, no SiO2 pattern was seen in this
figure, but the weakening of the magnetite intensity after
SiO2 coating indicated the presence of the SiO2 shell, which
was further confirmed by the TEM image, as shown in
Figure 1(b). Since the nanoparticles were calcinated at 400
o
C after TiO2 coating, the anatase XRD pattern of TiO2
appeared along with the magnetite peaks as shown in Figure
2(d). The synthesized TiO2 anatase pattern was confirmed
with the standard pattern of JCPDS 21-1272 (peak A in Fig.

Figure 2. XRD patterns of (a) bulk magnetite (JCPDS 19-06290),
(b) Fe3O4, (c) Fe3O4/SiO2 (Core/shell), (d) Fe3O4/SiO2/TiO2 (Core/
shell/shell), and (e) bulk anatase TiO2 powder (JCPDS 21-1272).

2(e)) for bulk anatase standard powder. To conclude, the
synthesized nanoparticles had a core/shell/shell type with
superparamagnetic and photocatalytic properties.
Effect of HPC Polymer. In the coating procedure of the
TiO2 shell, HPC polymer was added to control the particle
dispersion and size. As expected, the addition of HPC
formed a boundary layer on the TiO2 surface that functioned
as a surfactant. Without the polymer addition, the nanoparticles became significantly large (> 150 nm) and their
shape and size became difficult to control, as shown in
Figure 3(a)). The large particles were probably formed by
aggregation, resulting in multi-core nanoparticles. On the
other hand, small particles (< 30 nm) were produced when
the HPC polymer was added (Fig. 3(b)).

Table 2. Chemical composition of the TiO2@SiO2/Fe3O4 nanoparticles obtained using EDAX
Element

Weight%

Atomic%

OK
Si K
Ti K
Fe K

53.42
8.02
17.38
21.18

76.46
6.54
8.31
8.69

Totals

100

Figure 3. SEM images of Fe3O4/SiO2/TiO2 (Core/shell/shell) nanoparticles; (a) without HPC addition and (b) with HPC addition.

Separation of Selenite using TiO2 Magnetic Nanoparticles

Photocatalytic Reduction of Selenium Cations. The
synthesized TiO2@SiO2/Fe3O4 nanoparticles were used to
separate and remove the toxic selenium cations selectively.
After photocatalytic reaction of the inorganic selenium cations,
the reduced selenium atoms were adsorbed on the TiO2
surface and the nanoparticles were collected by magnetic
separation. For demonstration, synthetic standard selenium
solutions with oxidation states of +4 and +6 and selenium
anions of −2 were prepared at pH 7.
Theoretical Insight on the Photocatalytic Reduction of
Selenium Cations. The illumination of UV radiation on
TiO2 suspension is known to generate electrons and holes.
While the holes are scavenged by the oxidation reaction of
formic acid, the photogenerated electrons can participate in
the reduction of metal ions. Since the reduction potential of
the TiO2 conduction band electron is about −0.2 eV in acidic
condition,23 it has enough energy to reduce selenite to selenium atom. The standard reduction potentials of selenium
cations are shown in the following equation24 although these
redox potentials can be altered once they have been adsorbed on TiO2 nanoparticles.
HSeO3− + 5H+ + 4e = Se0 + 3H2O

E0 = +0.780 V (1)

SeO32− + 6H+ + 4e = Se0 + 3H2O

E0 = +0.903 V (2)

HSeO3− + 6e + 7H+ → H2Se + 3H2O E0 = +0.386 V (3)
According to the reactions (1) and (2), both the selenate
and selenite can be thermodynamically reduced to selenium
atoms that will be adsorbed on the surface of nanoparticles.
Interestingly, the six-electron reduction of Se4+ to Se2− is also
possible because the reaction is thermodynamically feasible
according to the reaction (3). Therefore, the production of
Se2− cannot be ruled out if the reducing power is sufficiently
large enough. Therefore, the power of UV light source
should be optimized for selective reduction of selenite to Se
atoms. Too high power will produce anions that cannot be
removed by the magnetic separation. In this study, a
deuterium light source of 6 watts was used, which was small
enough to minimize the production of selenium anions or
even the reduction of selenate.
Dark Adsorption of Selenite. Before determination of
the reduction efficiency, the electrostatic adsorption of selenite on the magnetic nanoparticles was studied to obtain
dark adsorption as a background. For this, 20 μg/mL of
selenite at pH 4 was mixed with 0.5 g/L of TiO2@SiO2/
Fe3O4 nanoparticles by stirring in the dark. As seen in
supplementary figure (sfig. 1), the concentration of selenites
was reduced by 17.5% for about 20 min mixing, after which
no further significant reduction was observed. Since the concentration was decreased due to the adsorption of selenites
on the particle surface, the net photocatalytic reduction was
measured after subtracting the dark adsorption.
Since pK1 and pK2 for selenous acid are known to be 2.352.46 and 7.31-7.94, respectively, selenium cations mostly
existed in the form of HSeO3− at pH 4. The stability of the
coated TiO2 layer at this pH was confirmed by measuring the
dissolved Ti concentration after mixing for 5 h using ICP-
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Figure 4. Photocatalytic reduction of selenite according to UV
irradiation time. Conditions: 1.0 g/L of synthesized TiO2@SiO2/
Fe3O4 nanoparticles, dark adsorption for 20 minutes, 300 mg/L of
formic acid, pH 4.0, and initial selenite concentration of 8.0 µg/
mL.

MS.
Photocatalytic Reduction of Selenite. For selenite reduction, 20 μg/mL of selenite synthetic standard solution was
mixed with the nanoparticles and then irradiated by UV light
for 20 min. Since the reduced selenium atoms after the
reaction were adsorbed on the surface of the TiO2 layer, the
reaction sites on the surface became smaller and smaller,
which reduced photocatalytic activity. Therefore, the number
of nanoparticles should be sufficiently large compared to the
selenite, otherwise the reaction rate will be gradually decreased. As shown in Figure 4, unlike the dark adsorption,
the concentration of selenite was continuously decreased
and the rate, equivalent to the slope, remained almost constant throughout the experiment as the irradiation time
increased. This result indicated that a sufficient amount of
nanoparticles was reacted in the solution. In detail, the
amount of photoreduced selenite was measured by determining the selenium in the solution by ICP-MS. When 8.0
μg/mL selenite was reacted with 1.0 g/L of nanoparticles,
7.25 μg/mL of selenite was estimated at the beginning of the
reaction after subtracting the dark adsorption. The measured
selenite concentration was continuously decreased to 1.35
μg/mL after 180 min indicating a reduction of 81.4% after 3
h photoreaction. After reduction, the magnetic nanoparticles
with the adsorbed selenium atoms were collected by a magnetic separation, and then washed three times with deionized
water.
Photocatalytic Reduction of Selenate and Selenide. In
case of selenate, the standard reduction potential was +1.060
V, which was higher than that of selenite. However, unlike
selenite, almost no photocatalytic reduction of selenate was
observed at this condition (supplementary sfig. 2) because of
the relatively slow kinetics and low radiation power of the
UV source (6 Watt) that limited the reduction of Se6+ to
Se4+.24 About 4.7 to 4.8 μg/mL of selenate was determined
when 5.0 μg/mL of selenate was mixed with the synthesized
nanoparticles and irradiated for 3 h. In addition, no signal
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reduction depended on the power of the UV radiation source
and on the reaction time. Noticeably Se4+ can be separated
from not only selenium anion or organic selenium, but also
Se6+, at the low radiation power of 6 watts due to the slower
kinetics of Se6+ compared to that of Se4+. The developed
method using the synthesized TiO2@SiO2/Fe3O4 nanoparticles can provide a convenient and unique tool for the
separation of selenium cations from anions or organic
selenium in environmental and biological samples.
Acknowledgments. This work was supported by the
Internal Research Fund of Dankook University (2012).
References
Figure 5. Photocatalytic reduction of selenite and selenide. Conditions: 0.5 g/L of nanoparticles, dark adsorption for 20 minutes,
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