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The effective visible-light-driven photocatalysis of tetracycline still remains a big challenge for scientists. In this reported work, TiO,/Fe,O5/
CNTs (carbon nanotubes) have been successfully synthesised by a fast and convenient method for the first time. A wide range of techniques,
such as X-ray diffraction, scanning electron microscopy, transmission electron microscopy, magnetic measurements and UV—vis absorption
spectroscopy were applied to characterise the obtained TiO,/Fe,O3/CNTs. Moreover, the photocatalytic properties of the TiO,/Fe,O3/CNTs in
the degradation of tetracycline have been studied. In addition, it was found that TiO,/Fe,O3/CNTs have a better reusable photocatalyst than
other traditional photocatalysts by the magnetic separation recycling method.

1. Introduction: Tetracycline (TC), a well known broad-spectrum
antibacterial agent widely used in human medicine and in the
veterinary field, is extensively found in the aquatic environment,
which poses serious threats to the ecosystem and human health
by inducing proliferation of bacterial drug resistance [1]. The
removal of TC from the environment has become an important
issue. Unfortunately, the conventional degradation processes are
often constrained by low efficiency and high cost. Recently,
micro/nanometre-scale  semiconductor materials have been
established to be one of the most promising kinds of materials for
environmental remediation [2] and to provide a good tool for the
transformation and degradation of TC [3-5].

Carbon nanotubes (CNTs) have a typical hollow layered structure
and are uni-dimensional quantum materials. Owing to their unique
characteristics such as small size, relatively large specific area, and
hollow and layered structure, CNTs have excellent electrical, mech-
anical and thermal properties [6—8], which can be used as molecular
wires, nanometre semiconductor materials, catalyst carriers, mole-
cules absorbent and the near field emission material and so on.
The magnetic core/shell materials separation method was a new
type of separation technology in the 1970s. The foundation is that
magnetic nanoparticles were coated on an inorganic carrier, then
magnetic materials could be separated rapidly with an external mag-
netic field. The convex surface of the CNTs proved to be very
helpful to transfer mass or ions and support guest compounds as
a substrate [9]. Therefore many useful materials have been coated
or attached onto CNTs by covalent linkage, physical adsorption,
chemical vapour deposition and other techniques [10-16].
Recently, magnetic nanoparticles (MNPs) of MO (where M is
Mn [17], Co [18], Ni [19] or Fe [20]) and CNTs have become a
promising research field, especially the combination of iron oxide
nanoparticles with CNTs. It has been reported that Korneva et al.
[21] have filled self-prepared CNTs with Fe;O4 nanoparticles,
and the thermolysis of ferrocene could also be used to synthesise
iron oxide-filled CNTs [22]. Among the various photocatalysts,
TiO, has been known as one of the commonest and most efficient
photocatalysts with its unique characteristics in band position, and
its surface structure. However, TiO, can utilise only the photons in
the wavelength shorter than 380 nm, which occupies no more than
4% of the solar spectrum [23]. By coating a layer of compact and
uniform TiO, particles on magnetic CNTs, the photocatalysis of
the composites is better than that of TiO, for the structure,
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properties of inorganic support and red-shift of the composites’ ab-
sorption cutoff wavelength.

Here, we report for the first time the photocatalytic degradation of
TC on TiO,/Fe,O3/CNTs under visible-light. The TiO,/Fe,03/
CNTs photocatalyst is prepared by a fast and convenient method
which has been proposed. In addition, TiO,/Fe,O3/CNTs were ana-
lysed and characterised by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM)
and magnetic measurements. Moreover, we have also studied the
properties of photoabsorption and photocatalytic degradation of
the as-prepared TiO,/Fe,03/CNTs. Therefore our study is necessary
and significant regarding TiO,/Fe,O3/CNTs from the standpoint of
practical applications.

2. Experimental

2.1. Material and methods: All the reagents were of analytical grade
and were used without further purification except the CNTs and the
water used was deionised. A typical synthesis process for the TiO,/
Fe,O3/CNTs composite photocatalyst is as follows: first, the
multi-walled CNTs were dispersed in a mixed solution of
concentrated sulphuric acid and concentrated nitric acid (3:1
volume ratio). The samples were sonicated in a typical ultrasound
bath for 3 h. The acidic mixture containing CNTs was diluted to
25% of the original concentration. Then, the oxidised CNTs were
filtered by a glass sand core filter (mixed cellulose ester, 0.45 um
pore size) with the support of a vacuum pump. The CNTs were
vigorously washed several times by deionised water during
filtration to reach neutral pH. Then, the CNTs were dried
overnight in a vacuum oven at 50°C.

0.3 g of rarefied CNTs and 2.424 g Fe(NO5);-9H,0 were stirred
for 2 h in a sealed vessel in the ethanol solution (20 ml). After stir-
ring, the solvent was evaporated to dryness at 60°C for several
hours in nitrogen atmosphere. The dried sample kept reacting
while it was exposed to propionic acid vapours (80°C for 15 h),
and had a thermal treatment in nitrogen atmosphere for 2 h at
270°C. After being washed several times by ethanol, finally the
composites were dried at 60°C under vacuum condition.

4 ml of butyl titanate and 36 ml of ethanol were stirred for 10 min
in three-flasks then mixed using an electric stirrer for 10 min. We
placed 200 mg Fe,O3/CNTs into the flask, sonicated in a typical
ultrasound bath for several minutes and stirred for 10 min.
Afterwards, 36 ml of ethanol was placed into a beaker, and
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stirred whilst adding 3 ml of deionised water and 0.2 ml of HCIL.
Then, the sample in the beaker was slowly added into the flask.
We kept stirring until the sample in the flask became gel at 40°C
and then remained cool for 2 h. After being dried at 70°C in an
air dry oven, the milled composites were incinerated in a Muffle
furnace at 500°C for 4 h. After being cooled to room temperature,
the composites were collected by centrifugation, then washed
several times with distilled water and alcohol by an external mag-
netic field, respectively. The samples were dried in the vacuum
oven at 70°C.

2.2. Characterisation and measurements: The composite of the
TiO,/Fe,O5/CNTs was observed by a scanning electron
microscope (SEM, S-4800) and a transmission electron
microscope (TEM, D8 ADVANCE of Germany Brooke AXS
Company, wavelength for 0.15406 nm). The identification of the
crystalline phase was performed using a Rigaku D/max-yB X-ray
diffractometer (XRD). Magnetic measurements were conducted
using a vibrating sample magnetometer (7300, Lakeshore). UV—
vis diffused reflectance spectra of the samples were obtained from
a UV-vis spectrophotometer (UV2550, Shimadzu, Japan).

2.3. Photocatalytic degradation of antibiotic: The photocatalytic
properties of the powders were obtained at 298 K using our
house-made instruments. The photochemical reactor contains
0.1 g TiOy/Fe;,03/CNTs and 100 ml of 20 mg/l TC aqueous
solution. To determine the initial absorbency of the samples, the
reactor was kept in darkness for 30 min to reach absorption
equilibrium. Then, the solution was irradiated by visible light and
was aerated. The photochemical reactor was irradiated with a
300 W Xenon lamp which was located at a distance of 8 cm one
side of the containing solution. The sampling analysis was
conducted at 15 min intervals. TC absorption concentration was
determined using the TU-1800 UV-vis spectrophotometer
(Shanghai AoXi Technology Instrument Co. Ltd) by recording
the variations of the absorption band maximum at A =357 nm
(TC). The degradation rate (DR) was calculated by the formula

DR = [(1 —4,/4,)] x 100%

where A, is the initial absorbency of the TC antibiotic waste water
solution which reached absorbency balance and A4; is the
absorbency of the reaction solution.

2.4. Recovery and reuse of photocatalyst: A recovery study was
conducted by using a methanol/acetic acid (95:5, v/v) solution.
After the photocatalyst and solvent contacted fully, the TiO,/
Fe,O3/CNTs were separated rapidly from the solution by a Nd—
Fe-B permanent magnet. Subsequently, the supernatant solutions
were removed and the TiO,/Fe,O3/CNTs composites were
washed by a methanol solution containing 5.0% acetic under
ultrasound. To investigate the recovery of the photocatalyst, the
TiO,/Fe,05/CNTs after photocatalytic degradation were reused in
the experiments and the process was duplicated ten times.

3. Results and discussion: The crystallographic phase purity and
elementary composition of the as-synthesised TiO,/Fe,O3/CNTs
were characterised by XRD. All the peaks displayed in the XRD
pattern can be readily indexed to TiO,/Fe,O3/CNTs which are in
good agreement with the literature values (JCPDS No. 25-1402,
33-0664, 21-1272). As shown in Fig. 1, the diffraction peak at
260=26° can be confidently indexed as the (002) reflection of the
CNTs, the other peaks in the range of 20°<26<70° correspond
to the (104), (116), (119), (206) and (4012) reflections of Fe,0;,
another peak in the range of 20°<26<70° corresponds to the
(004), (101), (105), (116), (200), (211) and (204) reflections of
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Figure 1 XRD pattern of the typically as-synthesised TiO,/Fe,O3;/CNTs
sample

TiO,. The results suggested that TiO, and Fe,O3 were introduced
into the CNTs without changing their crystal structures.

Fig. 2 shows the SEM patterns of the CNTs (Fig. 2a), Fe,05/
CNTs (Fig. 2b), TiO,/Fe,05/CNTs (Figs. 2¢ and d). As depicted
in Fig. 2a, the purified CNTs have the tendency of being bended
to aggregate, even so the smooth tube wall and porous structure
of the CNTs provide the probability of being support for functional
application. After the Fe,O3; magnetic treatment, the tube wall was
loaded with many nanoparticles as shown in Fig. 2b. From the pat-
terns in Figs. 2¢ and d, Fe,O3/CNTs were coated with a layer of
compact and uniform TiO, particles. The TiO, coating not only
restrained bend and aggregation of Fe,O3/CNTs, but also provided
photocatalysis onto the porous inorganic support.

Fig. 3 shows the TEM patterns of the CNTs (Fig. 3a), Fe,0s/
CNTs (Fig. 3b), TiO,/Fe,05/CNTs (Figs. 3¢ and d). As can be
seen from Fig. 3a, the surface of the CNTs is smooth and the
diameters are ranging from 20 to 40 nm. In Fig. 3, nanoparticles
(Fe,05 particles) with size of 10 nm on average adhered stably on
the tube surface, which could be attributed to the interaction
between carboxyl groups from propionic acid and ferrite nano-
particles. From Figs. 3c and d, magnetic CNTs were coated with
a layer of compact and uniform particles. The TiO,/Fe,O3z/CNTs
composite photocatalyst also has a tubular original as CNTs, and
its length is greater than its diameter.

Figure 2 SEM images

a CNTs

b Fe,O3/CNTs

¢ and d TiO,/Fe,O3/CNTs
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Figure 3 TEM images
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Figure 4 Magnetisation curve of the TiO»/Fe;O3;/CNTs in the presence of
an externally placed magnet

Fig. 4 illustrates the magnetic hysteresis loop of the TiO,/Fe,05/
CNTs. The general shape and trend of the curve indicated that the
TiO,/Fe,O3/CNTs were super paramagnetic. It was obvious that the
saturation magnetisation (Ms) values obtained at room temperature
were 21.17 emu/g for the TiO,/Fe,05/CNTs, which implied a
strongly magnetic response to the external magnetic field.
Furthermore, the results from Fig. 4 strongly suggested that the
remaining magnetic force in the TiO,/Fe,O3/CNTs could be effect-
ively attracted by an external magnetic field, which meant that the
TiO,/Fe,03/CNTs were feasible magnetic separation carriers.

As is well acknowledged, the light absorption extent plays a key
role in determining the photocatalytic activity of a photocatalyst.
The process of photocatalysis for a semiconductor is the direct ab-
sorption of photons by the bandgap to excite electrons from the
valence band to the conduction band in particles, and the separated
electrons and holes subsequently move to the particle surface and
react [3]. To further understand the TiO,/Fe,O3/CNTs, we have
studied the UV-vis diffused reflection spectra. As shown in
Fig. 5a, the absorption cutoff wavelength for TiO, is determined
to be about 400 nm, which means TiO, only absorbs ultraviolet
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Figure 5 UV-vis diffuse reflection absorption spectra
a TIOZ

b CNTs

¢ Fe;03/CNTs

d TIO2/F3203/CNTS

e Ti0,/Fe,03/CNTs after one cycle

f TiO,/Fe,03/CNTs after two cycles

(UV) light and transmits visible light. From Figs. 5b and c, there
is not much difference between CNTs and Fe,O3;/CNTs in the
absorption spectra. The absorption spectrum of the TiO,/Fe,O5/
CNTs presented in Fig. 54 shows a similar curve in UV light, but
the adsorption is stronger than TiO,. The absorption cutoff wave-
length appears as obvious red-shift to approximately 700 nm,
capable of utilising most of the visible light for photocatalysis.
The reason underlying this phenomenon is that there is a straining
effect existing caused by the lattice parameters difference between
TiO, and Fe,053/CNTs, the straining forced the bandgap energy of
TiO, to the red region of the spectra [24, 25].
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Figure 6 Adsorption—desorption and photocatalytic degradation on tetra-
cycline hydrochloride of two samples: TiO, and TiO,/Fe,03/CNTs

a Adsorption—desorption

b Photocatalytic degradation
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From the above discussion, the TiO,/Fe,O3/CNTs show absorp-
tion in the visible region and are effectively excited by visible light.
We demonstrated the potential application of TiO,/Fe,O3/CNTs in
the photocatalytic degradation of TC and the influences on photo-
catalysis. The degradation rate in Fig. 6 includes the adsorption
of TC in the dark and photocatalytic degradation after the equilib-
rium. Fig. 6a shows that the adsorption—desorption in the dark
can achieve equilibrium after 30 min. Fig. 65 displays the time-
dependent degradation on the TC as the pollution source by TiO,
and the TiO,/Fe,O3/CNTs under the same photocatalytic degrad-
ation condition. The TiO,/Fe,03/CNTs and TiO, photocatalytic
degradation rates are 89.41 and 47.64% in 90 min, respectively. It
was well known that reducing the electron—hole recombination
probability and increasing electron mobility are the key factors,
the CNTs can act as an acceptor of photogenerated electrons to
speed the electrons transferred from the surface of TiO, under
visible light illumination. As a result, the electron—hole recombin-
ation was retarded and the degradability efficiency was improved.

To investigate the light catalyst reusability of the TiO,/Fe,O3/
CNTs, an experiment was conducted to measure the photocatalyst
reuse and recycle. The process was repeated two times and the
results are shown in Figs. 5e and f. It was observed that at the
first time step, the degradation efficiency for the TC reached
89.41% in 90 min. After the photocatalysis, by using the
methanol/acetic acid (95:5, v/v) solution eluent under an ultrasonic
bath for 15 min, the degradation efficiencies for the TC reached
70.58 and 62.07% at the first and second time. Compared with
the first photocatalysis, the photocatalytic capacities were reduced
to 18.83 and 27.34%, respectively. It can also be seen that the
total photocatalytic capacities of the TC slightly decreased with
the increase of using times. From the UV-vis study in Figs. 5e
and f, the ability of the absorption spectrum for the TiO,/Fe,O3/
CNTs decreased with the increase of using times because of the
light corrosion.

4. Conclusion: In this Letter, a fast and convenient method for the
preparation of TiO,/Fe,O3/CNTs has been proposed. In addition,
we have studied the morphology, magnetic and photocatalytic
degradation of the as-prepared TiO,/Fe;,O3/CNTs through the
different characterisation testing technologies. The results show
that ferrite nanoparticles have been loaded onto the surface of the
CNTs, and the TiO, particles were coated on the surface of the
Fe,03/CNTs, the photocatalysis of the composites is better than
that of TiO, for the structure and properties of inorganic support.
Moreover, we have found that TiO,/Fe,O3/CNTs have better
reusable photocatalysis than other traditional photocatalysts by
the magnetic separation recycling method.
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