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ABSTRACT: Magnetic mesoporous y-Fe,O;@TioSig;O, (abbreviated

as Fe@TiSi) core—shell nanofibers were prepared using sol—gel
chemistry combined with coaxial-electrospinning technology by adjust-

ing the inner and outer feed ratios. The properties of these novel core—

shell nanofibers were characterized by SEM, HRTEM, XRD, FTIR,

BET, XPS, and UV—vis spectra. To evaluate the chemical properties of Light
the nanofibers for cleaning typical organic wastewater, methylene blue

(MB) was used as a target organic pollutant and was cleaned under
irradiation with sunlight and visible light. The Fe@TiSi hierarchical *OH.
nanofibers composed of a 1:10 feed ratio displayed a mesoporous @
structure and showed the highest photocatalytic activity for the

degradation of MB in water. Furthermore, 86.8% and 71.1% of the

MB, which was added at an original concentration of 1 mg/L, was

removed after 60 min of irradiation with sunlight and visible light in the presence of Fe@TiSi at a concentration of 0.2 g/L, and
100% of the MB was removed after 75 min. It is very important that the magnetic nanofibers could be recycled rapidly with an
outside magnet, and the actual water treatment process was easy to achieve. Moreover, the mechanism of MB degradation by
Fe@TiSi core—shell nanofibers was proposed.
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1. INTRODUCTION

Because of its dark color, high toxicity, and low bioavailability,1
the cleaning of dyeing wastewater is an urgent scientific
problem in the field of environmental protection. Physical—
chemical methods and biological methods, such as adsorp-
tion,”® biochemical methods,*> and photocatalytic oxida-
tion,~® have been developed for cleaning dyeing wastewater.
Among these methods, semiconductor-based photocatalytic
reaction has drawn intense interest as a replacement method for
water and air purification. Because of its easy operation, low
energy consumption, and simple reaction conditions,'°~'* TiO,

necessary to develop much simpler and more convenient
immobilization and recycling methods for TiO, due to its
difficult adhesion on substrate materials (such as glass, zeolites,
polymer fibers, and carbon materials), which will result in
serious secondary pollution in water environments.*"**
One-dimensional nanostructured materials, such as fibers,
wires, and tubes, show novel physical and chemical properties
that make them promising candidates for applications in
environmental processes, energy storage, semiconductors, and
sensors.”” In catalytic processes, pore diffusion resistance is
significant for particle-shaped catalysts, which causes many

photocatalysis has been extensively studied with regard to its
application in environmental remediation processes.

However, there are several drawbacks limiting the use of pure
TiO, nanoparticles for cleaning dyeing wastewater: (1) low
response to visible light, (2) difficult recycling and reuse of
TiO, particles, (3) secondary pollution, and (4) waste of
resources.'”'> Many studies, including the use of nonmetal
element doping,"*™'* noble metal deposition,'®™*® and semi-
conductors coupling,'”*° have been conducted to extend the
response of TiO, to the visible region. In addition, it is
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serious problems, such as high pressure drops in industrial
applications.”® Therefore, new forms and morphologies of
catalysts, such as nanofibers catalysts, are constructed for a
particular use and show very low resistance to diffusion.****
Electrospinning is a popular and simple method for the
fabrication of continuous ultrafine fibers with nanometer and

Received: June 29, 2014
Accepted: September 16, 2014
Published: September 16, 2014

dx.doi.org/10.1021/am505751z | ACS Appl. Mater. Interfaces 2014, 6, 16841—16850


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

submicrometer sizes from polymer solutions or melts.*® The
obtained nanofibers have fibrous mat structures, large surface
areas, and suflicient mechanical integrity and are widely applied
in many fields.>” Moreover, coaxial-electrospinning technology
makes it easy to obtain many different hierarchical nano-
structured materials, such as core/shell fibers, hollow fibers, and
tubes, by controlling the flow rate between the inner and outer
solutions.”®

Due to their easy recovery by an outside magnet,” magnetic
nanomaterials are attracting more and more attention in
wastewater treatment.”® To overcome the difficulty in recycling
and reusing TiO, particles and secondary pollution, magnetic
nanomaterials have been prepared successfully through coaxial-
electrospinning technology in the paper. However, the use of
magnetic particles is limited due to their easy oxidation/
dissolution.>'”** So, the novel core—shell hierarchical structure
has been developed to protect magnetic particles against
oxidation because of their advanced properties and multi-
functionality.”!

In this work, we prepared core—shell structured magnetic y-
Fe,0;@TiyoSip,0, (abbreviated as Fe@TiSi) nanofibers for
the first time by coaxial-electrospinning, calcination, and H,
reduction treatment. The magnetic y-Fe,O; core can act as a
support and magnet, and the mesoporous TijSiy O, shell can
act as a visible-light photocatalyst, which is very important for
environmental engineering and wastewater treatment. To our
knowledge, the electrospun magenetic core—shell nanofibers
have not been reported until now. The formation and
properties of the Fe@TiSi nanofiber were assessed through
SEM, HR-TEM, XRD, and XPS analyses. By varying the inner
and outer feed ratios, several magnetic core—shell nanofibers
with different core/shell content ratios were successfully
prepared. To verify the photocatalytic properties of these
magnetic Fe@TiSi core—shell nanofibers for the treatment of
dyeing wastewater, methylene blue (MB) was chosen as a target
pollutant under both sunlight and visible light. Moreover, its
degradation mechanism was also proposed.

2. EXPERIMENTAL SECTION

2.1. Chemical and Materials. Titanium n-butoxide (Ti-
(OC4H,"),, TBOT), tetraethoxysilane (Si(OC,H;), TEOS), hydro-
chloric acid (HCl, 36.0%), polyvinylpyrrolidone (PVP, M,, = 1300
000), ferric chloride hexahydrate (FeCly-6H,0), pluronic P123
(BASF), ethanol (>99.7%), and methylene blue (MB, C,;H,;CIN,S)
were purchased from Sinopharm Chemical Reagent Corporation and
used without further purification.

2.2. Preparation of Core—Shell Nanofibers. The Ti,,Siy,0,
spinnable precursor sol was synthesized according to our earlier
research results.>® In a typical process, 2 g of P123 was dissolved into 8
mL of ethanol with stirring to obtain solution A. In addition, 3.56 g of
TBOT and 0.218 g of TEOS were added to 4 mL of ethanol to obtain
solution B under vigorous stirring, and the Si/Ti molar ratio in this
solution was fixed to 10%. Then, 0.6 g of HCI was added to solution B
to adjust the pH to the acidic range in order to avoid alkoxide
hydrolysis. After complete dissolution, solution A was mixed with
solution B to obtain a homogeneous transparent solution, which was
then incubated at 55 °C for 10 h to obtain the TiyoSiy;O, spinnable
precursor sol.

Moreover, 2.25 g of FeCl;-6H,0 and 2 g of PVP were dissolved
into 6 mL of pure ethanol with vigorous stirring, and the mixture was
then incubated at 45 °C for 3 h to obtain the Fe,O; spinnable
precursor solution.

After the TieSiy,0, precursor and Fe,O; precursor sol with
optimal viscosity were prepared, both were transferred into a coaxial-
electrospinning device (Figure 1), which was driven with a microfeed

iPrecursor 2

ﬁ;o—ﬂ*

Precursorl

E'/ High voltage Coaxial jet

Power supply

_Ilector

Figure 1. Coaxial-electrospinning apparatus.

pump (Cole-Parmer 74900-05, USA), and a metallic hollow needle
was connected to a high-voltage supply (DW-PS03-4ACCD, Tianjin,
China). A piece of self-made stainless steel board was set under the
bottom to collect the electrospun gel fibers at room temperature. In a
typical coaxial-electrospinning process, the applied voltage was 15 kV,
and the distance between the spinneret and collector was 10 cm. The
inner Fe,0; precursor was pressed at a fixed rate of 1 mL/h, and the
outer TiyoSiy; O, precursor was pumped out with an adjustable feed
rate (S mL/h, 10 mL/h, and 15 mL/h). After complete hydrolysis in
air for 24 h, the xerogel fibers were obtained. To completely remove
the organics, the obtained xerogel fibers were sintered at 130 °C for 4
h, and the temperature was then increased to 400 °C at a heating rate
of 0.5 °C-min™" for 4 h. The composite nanofibers were calcined in H,
atmosphere at 400 °C for 4 h to change the a-Fe,O; core into
magnetic y-Fe,O;. After cooling to room temperature naturally, Fe@
TiSi (x) core—shell nanofibers with different feed ratios were obtained
(“x” represents the Fe,03/Ti,Siy;0, feed ratio; x = 1:5, 1:10, and
1:1S; these core—shell nanofibers are abbreviated as Fe@TiSi(1:5),
Fe@TiSi (1:10), and Fe@TiSi (1:15) nanofibers, respectively).

2.3. Characterization. The morphology of the nanofibers was
observed through scanning electron microscopy (SEM, TDCLS4800)
and high-resolution transmission electron microscopy (HRTEM,
Tecnai G2F20). Thermal gravimetric analysis (TGA) was operated
under a gas flow of 20 mL-min™" and a heating rate of 10 °C-min™"
using a thermal analyzer (PTC-10A). The crystalline structure and
microscopic groups of the nanofibers were observed using Fourier
transform infrared spectroscopy (FTIR, Biorad FTS6000). The X-ray
diffraction (XRD) patterns of the fibers were recorded via an X-ray
diffractometer (Rigaku D/Max 2200PC) with a graphite mono-
chromator and Cu Ka radiation (4 = 0.15418 nm) in the range of 10—
70° at room temperature, and the voltage and electric current were
fixed to 28 kV and 20 mA. The N, adsorption—desorption isotherms
were recorded via a Quantachrome AutoSorb iQ-MP. The UV—vis
absorption spectra of the Fe@TiSi nanofibers were obtained from the
dry-pressed disk samples using a UV—vis spectrophotometer (UV-
3600). The oxidation state and concentration of the sample surface
were observed using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250 multitechnique X-ray photoelectron spectrometer
(UK)) with a monochromatic AlKa X-ray source (hv = 1486.6 eV).
All of the XPS spectra were recorded using an aperture slot of
300%700 pm; the survey spectra were recorded with a pass energy of
160 eV, and the high-resolution spectra were recorded with a pass
energy of 40 eV. The total organic carbon (TOC) results were
recorded via TOC analyzer (TOC-V CSH, Shimadzu, Japan).

2.4. Photocatalytic Degradation of MB. The photocatalytic
activities of the Fe@TiSi magnetic core—shell nanofibers with different
inner outer feed ratios were determined by cleaning MB under
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Figure 2. (a) SEM image (the diameter distribution is shown in the inset) and (b) element analysis of typical Fe@TiSi nanofibers with a feed ratio of

1:10.

Figure 3. Typical TEM images of Fe@TiSi nanofibers with different inner/outer feed ratios: (a) 1:5, (b) 1:10, and (c) 1:15. (d) HRTEM image of

Fe@TiSi (1:10) fibers.

sunlight and visible light. First, 0.02 g of the Fe@TiSi core—shell
magnetic nanofibers was added into 100 mL of 1 mg/L MB solution,
and the mixture was placed in the dark for 0.5 h with stirring before
the photocatalytic reaction to achieve adsorption equilibrium on the
surface of the fibrous catalysts. Then, the MB solution was irradiated
by a 400 W xenon lamp (Shanghai Yaming Co., China) used as
sunlight source, and the visible light source was obtained by adding a
UV-filter below xenon lamp. The concentration of MB was detected at
intervals of 10 min. For comparison, blank experiments without any
catalyst or with TiyeSiy;O, or pure TiO, as the catalyst were also
conducted under the same conditions. Using an outside magnetic field,
recycled Fe@TiSi nanofibers were subjected to this experiment three
times under the same conditions.

The degradation rate of MB in water can be calculated by the
following equation, in which C; is the concentration of MB after
several regular intervals of time (), and C,_, is the initial concentration
of MB

=0

C_,—C
Degradation rate 77(%) = % X 100%
t=0

3. RESULTS AND DISCUSSION

3.1. Microstructure Investigation. The SEM image and
the elemental analysis of typical Fe@TiSi (1:10) nanofibers are
shown in Figure 2. Based on their cross sections, it can be
observed clearly that the nanofibers exhibited uniform
diameters ranging from 50 to 500 nm. From the diameter
distribution of Fe@TiSi (1:10) nanofibers, 70% Fe@TiSi
(1:10) nanofibers with diameter from 50 to 250 nm can be
found. The surface of Fe@TiSi nanofibers is smooth with
lengths ranging from 10 to 50 cm. The specific core—shell
structure of the Fe@TiSi nanofibers will be further confirmed
by the TEM images. Besides, energy dispersive X-ray
spectroscopy (EDS) was conducted to analyze the chemical
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Figure 4. (a) TG and (b) XRD curves of the magnetic Fe@TiSi core—shell nanofibers.
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Figure S. (a) N, adsorption—desorption isotherms and (b) pore diameter distribution of magnetic Fe@TiSi core—shell nanofibers and TiSi

nanofibers.

composition of Fe@TiSi nanofibers, which obviously proves
that Fe@TiSi nanofibers are composed of Fe, Ti, and Si. Based
on the elemental analysis of the Fe@TiSi nanofibers (1:10), the
mass fractions of Fe, Ti, and Si were found to be 0.81, 12.73,
and 7.73, respectively.

To further study the microstructures of the fibers, typical
TEM images of the Fe@TiSi (1:5, 1:10, and 1:15) magnetic
nanofibers were collected (Figure 3). It can be seen obviously
that the Fe@TiSi (1:5, 1:10, and 1:15) magnetic core—shell
nanofibers exhibit typical core—shell structures. As shown in
Figure 3a, at an inner/outer feed ratio of 1:5, the average core
diameter and outer layer are 45 and 50 nm, respectively. As
shown in Figure 3b, the y-Fe,O; core and shell diameter are
170 and 120 nm with an inner/outer feed ratio of 1:10.
Moreover, when the inner/outer feed ratio was increased to
1:15, the thickness of the y-Fe,O; core and outer TiSi layer
increased to 625 and 310 nm. As illustrated in the typical
HRTEM image of Fe@TiSi (1:10) shown in Figure 3d, there
are two obvious lattice fringes that belong to the (101)
crystallographic planes of anatase (do, = 0.35 nm)'® and the
(111) crystallographic planes of y-Fe,O (d;;; = 0.482 nm),**

16844

which is consistent with the hierarchical structure of the
composite fiber.

To evaluate the framework stability of the Fe@TiSi magnetic
core—shell nanofibers with different inner/outer feed ratios
upon heat treatment, it was quantitatively determined by TG
analysis under an air atmosphere before calining. According to
the TG curves (Figure 4a), all of the volatiles (e.g., ethanol),
organic components (P123 and PVP), and Cl~ groups are
completely removed at 400 °C in the three samples. The TG
curves show three steps and the total weight losses are 54.8%
for Fe@TiSi (1:5), 68.1% for Fe@TiSi (1:10), and 53.3% for
Fe@TiSi (1:15), respectively. The first minor weight loss
before 200 °C is attributed to the removal of physically
adsorbed water. The significant weight losses ranging from 200
to 400 °C are attributed to the complete decomposition of
ferric chloride, tetrabutyl titanate, TEOS, P123, and PVP.
Other minor weight losses are due to further degradation of the
organic components.®® It is obvious that the weight loss is
different among three samples, which may be due to the
absorbed water, humidity, and temperature.****

The XRD patterns of the magnetic Fe@TiSi (1:5, 1:10, and
1:15) nanofibers and pure TiO, nanofiber are shown in Figure

dx.doi.org/10.1021/am505751z | ACS Appl. Mater. Interfaces 2014, 6, 16841—16850
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4b, which shows that Fe@TiSi (1:5, 1:10, and 1:15) nanofibers
are composed of titania and y-Fe,O;. The peaks of y-Fe,O;
(JCPDS No. 39—1346) belong to the rhombus structure,
whereas the other peaks correspond to anatase TiO, (JCPDS
No. 21-1272). Based on the XRD pattern of Fe@TiSi (1:5), it
can be observed that the five high-intensity peaks in the range
20 = 20—80° can be indexed as the (220), (311), (400), (422),
and (440) diffraction planes for y-Fe,O; (JCPDS No. 39—
1346), and the five crystal peaks can be indexed as the (101),
(004), (200), (105), and (204) diffraction planes of anatase
TiO, (JCPDS No. 21-1272). Meanwhile, the peaks of anatase
TiO, for Fe@TiSi (1:10) and Fe@TiSi (1:15) magnetic core—
shell nanofibers also can be seen. However, the diffraction
peaks of y-Fe,O; observed in the XRD patterns of Fe@TiSi
(1:10) and Fe@TiSi (1:15) are weaker than those found in
XRD pattern of Fe@TiSi (1:5), which due to that the y-Fe,O,
core was completely coated by the thicker TiSi shell with the
increase of TiSi feed rate. In addition, it is found that the
relative intensity of TiO, peaks of pure TiO, nanofibers
become decrease compared with the relative intensity of TiO,
peaks of Fe@TiSi nanofibers, indicating that the TiO,
crystallite sizes of Fe@TiSi nanofibers are smaller than those
of pure TiO, nanofibers.’**® Based on the Scherrer equation,
the average sizes of the TiO, found in Fe@TiSi (1:S, 1:10, and
1:15) are 13, 22, and 13 nm, respectively; the average sizes of
the y-Fe,0, found in Fe@TiSi (1:5) is 38 nm.*® No silica
diffraction peak was found because of its low content and
amorphous structure.

The N, adsorption—desorption isotherms and the pore
diameter distribution of the core—shell Fe@TiSi nanofibers
(1:5, 1:10, and 1:15) are shown in Figure S, and the data of the
pore size distribution, pore volume, and surface area are listed
in Table 1. As shown in Figure 5a, all of the Fe@TiSi core—

Table 1. Specific Area Distribution, Pore Volume
Distribution, and Pore Diameter Distribution of Tij¢Siy;0,
and Fe@TiSi Nanofibers with Different Inner/Outer Feed
Ratios

specific area pore volume pore diameter

materials (m*/g) (cc/g) (nm)
Fe@TiSi (1:5) 305.530 0.511 4.606
fibers
Fe@TiSi (1:10) 308.099 0344 4.647
fibers
Fe@TiSi (1:15) 260.592 0291 4650
fibers
Tig ¢Sig O, fibers 319.282 0338 3.836
Pure TiO, fibers 100.133 0.189 3.821

shell nanofibers with different inner/outer feed ratios,
Tiy6Siy, O, nanofibers, and the pure TiO, nanofibers show
typical IV curves and H1 type hysteresis loops, indicating the
presence of uniform mesoporous channels.® At a low relative
pressure (below 0.5), the isotherm increases slowly. However,
at high relative pressure, i.e, between 0.5 and 1.0, the
adsorption increases rapidly. Based on the data shown in
Figure Sb, it can be observed that the pore size distribution of
Fe@TiSi nanofibers (1:5) is from 3.75 to 6.25 nm and the pore
size distribution of Fe@TiSi nanofibers (1:10 and 1:15) is
centered on 5 nm, which is narrower compared with pure TiO,
nanofibers with 3—7 nm.

As shown in Table 1, the BET surface areas of the Fe@TiSi
nanofibers (1:5, 1:10, and 1:15), TiySip;O, and pure TiO,

nanofibers are 305.530, 308.099, 260.592, 319.282, and
100.133m?/g, respectively, and the corresponding pore
volumes are 0.511, 0.344, 0.291, 0.338, and 0.189 cms/g. As
we can see, the surface area, pore volume, and pore diameter
are different between Fe@TiSi core—shell nanofibers and
Tig6Sip 0, nanofibers, which is because y-Fe,O; does not have
mesoporous channels, with lower surface area, with the result
that the addition of y-Fe,O; core changed the relative surface
area, the pore volume, and the pore diameter of TijSiy;0,
nanofibers. The Fe@TiSi nanofibers (1:10) have the largest
surface area among the three core—shell nanofibers, indicating
that these may exhibit higher photodegradation -efficiency
compared with Fe@TiSi nanofibers (1:5 and 1:15), which can
be confirmed by the following photodegradation results. In
addition, the pore size distribution and uniformity of the three
core—shell nanofibers are 4.606, 4.647, and 4.650 nm,
respectively, demonstrating that the feed ratio has little effect
on the pore diameter.

The composition and structure of the nanofibers can also be
confirmed by their FTIR spectra (Figure 6). As shown in
Figure 6a, the characteristic peaks at approximately 3404 and
1630 cm ™' can be assigned to the —OH group and the H-O—
H stretching and bending vibrations of the adsorbed water
molecules and the Si—OH group of the magnetic Fe@TiSi
nanofibers, respectively.”” However, the peaks centered on the
3404 and 1630 cm™! for the sintered nanofibers do not vanish,
which may be because H,O in the air was adsorbed on the
fibrous surface, as shown in Figure 6b.5%7 Moreover, on Figure
6a, the peak at 2970 cm™' originates from the stretching
vibration of the C—H band of P123, PVP, and the organic
solvent, and the peaks from 1500 to 1375 cm™" can be assigned
to the —C—H and —C=C-— bands of P123, PVP, and organic
solvents.**> However, these peaks disappeared after calcination,
as shown in Figure 6b, which demonstrates that P123, PVP,
and the organic solvent molecules are removed by sintering.
The peaks at 1110 and 1200 cm™" are due to asymmetric Si—
O-Si stretching vibrations associated with the motion of
oxygen in Si—O—Si antisymmetric stretching.”*” The band at
799 cm™! is assigned to Si—O-—Si symmetric stretching. The
band at approximately 920 cm™ is assigned to the asymmetric
Ti—O=Si vibration of TiO, and SiO, mixed oxides,” indicating
a local impurity mode of one —SiO, structural unit banded to
Ti*". According to the FTIR analysis, both Si—O—Si and Si—
O—Ti bands are formed. However, no peak for y-Fe,O; was
found, indicating that the y-Fe,Oj; core is completely covered
by the TiyoSiy;0, outer layer, as was been verified with the
XRD patterns.

The XPS full spectra of Fe@TiSi (1:5, 1:10, and 1:15) are
shown in Figure 7. In the wide XPS spectrum (Figure 7a), the
three different major peaks can be assigned to Fe 2p, Ti 2p, and
Si 2p. Because of the traces of iron content and the outer
covering of TiSi composite, the Fe 2p peak of Fe@TiSi (1:10
and 1:15) is not observed.>® When the inner/outer feed ratio is
1:5, the peaks at 711.21 and 724.9 eV can be assigned to the Fe
2p3/2 and Fe 2p1/2 of y-Fe,0,.

As shown in Figure 7c, the peaks at 458 and 464 eV belong
to the Ti 2p3/2 and Ti 2p1/2 of TiO,. In addition, the peaks
are stronger with an increase in the feed ratio, which result in a
greater titanjum content in the composite fibers. The Si 2p
spectrum of the photoelectron peak at 102 eV is shown in
Figure 7d. The Si 2p peak became stronger by increasing inner/
outer feed ratio.
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Figure 6. FTIR spectra of the magnetic Fe@TiSi core—shell nanofibers with different inner/outer feed ratios (a) before and (b) after sintering.
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3.2. UV-visible Spectrum and Magnetic Properties.
The UV—vis spectra of Fe@TiSi (1:S, 1:10, and 1:15) in the
wavelength range of 200 to 800 nm are shown in Figure 8a.
From 200 to 400 nm, it can be concluded that the Fe@TiSi
nanofibers have a broader adsorption area than pure TiO,
fibers, which indicate that Fe@TiSi nanofibers show better
photodegradation efficiency. By the way, the UV—vis
absorption data is consistent with the photodegradation results.

16846

The magnetization curves of Fe@TiSi (1:5, 1:10, and 1:15)
are shown in Figure 8b. The saturated magnetization (M) of
Fe@TiSi (1:5) is 1.2 emu-g~", which is lower than that of bulk
7-Fe, 0, because the y-Fe,0; core is covered by TigeSiy;0,.>
The saturated magnetizations (M) of Fe@TiSi (1:10 and 1:15)
are 0.05 and 0.0002 emu-g ', respectively. These values are
much lower than that of prepared fibers under 1:5 feed ratio,
because the y-Fe,O; core is covered by an outer layer and the y-

dx.doi.org/10.1021/am505751z | ACS Appl. Mater. Interfaces 2014, 6, 16841—16850
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Figure 8. (a) UV—vis spectra and (b) room temperature magnet-
ization curves of Fe@TiSi nanofibers with different inner/outer feed
ratios. As shown in the inset in (b), the Fe@TiSi nanofibers can be
separated with an outside magnet.

Fe,O; content is relatively reduced. This finding is consistent
with the XPS results. As shown in Figure 8b, the magnetic
nanofibers can form a dark-brown and stable suspension in
water. Using an outer magnet, the magnetic nanofibers can be
recycled rapidly, which is important for the recycling of used
catalysts.

3.3. Photocatalytic Degradation of MB with Core—
Shell Nanofibers. Using Fe@TiSi (1:5, 1:10, and 1:15) as
catalysts, their efficiencies for the photodegradation of MB in
water under both sunlight and visible light were tested, as
shown in Figure 9. As illustrated in Figure 9a, only 5.5% of the
MB can be cleaned in the absence of any catalyst under
simulated sunlight, indicating that MB is stable and can remain
in the natural environment for a long time in the absence of any
control measures. From Figure 9a, the photodegradation
efficiency of TiySiy, 0, with 90% removal efficiency is higher
than pure TiO, with 62.9% removal efficiency, which indicates
that the photocatalytic activity of pure TiO, has been enhanced
by doping Si. This is because Si doped can effectively inhibit the
transfer of photogenerated electrons and holes from TiO, into
the lower-lying conduction band to enhance the photocatalytic

a
1.0
0.8
~
4
& 0.6
=
o
|}
041« blank
I—e—pure TiOy
0.2 | Ti0.9510.102
' |—=—1:5 catalyst
1—e—1:10 catalyst =
—<— 1:15 catalyst
0.0 T — T — — — — T
0 10 20 30 40 50 60
Irradiation time (min)
1.0 H b
0.8
0.6
g
=
9}
o
044 4 plank
—e—pure TiOp
—a—Tig ¢Sig 102
024 o 15 catalyst
—e—1:10 catalyst
—<¢—1:15 catalyst
0.0 T T T T T T T T T T T T T
0 20 0 3 40 50 60
Irradiation time (min)
Lo €
0.8
Eon)
S
=
$0.6
=]
£
@
=
0.4+
o
—
0.2+
—=a—Pure TiO|
—o—1:10 catalyst
0.0 T — T — ) — — —
0 10 50 60

20 .30, 40,
Irradiation time (min)

Figure 9. Photodegradation efficiency of MB with Fe@TiSi core—shell
nanofibers under (a) sunlight and (b) visible light. (c) TOC removal
efficiency of MB under visible light.

activity of TiO,.”*%*" However, the efficiency of the
degradation of MB with Fe@TiSi (1:S) is only 46.8%, which
is lower than that of pure TiO, and other catalysts because the
7-Fe,0; content of Fe@TiSi (1:5) is higher than that of Fe@
TiSi (1:10 and 1:15) and TigSiy;0,. It should be noted that y-
Fe,O; has no photocatalytic activity. Thus, the degradation
efficiencies of Fe@TiSi (1:5, 1:10, and 1:15) are lower than
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Figure 10. Mechanism for the photocatalytic degradation of MB on the Fe@TiSi core—shell nanofibers.

that of Tiy4Siy;0,. In the paper, Fe@TiSi (1:10) and Fe@TiSi
(1:15) removed 86.8% and 83.7% of the MB under the same
conditions after 60 min, respectively. The degradation
efficiency of Fe@TiSi (1:10 and 1:15) is much higher than
pure TiO,, which also is due to doping Si. The doping Si can
extend the visible absorption, depress hole—electron recombi-
nation, and narrow the band gap of TiO,, as was confirmed
with the UV—vis spectra of the Fe@TiSi nanofibers (Figure
7a). However, additional y-Fe,O; core can make fibrous
catalysts be more easily recycled from water using outside
magnets. As shown through repeated experiments using
magnetic fibers that were recycled for more than three times,
no change in the degradation rate of MB in water was observed
after recycling.

The efficiencies of the fibers for the degradation of MB under
visible light are shown in Figure 9b. The variation features and
trends are similar to those found under solar light (Figure 9a).
Under excitation with visible light, the degradation efliciencies
of Fe@TiSi (1:5, 1:10, and 1:15), pure TiO,, and TiyeSiy;0,
are 46.6%, 71.1%, 73.7%, 35%, and 78.7%, respectively, which
are lower than those obtained under solar light due to the
reduced total lighting energy. Similarly, the efficiencies of Fe@
TiSi (1:10 and 1:15) for the degradation of MB are higher than
that of pure TiO, due to the coupling effect of SiO, and TiO,.

The TOC removal efficiency of MB is as shown in Figure 9c.
It can be seen that the TOC removal efficiency becomes higher
and higher with the longer irradiation time and the degradation
trend is similar to the photodegradation efhiciency, which
indicates that the MB has been photodegraded to CO, and
H,O0.

3.4. Photodegradation Mechanism. The possible
mechanism of MB photocatalysis on the Fe@TiSi core—shell
nanofibers is proposed in Figure 10. First, water, O,, and MB
are adsorbed on the surface of the Fe@TiSi core—shell
nanofibers, followed by the formation of hole—electron pairs on
the surface of Fe@TiSi nanofibers which need enough light
energy to overcome the band gap energy (Eg) between valence
band (VB) and conduction band (CB). When the light
irradiation with greater energy hit its surface and the light
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energy exceeds the band energy, the electrons excited from the
surface of the Fe@TiSi nanofibers will transfer from the valence
band into the conduction band. Then, the hole (h*) with high
activity leaving the valence band may react with H,O/OH~; the

hydroxyl radicals formed also have strong oxidizing activity.”"*
h" + H,0 — eOH + H* (1)
k" + OH™ — eOH (2)

e~ leaved in conduction band may react with O, absorbed on
the surface of the Fe@TiSi nanofibers.

0, + ¢ — o0~ (3)
¢0’” + 2H,0 — ¢OOH + 20H" (4)
¢OOH + H,0 + e — — H,0, + OH~ (5)
H,0, + ¢ — eOH + OH™ (6)
H,0, + hv —» 2 e OH (7)

In addition, these ®OH, #0*~, and ¢ OOH further react with
MB to generate water and CO,.

The superior photocatalytic activity of the Fe@TiSi core—
shell nanofibers is mainly due to the following. First, doping Si
can effectively inhibit the combination of photogenerated
electron—hole pairs, generate a greater number of electrons and
holes, and accelerate the process of the photocatalytic reaction
to enhance the photocatalytic activity of TiO,.”***" Second,
the high surface area, small particle size, and anatase crystal are
beneficial to increasing the degradation efficiency.”*® In
addition, the Fe@TiSi nanofibers have a broader adsorption
area than pure TiO, fibers, which is beneficial to photo-
degradation efficiency, as was confirmed by the UV—vis spectra
of the Fe@TiSi nanofibers.*’

4. CONCLUSIONS

In this manuscript, magnetic Fe@TiSi core—shell nanofibers
were prepared successfully by sol—gel chemistry combined with

dx.doi.org/10.1021/am505751z | ACS Appl. Mater. Interfaces 2014, 6, 16841—16850



ACS Applied Materials & Interfaces

Research Article

coaxial-electrospinning and were used to clean dyeing waste-
waters. Under both solar light and visible light, the efliciencies
of the magnetic Fe@TiSi core—shell nanofibers for the
degradation of MB were higher than that of pure TiO,.
Magnetic Fe@TiSi nanofibers with an inner/outer feed ratio of
1:10 exhibited the highest photodegradation efficiency of MB in
water. The core—shell structured magnetic Fe@TiSi nanofibers
exhibited efficient photocatalytic activities for the removal of
MB from wastewater and other attractive features: (1) high
efficiency, (2) rapid response to visible light, (3) easy recycling,
and (4) no pollution and zero energy consumption for reuse
using an outer magnet.
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