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This work investigated the feasibility and efficiency of a heterogeneous photo-Fenton catalyst, Fe/Si
codoped TiO,, for the degradation of metronidazole (MNZ) under visible light irradiation. The Fe/Si
codoped TiO, was prepared via a facile and simple sol-gel solvothermal process followed by annealing
at 480 °C for 4 hours. High resolution transmission electron microscopy (HRTEM) and X-ray
photoelectron spectroscopy (XPS) measurements revealed that the photo-Fenton process did not
change the structure, textural and surface morphologies of this catalyst. Elemental mapping results
indicated the good dispersion of Fe and Si ions in TiO,. Nitrogen adsorption and desorption
measurements indicated that Si doping increased the surface area of the catalysts. The Fe and Si doping
narrowed the band gap of TiO,. They also facilitated the transfer of photo-generated electrons from
TiO, to Fe(m). Under visible light irradiation and the optimum operating conditions, MNZ could be
completely degraded in 50 min by this catalyst within a wide pH range. Hydroxyl radicals and holes were
verified to be responsible for degrading MNZ. The leaching of iron ions was less than 0.047 ppm even
after illuminating the catalyst for 6 hours, indicating the good stability of the Fe/Si codoped TiO,. The as-
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1. Introduction

Pollution of water by antibiotics is becoming a serious social
problem because of the illegal discharge of antibiotics from
factories into lakes, rivers, and seas without any pretreatment.
The large-scale production and use of antibiotics poses a daily
threat to human health."* There is an urgent need to reduce the
pollution of aquatic environments by antibiotics to an accept-
able level by a green, fast and sustainable technique. Over the
past decades, several traditional methods have been used to
treat wastewater, such as coagulation-flotation, ultrasound
degradation, membrane bioreactors and enriched-adsorp-
tion.>”® However, most of these processes are confronted with
the difficulty of low degradation rate, high energy consumption
and potential secondary pollution.®’
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a new insight into the preparation of photocatalysts and have wide applications for antibiotics removal.

Advanced oxidation processes (AOPs) refer to a range of
techniques which can generate oxidants with the assistance of
catalysts, strong oxidants, light or thermal input. They are
powerful methods for degrading antibiotics because of their
strong oxidation abilities. The Fenton process has been regar-
ded as one of the most efficient routes for degrading a wide
variety of organic compounds at ambient temperature.® This
process involves the reaction between H,O, and ferrous salts in
acidic aqueous solution leading to the production of hydroxyl
radicals (-OH).° The reagents used in the Fenton process are
cheap, relatively safe to handle and easy to store.'* However,
there are some disadvantages of the homogeneous Fenton
reaction such as the limited pH range (acidic pH) and the
difficulty of regeneration of the catalyst. A high concentration of
anions and large amounts of ferrous iron sludge are formed
during the Fenton process. Furthermore, ferrous ions must be
added into the reaction medium continuously to sustain the
reaction.'

To conquer the limitation of the Fenton process and improve
the pollutant degradation efficiency, light irradiation was
introduced into the Fenton system to form the so-called photo-
Fenton process. During the photo-Fenton process, only small
amounts of H,O, and iron salt are required.’> However, more
-OH is produced than by the standard Fenton process or non-
Fenton photo-driven processes,”> which accelerates the

This journal is © The Royal Society of Chemistry 2018
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degradation rates of a variety of pollutants. The limitation of the
ordinary photo-Fenton reaction systems is that their optimal
performance is still achieved at pH 3.0 because this pH is
beneficial for the formation of more soluble and photoactive
hydroxyl-Fe**.1* In most cases, UV instead of sunlight is used,
which also increases the cost. Therefore, some developments
must be made to overcome these shortcomings.

Heterogeneous photocatalysts would be good candidates to
harvest light and trigger the Fenton reaction within wider pH
ranges.” Numerous heterogeneous photocatalysts including
copper nanoparticles,'® Fe,03;, CdS"" and graphene oxide*
have been developed and used but TiO,-based materials are the
most well-known among these prospective photocatalytic
materials because they are cheap, stable, efficient and noncor-
rosive. However, TiO, without doping can only be irradiated by
UV light because of its wide its energy gap (~3.2 eV). This causes
the inefficient exploitation of solar light and has impeded its
commercialization and wide use, because UV light is only
a small part (5%) of the Sun's energy. Furthermore, the elec-
trons and holes (e7/h") separated during the light irradiation
process tend to recombine easily in TiO,.** Therefore, it is
highly desirable to improve the visible light utilization capacity
and photocatalytic efficiency of TiO,.

Doping is a very effective means to break through the UV
limitation and improve the photocatalytic efficiency of TiO,.**
When suitable transition metals or nonmetal elements are
doped in TiO,, the band gap energy of TiO, is decreased and the
absorption of photons is red shifted. Meanwhile, the recombi-
nation of electrons and holes is inhibited because of the effec-
tive separation of the charge carriers caused by the
incorporation of the dopant into the TiO, crystal lattice.**
Iron-doping would be a good choice for the preparation of
photo-Fenton catalysts.> Firstly, iron plays an important role in
the Fenton reaction and is environmentally benign. Secondly,
the radius of Fe*" (~0.654 A) is similar to Ti*" (~0.604 A).””
Therefore, Fe ions can be incorporated into the crystal lattice of
TiO, easily. Furthermore, the separation of photo-generated e/
h" pairs is favored and the e /h" pair recombination rate is
reduced because Fe*" ions can act as e /h™ pair traps due to the
close energy levels of Fe**/Fe*" and Ti**/Ti*".?® However, Fe
doping has been criticized for causing thermal instability. In
addition, expensive procedures (e.g. ion implantation) are
needed for doping Fe into TiO,.* Multi-element co-doping
would be an effective alternative to improve the stability of
the catalysts and reduce the preparation cost. Both experi-
mental results*>** and theoretical calculations®* have indicated
that the photocatalytic properties and stability of TiO, were
improved when it was codoped with transition metal and
nonmetal elements. Silicon, which is widely used in semi-
conductor manufacture, was reported to cause some aberrance
in the crystalline structure of anatase TiO, to decrease electron/
hole recombination.®® Furthermore, silicon doping was re-
ported to increase the surface area and thermal stability of
Ti0,.>**** Si-doped TiO, has been reported to be a good pho-
tocatalyst for decomposing acetaldehyde under visible-light
irradiation.* Several recent studies have reported that multi-
element codoping into TiO, could extend the optical
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absorption edge and improve the visible-light photocatalytic
efficiency of TiO,.>**>** Table S17 lists the previous applications
of modified/doped TiO, for pollutant degradation by a photo-
Fenton process. However, to the best of our knowledge, few
works have studied the preparation and application of Fe/Si
codoped TiO, for the degradation of antibiotics and its prop-
erties before and after photocatalytic testing.

In the present work, we report the preparation of an Fe/Si
codoped TiO, by a simple solvothermal method. UV-vis spec-
troscopy, X-ray diffraction (XRD), the Brunauer, Emmett and
Teller (BET) method, high-resolution transmission electron
microscopy (HRTEM), elemental mapping and X-ray photo-
electron spectroscopy (XPS) techniques were used to study the
properties of the Fe/Si codoped TiO,. The performance of the
Fe/Si codoped TiO, composites was investigated by degrading
metronidazole (MNZ), an antibiotic, under different experi-
mental variables such as H,0, concentration, pH value and the
loaded amount of the photocatalysts. Trapping experiments of
the reactive species were conducted to explore the active species
responsible for the degradation of MNZ.

2. Experimental

2.1. Chemicals and apparatus

Analytical grade chemicals were used in this work without
further purification. Titanium butoxide (TBOT, Ti(OBu),,
98.0%), tetraethyl orthosilicate (TEOS, containing =28.4 wt%
Si0,), FeCl;-6H,0 (99.0%), ethanol (99.7%), hydrogen peroxide
(H,0,, 30.0%), and metronidazole (MNZ, 99.0%) were all
purchased from Aladdin. All the aqueous solutions were
prepared by using deionized water (R = 18.6 MQ) as the solvent.
The optical absorption spectra of TiO,, Fe doped TiO,, and
Fe/Si codoped TiO, were obtained by using a Cary 5000 UV/VIS/
NIR spectrophotometer (Varian, USA). The crystal structures of
the photocatalysts in the 26 range of 10-80° were obtained by
using a D8 Advance Polycrystalline X-ray diffractometer (XRD,
AXS, BRUKER) with a scan rate of 0.1° min~'. The Brunauer-
Emmett-Teller (BET) surface areas of the photocatalysts were
measured on an N, ad/desorptometer by an Autosorb IQ3
(Quantachrome Instruments, USA). Field emission trans-
mission electron microscopy (FETEM) images and diffraction
patterns of Fe/Si codoped TiO, were obtained on a Tecnai G2
F30 S-TWIN (FEI, USA) electron microscope by applying 200 keV
accelerating voltage. The binding energy and the valence state
of iron and silicon of the samples were analyzed by using an
ESCALAB 250Xi X-ray Photoelectron Spectroscopy (XPS) instru-
ment (Thermo Scientific, USA) with Al Ko X-ray radiation. Mass
spectrometry was performed on a maXis Ultrahigh Resolution
Time-of-flight Mass Spectrometer (Bruker Dalton, Germany).

2.2. Synthesis of Fe/Si codoped TiO,, Fe doped TiO,, and
TiO,

Fe/Si codoped TiO, nanoparticles, Fe doped TiO, and TiO, were
prepared via the procedures described in Scheme 1. A typical
sol-gel solvothermal procedure for the preparation of Fe/Si
codoped TiO, was as follows (Part A, Scheme 1). Firstly, 4.7 g
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Scheme 1 Schematic route for synthesizing Fe/Si codoped TiO,, Fe doped TiO, and TiO, ((A) Fe/Si codoped TiO,, (B) Fe doped TiO, and (C)

TiO,).

of FeCl;-6H,0 was dissolved in 18 mL of ethanol to form the
solution A. Secondly, 20.43 mL of TBOT, 6.69 mL of TEOS and
5 mL of ethanol were mixed together and sonicated for 10 min
to form a clear and homogeneous solution B. Solution A was
added dropwise into solution B under vigorous stirring until the
molar ratio of Fe/Ti increased to 0.28, and Fe/Si increased to 6.0.
Then 18.5 mL of water was added slowly into the mixture to
allow sufficient hydrolysis and reaction. The suspension was
transferred into an autoclave and heated at 80 °C for 12 h by
a solvothermal process. The resulting products were rinsed
using ethanol and deionized water, successively, until no C1~
was found in the rinsing water. The products were finally cal-
cinated at a heating rate of 1 °C min~ " and kept at 480 °C for 4 h.
This process was used to improve the crystallinity of the pho-
tocatalysts and remove some impurities.>**’

For the preparation of Fe doped TiO,, solution A and B were
prepared and used as above except that no TEOS was present in
solution B (Part B, Scheme 1). For TiO,, only TBOT was used.
TEOS or FeCl; solutions were replaced by ethanol with the same
volume (Part C, Scheme 1). The two samples were designated as
Fe doped TiO, and TiO,.

2.3. Photodegradation measurement

An aqueous solution containing MNZ was used to evaluate the
photocatalytic activity of the Fe/Si codoped TiO,, Fe doped TiO,,
Si doped TiO,, TiO, and H,0, itself. The photocatalytic reactor
consisted of a glass beaker and a magnetic stirrer. The reaction
temperature was kept at 25 °C by using a condensated water

40024 | RSC Adv., 2018, 8, 40022-40034

circulating device. A xenon lamp (220 W) with a 400 nm long-
pass filter was used to provide visible light. For a typical
procedure, 0.3 g catalysts and 0.3 mL H,0, (10 M) were
dispersed in 300 mL of 6 ppm MNZ aqueous solution in
a 400 mL glass beaker and magnetically stirred. At a given
interval (10 min) during the photodegradation process, 10 mL
of the suspension was taken out and centrifuged for 10 min at
5000 rpm to remove the remaining particles. The UV-vis spectra
of the supernatants were recorded and the maximum absor-
bance at A = 320 nm was used for the quantification of MNZ in
the solution.

After the photodegradation process, the mixture was centri-
fuged to separate the catalysts. The separated catalysts were
reused for the next photocatalytic reaction to evaluate the
reusability of the photocatalysts.

The photocatalytic degradation products of MNZ were
identified using high performance liquid chromatography-mass
spectrometry (HPLC-MS) fitted with a maXis ultrahigh resolu-
tion time-of-flight mass spectrometer. A Waters ACQUITY BEH
C18 column (particle size 1.7 pm, 2.1 x 50 mm) was used for the
separation of the products at 30 °C with the mobile phase A (1%
formic acid) and mobile phase B (methanol). Firstly, 97% of
mobile phase A was passed through the column at a flow rate of
0.3 mL min~' in 1.2 min. Then, the mobile phase A was
decreased gradually to 30% within 2.4 min and was kept for
0.6 min. The mass spectrometry fragments were identified by
electrospray ionization in positive ion mode (ESI+). The opera-
tional conditions were as follows: capillary voltage: 3.0 kV;

This journal is © The Royal Society of Chemistry 2018
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desolvation temperature: 350 °C. The intermediates were
analyzed in triplicate.

3. Results and discussions

3.1. Characterization of TiO,, Fe doped TiO,, and Fe/Si
codoped TiO, catalysts

Fig. 1 shows the UV-vis diffuse reflectance spectra of TiO,, Si
doped TiO,, Fe doped TiO, and Fe/Si codoped TiO,. The
absorbance decreased sharply in the visible range for TiO,. A
slight positive shift of the absorption edge was observed for the
Si doped TiO,. However, a great improvement of the absorbance
at wavelengths of 400-800 nm was observed for both Fe doped
and Fe/Si codoped TiO,. Furthermore, red shifts of the
absorption edge were also observed. The stronger UV-vis
absorbance of Fe doped and Fe/Si codoped TiO, indicated
their high photocatalytic activity. Fig. 1B plots the relationship
between (4hv)"? vs. hw. The band gap energy (E,) values of TiO,,
Si doped TiO,, Fe doped TiO, and Fe/Si codoped TiO, were
estimated to be 3.01 eV, 2.92 eV, 1.64 eV, and 1.31 eV, respec-
tively, by using the Kubelka-Munk reflection plots (Fig. 1B).
This indicated that Fe and Si doping narrowed the band gap of
TiO,. The smaller band gap energy means a broader spectral
response range. This would contribute to the enhanced photo-
catalytic activity of the doped TiO,. The following factors may
have contributed to the differences in band gap. Ti 3d and O 2p
made up the conduction band (CB) and valence band (VB) of
TiO,, respectively. For the doped TiO,, Fe acted as a cationic
dopant to replace Ti, and Si acted as an anionic dopant to
replace lattice oxygen. These replacements would raise the
potentials of the CB and VB and narrow the band gap of TiO,.**
The absorption enhancements of Fe/Si codoped TiO, in the
wavelength region of 500-800 nm indicated that the doping of
Fe and Si into TiO, promoted the utilization of solar light, which
would improve the degradation efficiency of MNZ under visible
light irradiation. These results are in accordance with the
photocatalytic activity of the different catalysts, which will be
shown later.

At the point of zero charge, the VB and CB position of the Fe/
Si codoped TiO, can be calculated by the following empirical
formula:*®
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EVB = X— E‘e + OSEg (1)
ECB == EVB - Eg (2)

where Eyg and Ecg are the VB and CB edge potential, X is the
absolute electronegativity of the material, which is calculated
from the geometric mean of the absolute electronegativity of the
constituent atoms, and E° is the free electron energy on the
hydrogen scale (about 4.5 eV). Based on the above formula, the
Eyp and Ecg of Fe/Si codoped TiO, were calculated to be 2.18 eV
and 0.87 eV, respectively.

Fig. 2 shows the XRD patterns of the solvothermally
synthesized TiO,, Fe doped TiO, and Fe/Si codoped TiO,
nanoparticles. The diffraction peaks at 26.32°, 37.91°, 48.20°,
54.82° and 62.56° were observed for all the samples. These
peaks corresponded to the 26 values of the anatase TiO,
species,* indicating the formation of the anatase phase during
the preparation process. No iron and silicon containing
compounds, rutile or brookite forms of TiO, were detected for
the three samples, indicating that the doping of TiO, with Fe
and Si did not change the crystal structure of TiO,. Fe*" has
a similar ionic radius to Ti**, so it can occupy some of the
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Fig.2 XRD patterns of pure TiO, (A), Fe doped TiO, (B), Fe/Si codoped
TiO, (C), and Fe/Si codoped TiO, before calcination process (D).
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Fig.1 (a) UV-vis spectra of pure anatase TiO,, Si doped TiO,, Fe doped TiO, and Fe/Si codoped TiO, samples; (b) plot of (Ahv)Y2 versus energy hy
for the band gap energy of pure anatase TiO,, Si doped TiO,, Fe doped TiO, and Fe/Si codoped TiO, samples.
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titanium lattice sites or be inserted on the surface structures of
TiO, to form an iron-titanium solid solution without changing
the phase of TiO,. The mean grain size of the Fe/Si doped TiO,
was estimated to be 12 nm as calculated by Scherrer's method.
For comparison, the XRD pattern of Fe/Si codoped TiO, without
a calcination process is also displayed in Fig. 2. It indicates that
the calcination process improved the crystallinity of the
photocatalysts.

Fig. 3 shows the N, adsorption/desorption isotherms of TiO,,
Si doped TiO,, Fe doped TiO, and Fe/Si codoped TiO,. The BET
surface areas of TiO,, Fe doped TiO,, Si doped TiO,, and Fe/Si
codoped TiO, were 54.134, 72.900, 330.998, and 296.069 m>
g~ ', respectively. This indicated that silicon doping could
increase the surface area of TiO,. When Fe was doped, the
surface area of the sample decreased slightly. This may be due
to the presence of some Fe,O; on the surface of TiO,. However,
the surface area of the Fe/Si codoped TiO, was still much larger
than TiO, or Fe doped TiO,. A high surface area can achieve
facile adsorption/desorption equilibrium and mass diffusion of
reactants and products and thus enhance the activity and
stability of the Fe/Si codoped TiO, in photocatalytic
applications.

FETEM and selected area electron diffraction (SAED) were
used to examine the morphology and characterize the forma-
tion of the junction between TiO,, Fe and Si in Fe/Si codoped
TiO,. Fig. 4a illustrates typical FETEM images of the Fe/Si
codoped TiO,. Most of the particles were spherical and the
grain size was approximately 12 nm, which was consistent with
that obtained from XRD measurements. The interplanar
spacing obtained from the particle lattice fringes of Fe/Si
codoped TiO, are 0.233 nm, 0.279 nm and 0.368 nm (Fig. 4b),
which match well with the planes of the face-centered cubic
(FCC) anatase TiO, (112), SiO, (062) and Fe,O; hematite (012),
respectively. The polycrystalline nature of the Fe/Si codoped
TiO, was also verified by the SAED pattern, which is displayed in
the inset of Fig. 4b. The Fe/Si codoping presumably suppressed
the recombination of electrons and holes, and the SAED pattern

—Ti0,
——Si-TiO,
——Fe-TiOy
—— Fe-Si-TiO,

300 P

200
Si-Ti0y

100

Volume adsorbed (cm’/g)

TiO,

0 A A A A

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P))

Fig. 3 N, adsorption—desorption isotherm of TiO,, Fe doped TiO,, Si
doped TiO, and Fe/Si codoped TiO,.
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indicated that TiO, was still in its anatase crystal phase. The
corresponding element mapping analysis of Fe/Si codoped TiO,
is displayed in Fig. 4c. It indicated that iron, silicon, titanium
and oxygen are evenly distributed in the sample.

XPS was used to understand the surface composition and
bonding environment of the prepared Fe/Si codoped TiO,.
Fig. 5a shows the XPS survey spectra of Fe/Si codoped TiO,. It
contains titanium, iron, silicon and oxygen components. The
chemical states of the Ti and Fe species in Fe/Si codoped TiO,
and reference TiO, and Fe,O; were also examined by XPS. For
TiO,, the Ti 2p3,, and Ti 2p,,, peaks were located at 458.94 eV
and 464.64 eV, respectively. This indicated the presence of Ti**
in the TiO, lattices™ (Fig. 5b). An approximately 0.36 eV positive
shift was observed for the binding energy of Ti 2p;/, in the Fe/Si
codoped TiO, sample compared to pure TiO,.** This indicated
the doping of Si and the formation of the Si-O-Ti bond. Because
the electronegativity of Si is bigger than that of Ti, the dopant Si
presumably attracted electrons and thus decreased the electron
density around Ti atoms. Hence, the binding energy of Ti shifts
positively. Fig. 5¢ shows the high resolution XPS spectra of the
Fe species. The two peaks at 711.22 eV and 724.78 eV corre-
spond to Fe 2p;/, and Fe 2py,, of Fe** oxide. A shake up satellite
was observed at 719.6 eV. These characteristics were quite
similar to the reference Fe,O;. In order to well characterize the
doped iron species, the Ti 2p, Fe 2p, Si 2p and O 1s spectra for
Fe/Si codoped TiO, were fitted into multiple peaks, which have
been labeled on the spectra. For the Fe 2p spectra, all of them
were assigned to Fe(m) species. This further supported that Fe
existed in the Fe*' ionic state.® Compared to the binding
energies of Fe 2p3/, and Fe 2p,, in pure Fe,03 (710.9 eV for 2p;,
and 724.6 eV for 2p, ), slight positive shifts were observed in
the Fe/Si codoped TiO,. This implies a change in the chemical
bonding of Fe in the Fe/Si codoped TiO,. Electrons were
presumably transferred from Fe®* in the TiO, lattice to Ti**
species, making Fe** more positive and thus increasing the
binding energy.** These positively charged Fe*" could trap some
of the electrons to reduce the recombination rate between
electron and hole pairs and thus increased the photo-
degradation efficiency. Fig. 5d shows the Si 2p XPS spectrum.
The binding energy of Si 2p for Fe/Si codoped TiO, appeared at
103.31 eV, which is lower than that of pure SiO, (103.4 eV).*® In
other words, in contrast to the Ti and Fe binding energies, the
binding energy of Si 2p decreased in the co-doped TiO,. This
implies that the effective positive charge around Si atoms
decreased. Because the electronegativity of Si is higher than that
of Ti, Si was negatively charged in the Fe/Si codoped TiO,. This
caused the decrease of the Si binding energy. This result also
indicated the interactions between silicon species and the TiO,
lattice, and the successful formation of Si-O-Ti bonds. Fig. 5e
shows the XPS spectra of O 1s of Fe/Si codoped TiO,. The peak at
530.2 eV is the crystal lattice of TiO, and Fe,0;.*® The peak
located at 532.96 eV could be assigned to Si-O. These results
were in accordance with the previous reported XPS results of Si-
doped species.”

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 FETEM images of Fe/Si codoped TiO, with low magnification (a) and high magnification (b). Inset of (b) is the selected area electron
diffraction of the Fe/Si codoped TiO,. (c) Element mapping images of Fe/Si codoped TiO,.

3.2. Photodegradation study of MNZ by different materials
and processes

The photo-Fenton process has been reported to have an
improved effect on pollutant degradation in comparison to the
conventional ~ Fenton and non-Fenton  photo-driven
processes.’®*** A series of experiments for the degradation of
MNZ were performed and compared. Fig. 6A compares the
degradation efficiency of TiO,, Fe doped TiO, and Fe/Si codoped
TiO, against MNZ under different conditions. The results allowed
us to conclude that photo-driven or Fenton treatment alone
yielded low-level degradation efficiency while the photo-Fenton
process is much more effective. Only ca. 1% MNZ was
degraded after 50 min by TiO,, Fe doped TiO, and Fe/Si codoped
TiO, in the presence of H,0, but without light illumination,
indicating that only a small quantity of - OH was produced by the

This journal is © The Royal Society of Chemistry 2018

Fenton process in the absence of light at pH 7.0. This quantity of
-OH radicals generated had only a low ability to oxidize MNZ. The
degradation efficiency was improved in the presence of light.
This may be due to the formation of -OH by photo-illumination.
However, for TiO,, the degradation efficiency was almost the
same even in the photo-Fenton process. This implies that no
Fenton reaction occurred when using TiO, as the catalyst.
Furthermore, the TiO,-catalyzed system has the lowest degrada-
tion efficiency in comparison with the other two catalysts, Fe
doped TiO, and Fe/Si codoped TiO,. This supported the high
energy efficiency of Fe doped TiO, and Fe/Si codoped TiO, in
utilizing visible light. For Fe doped TiO, and Fe/Si codoped TiO,
in the photo-driven and photo-Fenton processes, both of them
had their highest degradation efficiency when the photo-Fenton
process was applied but the lowest degradation efficiency when

RSC Adv., 2018, 8, 40022-40034 | 40027
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the Fenton process was utilized. Furthermore, the degradation
efficiency achieved by the photo-Fenton process was higher than
the sum of the efficiencies achieved with the photo-driven and
Fenton processes. This demonstrated a synergetic effect of the
photo-Fenton process for the degradation of MNZ. Fig. 6B and C
show the kinetic plots of different photo-Fenton systems,
including Fe doped TiO, (curve a), Fe/Si codoped TiO, (curve b),
TiO, (curve d), Si doped TiO, (curve e), Fe** (curve f) with H,0,
and H,0, itself (curve c) under light illumination. Their degra-
dation efficiencies are also listed in Table S2.1 All the results
indicated that the Fe/Si codoped TiO, shows the highest effi-
ciency for MNZ degradation by the photo-Fenton process. Si and
Fe codoping narrowed the band gap of TiO,, enhanced the
optical absorption of visible and UV-light and improved the
utilization efficiency of light. When Ti*" was substituted by Fe*",
oxygen vacancies presumably appeared in the Fe/Si codoped
TiO,. These oxygen vacancies can trap electron carriers and
effectively reduce the h'/e” pair recombination. Consequently,
these photo-induced holes and electrons presumably transferred
through the photocatalyst surface to form active species for the
degradation of MNZ. The superior performance of the photo-
Fenton process may be due to the higher concentration of
-OH, owing to the generation of -OH simultaneously by photo-
driven and Fenton processes. We also tested the photocatalytic
activity of Fe/Si codoped TiO, without calcination in decompos-
ing MNZ under visible light irradiation. The degradation effi-
ciency was only 30%. This verified that the calcination treatment
improved the crystallinity and photoactivity of the catalyst.

40028 | RSC Adv., 2018, 8, 40022-40034

A series of experiments were performed to optimize the
conditions for the best degradation efficiency of MNZ, which
included the molar ratio of Fe/Ti and Fe/Si, the concentration of
MNZ, dosage of H,0,, reaction pH, dosage of Fe/Si codoped
TiO, and degradation time. The optimization procedure can be
found in the ESL{ According to the optimization by RSM
(response surface methodology),*® the most suitable conditions
to obtain the best MNZ degradation efficiency were as follows:
the molar ratio of Fe/Ti: 0.28; the molar ratio of Fe/Si: 6.0; the
concentration of MNZ: 6 ppm; the dosage of H,0,: 10 mM; pH:
7.0; the dosage of catalysts: 0.3 g; the degradation time: 50 min.

The applicability and degradation kinetics of the photo-
Fenton process for the degradation of MNZ by Fe/Si codoped
TiO, were studied. Fig. 7a shows the degradation efficiency of
the Fe/Si codoped TiO, toward MNZ. About 93% of MNZ was
degraded in 50 min. The degradation rate could be calculated
using the following eqn (3):

G
In—f = %k
an t

(3)

where C; is the MNZ concentration at instant ¢ (min), C, is the
initial MNZ concentration and k (min~') is the pseudo-first-
order kinetic reaction rate constant. Fig. 7b shows an approxi-
mately straight line for the plot of In(C,/C,) against time.
The linear  fit equation of this line was

C S
—lnc—t = —0.049¢ 4 0.231 (R* = 0.995), indicating the pseudo-
0

first-order-kinetic reaction character of MNZ degradation by
the Fe/Si codoped TiO,."”

This journal is © The Royal Society of Chemistry 2018
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The adsorption of MNZ on the Fe/Si codoped TiO, nano-
particles in the dark was also investigated. The effect of the
adsorption of MNZ on the Fe/Si codoped TiO, was also studied.
Before light irradiation, Fe/Si codoped TiO, was mixed with
MNZ for 30 min, and then the absorbance change of MNZ was
detected. Fig. 7 indicates that little difference was observed
between the MNZ concentration changes with and without the
preadsorption process. This suggested the negligible effect of
the preadsorption process. The kinetic reaction rate constant

for the preadsorption process was 0.048 min~*, which is almost
the same as that obtained without the adsorption process. This
indicated that the MNZ degradation was achieved only by the
photo-Fenton process but not by the adsorption process itself.
Table S57 lists the degradation efficiencies of MNZ by different
procedures and catalysts. Clearly, the method demonstrated in
this work is more advantageous than some of the other reported
methods.*** The photocatalytic performances of modified/
doped TiO, reported by others have also been summarized in

100 3
a » A: degradation wtih nonpremixing b
= A normal ( ) « B: degradation wtih premixing ( )
SO . e . —linear fit of A
» B with premixing ~ linear fit of B
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\’; 60 | =
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Fig. 7

Time(min)

(a) Photocatalytic degradation of MNZ by Fe/Si codoped TiO, with and without preadsorption for 30 min under visible light irradiation; (b)

kinetic fit for the degradation of MNZ by Fe/Si codoped TiO, with and without preadsorption for 30 min.
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Table S1.1 To the best of our knowledge, the as obtained Fe/Si
codoped TiO, showed better activity than any of those under
visible light irradiation in neutral solution. It can be used within
a wide pH range and the degradation efficiency achieved was
93% within 50 min.

The active species may differ depending on the catalysts used
and the nature of the contaminants undergoing degradation.
To clarify the degradation mechanism, the influences of
different scavengers on the degradation of MNZ were studied by
using p-benzoquinone as an -O> scavenger,” potassium
nitrate as an e~ scavenger,> isopropanol and methanol as -OH
scavengers,® and potassium iodide (KI) as both an H,0, (ref.
56) and a h* scavenger.® Fig. 8a shows the results of the trap-
ping experiments. For the -O”>~ and e~ scavengers, the addition
of 600 ppm of p-benzoquinone and KNO; to 6 ppm MNZ solu-
tion showed a limited effect on the photodegradation of MNZ.
This implies that O, and electrons have little effect on the
degradation of MNZ. However, two stages can be distinguished
in Fig. 8a for the study of the influence of KNO;. In the first
10 min, NO;~ seems to delay the degradation process. For the
following 40 min, the effect disappears, with a slight increase of
the degradation efficiency. This can be explained as follows. In
the early stage, NO;~ competes with Fe(m) to consume elec-
trons. This retards the formation of Fe(u). Later on, this effect is
inhibited, probably due to the quick reaction rate between Fe(1)
and electrons. Fe(mn) can be reduced faster than NO; ™~ because it
can uptake electrons directly without a molecular rearrange-
ment like that involved in the reduction of NO; . Most of the
electrons in Fe/Si codoped TiO, are unable to recombine with
the holes because of the quick reaction between the holes and
the surface O,. Furthermore, the reaction between the electrons
and Fe(in) also retards electron-hole recombination and thus
enhances the degradation efficiency. Furthermore, the reaction
of NO;~ and electrons prolongs the lifetime of h' and conse-
quently produces more -OH. All in all, Fe(m) plays such an
important role in scavenging electrons that the scavenger
character of NO; ™~ is overshadowed.

Fig. 8a also indicates that isopropanol and methanol
inhibited MNZ degradation significantly. The photocatalytic
efficiency decreased dramatically when KI was used as the
scavenger. Less than 3% MNZ was degraded even after 50 min

View Article Online
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light irradiation in the presence of KI. This indicated that
hydroxyl radicals and holes were reactive species in the system.
When visible light was illuminated on the Fe/Si codoped TiO,,
electrons would be excited from a filled valence band to an
empty conduction band. Fe(u) would react with the electrons
resulting in the effective separation of photo-generated elec-
trons and holes and a low recombination rate. Electron holes
(h") with sufficient oxidation power in the VB, or in localized
states within the band gap, can either be directly involved in the
photocatalytic degradation reactions or, alternatively, produce
-OH by reacting with surface adsorbed hydroxyl groups and
water.””* It is well known that the reaction product of trimesic
acid with -OH is intensely fluorescent whereas the target tri-
mesic acid reactant is non-fluorescent.®* In this work, trimesic
acid was used as a probe to detect -OH. Fig. S2f shows that an
obvious fluorescence signal with the peak at 450 nm was
generated upon visible light irradiation of Fe/Si codoped TiO, in
the absence of H,0,. This means that the holes generated by the
visible light irradiation possess sufficient oxidation power to
react with surface adsorbed water and/or hydroxyl groups to
generate -OH. Fig. S2t also indicates that H,O, itself can
generate -OH under light illumination, as reported previously.®*
However, the Fe/Si codoped TiO, showed about 5 times higher
activity in generating -OH in the presence of H,0, than Fe/Si
codoped TiO, in the absence of H,0,. The obvious difference
in generating -OH of Fe/Si codoped TiO, in the presence and
absence of H,0, could explain the degradation efficiencies of
MNZ under different conditions. In the absence of H,0,, MNZ
was degraded by -OH produced from h*. Only ca. 21% MNZ was
degraded. Interestingly, the degradation efficiency of MNZ
increased to about 93% in the presence of H,0, as shown in
Fig. 6. Therefore, -OH radicals produced from the Fenton
process play the most important role for MNZ degradation. The
well-known Fenton's reaction contributed to the production of
large amounts of -OH through the reaction of Fe(u) and H,O,.

Hydrogen peroxide is a vital component for degrading MNZ
in the photo-Fenton systems. The effect of initial H,O,
concentration on MNZ removal has been examined and opti-
mized (Fig. 8b). When the concentration of H,0, was 1.65 mM,
67.85% degradation efficiency for MNZ was achieved. The
degradation efficiency increased to 90.4% when the H,O,
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(a) Parallel experiments with various active-species scavengers (from left to right: Kl, isopropanol, methanol, KNOz, p-benzoquinone and

without scavengers) for the photodegradation of MNZ by the Fe/Si codoped TiO, under visible light for different times. (b) The effects of H,O,
concentration on the photo-Fenton degradation efficiency of MNZ by the Fe/Si codoped TiO,.
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concentration increased to 3.3 mM. The degradation efficien-
cies obtained at 3.3 and 13.0 mM H,O, were almost the same.
This may be due to the competitive reaction between H,0, and
MNZ for consuming -OH®* when a large amount of H,0, was
used.

UV-vis spectra were used to test the MNZ removal by the
proposed procedure (Fig. S31). The characteristic absorption of
MNZ around 320 nm gradually decreased with the increasing of
the reaction time. At the same time, an increase of absorbance
below 240 nm was observed. This may be due to the formation
of an intermediate during the photo-Fenton process. To have
a good understanding of the MNZ degradation pathway in the
Fe/Si codoped TiO, catalyzed photo-Fenton process, the HPLC-
MS spectra were used to identify the by-products of MNZ
degradation and the results are shown in Fig. 9.

On the basis of the radical scavenging results and the anal-
ysis of the reaction intermediates by HPLC-MS, Scheme 2
illustrates the reaction process proposed for MNZ degradation
and mineralization by Fe/Si codoped TiO, photo-Fenton
systems. The characteristic peak of MNZ (m/z = 171) dis-
appeared after undergoing the degradation process for 50 min,
indicating that MNZ was decomposed into various intermedi-
ates or partially mineralized. Two stable intermediates with m/z
values 149 and 116 were observed in the HPLC-MS spectra.
Scheme 2 elucidates their formation process. Firstly, compound
B was formed when -OH attacked MNZ and caused the release
of nitrogen from MNZ in the photocatalytic system. Subse-
quently, compound C was formed by removing the lateral N-
ethanol group from compound B. Further, the compound C was
cleaved to compound D (3-carbamoyl prop-2-enoic acid, m/z
116) due to the opening of the imidazole moiety. The removal of
lateral groups (i.e.-CH=CH-) from compound D led to the
formation of compound E, which was a short-linear aliphatic
carboxylic acid. The addition of compounds E and F (2-propen-
1-ol) present in the system formed a compound with an m/z
value of 149. These results correlated well with some previously
reported work.**

In the light of these above results, a possible reaction
mechanism of the Fe/Si codoped TiO, for MNZ degradation is

View Article Online
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suggested in eqn (4) and (5) and schematically illustrated in
Scheme 3. The Fe and Si doping, light illumination, and
hydrogen peroxide are all important factors that determine the
operating efficiency. Under visible light irradiation, the Fe/Si
codoped TiO, generated electrons (e”) and holes (h"). Next,
electrons reacted with Fe(m) to generate Fe(u) (eqn (4)), the
crucial catalytic species in the Fenton reaction (eqn (3)). After
Fe(u) reacted with H,0,, Fe(u) was generated again (eqn (5)).
During the Fe(m)/Fe(u) circulation, most electrons were
consumed rather than undergoing recombination with the
holes. Therefore, a synergistic effect was achieved when the Fe/
Si codoped TiO,, light irradiation and H,0, coexisted in the
system. MNZ molecules were attacked by -OH to generate
degradation products and the products were further mineral-
ized into CO, and H,O.

Fe** + e~ — Fe** (4)

Fe?* + H,0, — Fe’* + -OH + OH™ (5)

H,0, could also react with the photogenerated electrons to
generate -OH radicals (eqn (6)).

HzOz +e” — -OH + OH™ (6)

Because of the recycling of Fe(u) during the light irradiation
and Fenton process, less ferrous ions were converted into Fe()
sludge. Previous studies also indicated that Si was forced to
enter the crystal lattice of TiO, to establish a Si-O-Ti bond
during the catalyst preparation process. This bond can facilitate
the movement of photo-generated electrons from the surface to
the doped Fe(m), which could improve the quantum yield and
increase the photocatalytic activity of the catalysts. Besides, the
Si doping increased the specific area of the catalysts. A high
surface area can achieve facile adsorption/desorption equilib-
rium and mass diffusion of reactants and products and thus
enhance the activity and stability of the photocatalytic materials
in the photocatalytic application. Furthermore, a positively
charge region was generated around the doped Si, which
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(@) HPLC-MS spectrum of MNZ, (b) and the degradation products of MNZ after the photo-Fenton treatment for 50 min.
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promoted the adsorption of hydroxyl groups to neutralize the
charge. Therefore, more holes could react with the adsorbed
hydroxyl groups to produce -OH, the most important species for
MNZ degradation. All in all, the synergistic effect of Fe and Si
codoping is the main reason for the superior efficiency of the
catalyst.
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3.3. Reusability and stability of the Fe/Si codoped TiO,

Good reusability and stability are also important issues that
should be considered for practical use besides the good catalytic
performance of the photocatalysts. Fig. 10a shows the MNZ
degradation efficiency by the Fe/Si codoped TiO, with repeated
recovery cycles. The degradation efficiency decreased slightly
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Scheme 2 Proposed MNZ degradation and mineralization pathway by Fe/Si codoped TiO».

when using the recovered Fe/Si codoped TiO,. This may be due
to the leaching of Fe*" from the Fe/Si codoped TiO,. Metal
leaching from the catalyst is an important factor to be consid-
ered when metal doped TiO, is used. Metal leaching would
decrease the photocatalytic activity of the catalyst and cause
secondary contamination to the environment. In the present
work, the concentrations of Fe in MNZ solution after being
treated by the Fe/Si codoped TiO, and Fe doped TiO, were
measured by inductively coupled plasma-atomic emission
spectrometry (ICP-AES). These concentrations could reflect the
extent of leaching of Fe from the catalyst during the photo-
Fenton reaction period. Fig. 10b compares the amounts of Fe
in the treated MNZ solutions that were irradiated by visible light

e2*+H,0,—Fe¥*+(-OH)+ OH

H,0,, e- ‘

J
Fe3*+H,0,Fe?"+0,+2H*

OH+MNZ—CO,+H,0+NO;/NO,
+smaller hydrocarbons
‘OH

H,0, -OH, h*

H,0/-0H

Scheme 3 Proposed mechanism for MNZ degradation with Fe/Si codoped TiO, under visible light irradiation.
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Fig. 10 (a) Reusability of Fe/Si codoped TiO, for degradation of MNZ.

(b) The concentrations of iron ions in MNZ solution after degradation
using Fe doped TiO, and Fe/Si codoped TiO,.

for 6 h with the Fe/Si codoped TiO, catalyst and with Fe doped
TiO, catalyst. The amount of leaching was 0.46 ppm for the Fe
doped TiO, but about 0.047 ppm for the Fe/Si codoped TiO,.
This indicates the low level leaching of Fe/Si codoped TiO,,
which makes it promising for industrial applications. The
doping of Si in the lattice of TiO, enhanced the photochemical
stability of the Fe/Si codoped TiO,.

To further confirm the stability of the Fe/Si codoped TiO,,
FETEM and XPS techniques were used to characterize the used
Fe/Si codoped TiO,, The corresponding results are shown in the
ESI (Fig. S4 and S5t). Compared with the fresh sample (Fig. 4),
the recycled one (Fig. S41) seemed to have a much better dis-
persity. This may be caused by the stirring process during the
reaction. However, the morphology (Fig. S41) and XPS pattern
(Fig. S5t) did not change significantly after the photocatalysis.
These results further supported the stability of the catalyst.

4. Conclusions

In this work, nano-sized Fe/Si codoped TiO, was prepared by
a simple solvothermal method. It was further used as an effi-
cient catalyst for degrading MNZ by the photo-Fenton process.
UV-vis, XRD, BET, FETEM and XPS results confirmed the
successful doping of Fe and Si into TiO,. The obtained catalyst
showed excellent activity throughout the course of the reaction,
which mainly arose from the doping of Fe and Si. The doped
Fe(m) reduced the band gap of TiO,, allowing it to receive
photogenerated electrons to prevent e /h* pair recombination,
and promoted MNZ degradation reactions. The doped silicon
reduced the band gap of TiO,, improved the stability and
increased the surface area of the photocatalyst. As a clean,
efficient, reusable and stable catalyst with low energy
consumption, Fe/Si codoped TiO, will have a good application
prospect in the treatment of water for antibiotic degradation.
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