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Abstract Preparation of novel nanocomposite particles
(NCPs) with high visible-light-driven photocatalytic activity
and possessing recovery potential after advanced oxidation
process (AOP) is much desired. In this study, pure anatase
phase titania (TiO,) nanoparticles (NPs) as well as three types
of NCPs including nitrogen-doped titania (TiO,-N), titania-
coated magnetic silica (Fe;04 cluster@SiO,@TiO, (FST)),
and a novel magnetically recoverable TiO, nanocomposite
photocatalyst containing nitrogen element (Fe;04
cluster@SiO,@TiO,-N (FST-N)) were successfully synthe-
sized via a sol-gel process. The photocatalysts were charac-
terized by X-ray diffraction (XRD), Fourier transform infrared
(FT-IR) spectroscopy, field emission scanning electron mi-
croscopy (FE-SEM) with an energy-dispersive X-ray (EDX)
spectroscopy analysis, X-ray photoelectron spectroscopy
(XPS), UV-vis diffuse reflectance spectroscopy (DRS), and
vibrating sample magnetometer (VSM). The photocatalytic
activity of as-prepared samples was further investigated and
compared with each other by degradation of phenol, as a
model for the organic pollutants, in deionized (DI) water un-
der visible light irradiation. The TiO,-N (55+1.5 %) and FST-
N (46+1.5 %) samples exhibited efficient photocatalytic
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activity in terms of phenol degradation under visible light
irradiation, while undoped samples were almost inactive un-
der same operating conditions. Moreover, the effects of key
operational parameters, the optimum sample calcination tem-
perature, and reusability of FST-N NCPs were evaluated.
Under optimum conditions (calcination temperature of
400 °C and near-neutral reaction medium), the obtained re-
sults revealed efficient degradation of phenol for FST-N NCPs
under visible light irradiation (46+1.5 %), high yield magnetic
separation and efficient reusability of FST-N NCPs (88.88 %
of'its initial value) over 10 times reuse.

Keywords Core/shell nanocomposite particles - Titania -
Organic pollutants - Nitrogen-doping - Magnetic separation -
Visible light - Photocatalytic degradation

Introduction

Recently, a vast number of investigations have been reported
on the development of chemical and biological technologies
for the degradation of organic pollutants in aqueous matrices.
Efficient and novel methods such as advanced oxidation pro-
cesses (AOPs) have been considered as one of the most prom-
ising technologies for the treatment of a wide range of recal-
citrant materials such as organic pollutants from water and
wastewater (Parsons 2004). Among the various types of
AOPs, heterogeneous semiconductor photocatalysis using ti-
tania (TiO,) as the photocatalyst has gained a lot of attention
in the oxidation of organic and inorganic species (Calza et al.
2006). The importance of these photocatalysts is due to the
unique properties of TiO,, such as photochemical stability,
biocompatibility, non-toxicity, remarkable photocatalytic ac-
tivity, and low cost (Carp et al. 2004). Moreover, the hetero-
geneous photocatalytic reactions proceed at ambient
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conditions and lead to the complete mineralization of several
organic pollutants into harmless products such as H,O, CO,,
and inorganic mineral ions (Wang et al. 2012). However, in-
dustrial and practical applications of TiO, as photocatalysts
are faced with two major drawbacks.

The first main drawback is relatively large band gap of
TiO, that allows the absorption of only a small portion of
the solar spectrum together with its low quantum efficiency
due to fast electron-hole recombination in the structure of
TiO, nanophotocatalysts (Liu et al. 2010). In order to over-
come the shortcoming of relatively large band gap of TiO, and
shift the absorption edge from UV towards the visible spectral
region, several attempts have been employed such as enhanc-
ing the low quantum efficiency of TiO, leading to electron-
hole recombination (Kim and Choi 2010); narrowing the band
gap by doping metal ions such as Cu, Co, Ni, Cr, Mn, Mo, Nb,
V, Fe, Ru, Au, Ag, and Pt; doping with non-metals such as B,
N, C, S, F, P, and [; dye sensitization; metal-ion and non-metal
co-doped TiO,; and etc. (Carp et al. 2004). Metal dopants
have several disadvantages such as thermal instability and
possibly secondary water contamination in the case of using
toxic metals. Thus, for the application of semiconductor
photocatalysis in water reclamation and purification, the more
attractive option is non-metal dopants (Yap et al. 2011).
Among non-metal dopants, nitrogen is one of the most prom-
ising dopants, as numerous studies have shown that nitrogen-
doped TiO, manifests pronounced visible light
photoresponsiveness (Valentin et al. 2007).

The second major challenge of TiO, powders is the poor
separability of TiO, nanoparticles (NPs) from treated water.
Several techniques have been proposed in order to overcome
this problem. One of the most common ways to perform the
separation is using sedimentation of TiO, NPs after pH ad-
justment and inducing a coagulation-flocculation process.
However, after using this method, a fraction of NPs still re-
mains in the treated water and a further micro/nanofiltration
step is usually required in order to achieve a complete purifi-
cation (Fernandez-Ibafiez et al. 2003). The sedimentation
method can be enhanced by several techniques such as
immobilizing TiO, NPs over other support particles (e.g., ac-
tivated carbon, quartz, silica gel, alumina, zeolites, optical
fibers, sand, beads, glass spheres, etc.) (Dubey et al. 2008;
Li et al. 2008; Yu et al. 2009). The drawbacks of such pro-
posed techniques are drastic reductions in the photocatalytic
activity of NPs because of providing very low surface areas,
low mass transfer rate, and difficult distribution of
immobilized particles inside the photoreactor.

Among several reported methods for separating and
recycling the particles or composites from the treated water,
magnetic separation provides a convenient approach by the
means of applying an external magnetic field (Cano et al.
2012). The unique properties of magnetic NPs and nanocom-
posite particles (NCPs), such as their high surface area and
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catalyst loading, convenient catalyst recycling, considerable
dispersion, and outstanding stability, have led to increased
attention to these materials (Chi et al. 2012). In order to mag-
netically separate and recycle TiO, nanocatalysts, a variety of
TiO,/iron oxide nanocomposites have been prepared and eval-
uated (Xuan et al. 2008; Wang et al. 2009).

Preparation of a magnetic photocatalyst by coating TiO,
particles onto iron oxide have been reported by Beydoun
and coworkers (Beydoun et al. 2000, 2001, 2002; Beydoun
and Amal 2002). This technique has been shown to provide an
excellent photocatalytic activity and efficient magnetic recov-
ery (Jing et al. 2013). Most of the magnetic NCPs containing
iron oxides comprise of a core of ferrite (e.g., NiFe,Oy),
maghemite (y-Fe,O3) or magnetite (Fe;0,4) NPs, and a shell
of TiO,. Although the direct coating of TiO, on the surface of
magnetic particles could protect the sensitive and unstable
magnetic NPs, specially under acidic conditions against chem-
ical corrosion, but the direct coating may lead to a photo-
dissolution phenomenon which not only changes the proper-
ties of the magnetic oxides but also decreases the photocata-
lytic activity of TiO, (Beydoun and Amal 2002; Beydoun
et al. 2002). Due to its chemical inertia, silica (SiO,) has been
proposed to be added between the magnetic particles core and
TiO, coating to overcome the above-mentioned problems
(Wang et al. 2009). The application of an intermediate layer
barrier such as SiO, between the magnetic core and the tita-
nium dioxide shell may lead to the avoidance of the photo-
dissolution of iron, magnetic core stabilization, and the pre-
vention of the magnetic core from acting as an electron-hole
recombination center which would negatively affect the
photoactivity of TiO, NPs (Beydoun et al. 2002; Abramson
et al. 2009). The deposition of TiO, onto silica-coated iron
oxide NPs has been conducted by several techniques such as
impregnation, precipitation, and sol-gel (Ren et al. 2013).

Magnetic visible-active photocatalysts have been shown to
be promising materials for overcoming the two fundamental
drawbacks of titanium dioxide NPs that hinder TiO, applica-
tion and development in the fields of environmental pollutants
and energy sources (Wu et al. 2012). Recently, several tech-
niques have been proposed in order to induce visible light
activity and magnetic separability to TiO, NPs (Liu et al.
2014a, b; Zhang et al. 2014). In this study, in order to achieve
the purpose of simultaneously overcoming the two mentioned
drawbacks of TiO, NPs, four different photocatalysts based on
TiO,, including pure anatase phase TiO,, nitrogen-doped
TiO,, TiOj,-coated magnetic silica (Fe3zOy4
cluster@SiO,@TiO, (FST)), and a novel core/shell/shell
structure containing nitrogen element (Fe;0y4
cluster@SiO,@TiO,-N (FST-N)), were successfully fabricat-
ed by a sol-gel route followed by a calcination step. The
photocatalytic activity of the as-prepared samples was inves-
tigated and compared with each other under visible light irra-
diation. Herein, phenol was chosen as an organic pollutant
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model because of its high solubility in water and extreme
toxicity (Arana et al. 2001). It is also worth mentioning that
the magnetic separation method has shown to be a promising
catalyst regenerating method for phenol-containing wastewa-
ters (Chang and Tseng 2013). Finally, in the case of FST-N
NCPs, the effect of key operational parameters and the reus-
ability of the nanocomposites were evaluated.

Materials and methods
Materials

Silica-coated magnetite cluster (Fe;O4 cluster@SiO, (FS))
NCPs with an average size, core size, shell thickness, and
magnetization saturation of 120£10 nm, 80+15 nm, 25+
10 nm, and 17.35 emu/g, respectively, were kindly provided
by National Institute of Genetic Engineering and
Biotechnology (NIGEB) (Tehran, Iran) and used without fur-
ther treatment (Kalantari et al. 2013). Tetrabutyl titanate
(TBOT), phenol (>99.5 %), absolute grade ethanol, aqueous
ammonia solution 25 % (w/w), and nitric acid were purchased
from Merck (Germany). All chemicals used in this work were
of analytical grade and were used as received without further
purification. Deionized (DI) water (resistivity >18.0 M€) cm)
was used for all sample preparations.

Photocatalysts preparation

In this study, four different NPs based on TiO, were success-
fully fabricated via a sol-gel method followed by a calcination
step. Firstly, for preparing pure anatase phase TiO, NPs, 5 mL
of DI water was added to 10 mL absolute ethanol (solution A)
in order to perform hydrolysis. Then under magnetic stirring, a
mixture of 35 mL absolute ethanol and 10 mL TBOT (solution
B) was introduced to the solution A drop-wise. The resulting
solution was further refluxed at 85 °C for 2 h under vigorous
stirring, leading to the formation of the sol. Afterwards, the sol
was aged at room temperature for 12 h in order to obtain the
gel. The gel was washed several times with ethanol, dried at
70 °C for 3 h in an oven, and ground into a fine powder.
Finally, the resulting dry powder was calcined at 300, 400,
and 500 °C for 2 h in a furnace with the temperature being
raised at a rate of 3 °C min™'; this was followed by cooling
naturally to room temperature.

Nitrogen-doped TiO, NCPs (TiO,-N) were synthesized
using the same procedure by adding 10 mL ammonia and
2 mL nitric acid as nitrogen source to solution A.

Fabrication of magnetic NCPs also followed similar proce-
dures. In order to synthesize the core/shell/shell structure of
FST NCPs, 0.05 g of silica-coated magnetite cluster particles
was added to solution A. Then in order to achieve a well-

dispersed solution of magnetic NPs, the resulting solution
was ultrasonicated for about 30 min.

Finally, in order to induce photocatalytic activity to the as-
prepared magnetic NCPs under visible light irradiation, a nov-
el FST-N structure was fabricated by the addition of 10 mL
ammonia and 2 mL nitric acid as nitrogen source to solution A
of Fe30,4/S10,/Ti0O, synthesis procedure.

Characterization of the as-prepared samples

The NCPs were characterized for structural, morphological,
and chemical properties. The crystal structure of the as-
prepared particles were characterized using X-ray diffraction
(XRD, Shimadzu XRD-6000) with Cu Ko radiation (A=
0.15418 nm) in the 26 range of 20-80°. Fourier transform
infrared (FT-IR) spectra of the samples were collected at am-
bient conditions using KBr pellets as diluent to determine the
specific functional groups using Bruker FTIR Tensor-27 spec-
trometer. The size and morphology of samples were examined
by field emission scanning electron microscopy (FE-SEM,
Philips FEI XL30). The surface inorganic elemental composi-
tions of the prepared photocatalysts were evaluated by energy
dispersive X-ray spectroscopy (EDS, attached to FE-SEM).
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra)
studies were carried out using a spectrometer with a mono-
chromatic Al Ka excitation source (hv=1486.71 eV) to in-
vestigate the surface chemical compositions and bonding
states of the as-prepared samples and also to confirm the N
incorporation in the FST-N NCPs. All binding energies were
calibrated by referencing the C 1s core level at 248.6 eV of
surface adventitious carbon to reduce the sample charge ef-
fect. The band gap and optical properties of the samples were
recorded on UV—vis diffuse reflectance spectrophotometer
(UV—vis DRS, Avaspec-2048 TEC) with an integrating
sphere attachment and BaSO,4 was used as a reference stan-
dard. The magnetic properties of the FST-N sample were mea-
sured by a vibrating sample magnetometer (VSM, Lakeshore
7410) at room temperature.

Analysis of photocatalytic properties of the as-prepared
particles

The performance of the synthesized photocatalysts were char-
acterized by using the photocatalytic decomposition of phenol
in 600 mL of an aqueous solution containing 0.8 g of
photocatalysts and a phenol concentration of between 50
and 200 mg/L. The experimental setup for laboratory irradia-
tion experiments is schematically shown in Fig. 1. All photo-
catalytic experiments were carried out in a batch mode 2-L
cylindrical Pyrex glass photoreactor (8 cm of diameter and
40 cm of height) in which the adequate turbulency and agita-
tion were provided by an air pump and an air distributor at
ambient temperature. Unless otherwise stated, all experiments
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Fig. 1 Schematic diagram of experimental setup. (/) Air pump; (2)
visible light source; (3) Pyrex reactor; (4) sampling valve; and (5) air
distributor

were performed at inherent solution pH which was left uncon-
trolled during the reaction; the inherent solution pH was near-
neutral. Solution pH was adjusted as necessary using diluted
HCI or NaOH solutions. Prior to photocatalytic measure-
ments, the suspensions were air-bubbled in dark for 30 min
in order to establish complete adsorption/desorption equilibri-
um between the organic solution and the surface of
photocatalysts. After reaching the equilibrium state, the con-
centration of phenol in the solution was regarded as the initial
concentration. Visible light irradiation was provided by a 15-
W florescent lamp with an emission maximum at A=660 nm,
located in the center of the photoreactor. Once the light was
switched on, at given irradiation time intervals (every 2 h),
5 mL of the sample was collected and centrifuged at
8000 rpm for 30 min in the dark to separate particles prior to
absorbance measurements. The residual concentration of phe-
nol was monitored by observing the change in the absorbance
at the maximum absorption wavelength of 500 nm using a
UV-vis spectrophotometer (Specord S100, Analytik Jena
GmbH, Germany), and then the concentration was calculated
from a calibration curve. All runs were performed in three
replicates and mean values, with standard deviations below
5 %, were quoted as results.

Recycling of FST-N NCPs

In order to investigate the reusability of FST-N NCPs under
visible light irradiation, the used magnetic photocatalysts were
separated with a permanent magnet, washed with ethanol for
five times, dried in vacuum at 50 °C for 24 h, and then used in
10 cycles in the same reaction system.
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Results and discussion
Characteristics of samples
Crystal structural characterization

Successful coating of silica-coated magnetite cluster using
TiO, and crystalline structures of the as-prepared particles
was studied using XRD analysis. Figure 2a shows the XRD
patterns of TiO, NPs before and after calcination treatment at
various temperatures. As seen, no diffraction peaks corre-
sponding to anatase, rutile, brookite phase, or their mixtures
are distinguished in diffractogram of untreated TiO, because
of its amorphous structure. However, after calcination, the
anatase peaks appeared (JCPDS File No. 21-1272), indicating
that upon calcination crystallites of anatase are mainly formed
from the amorphous TiO, NPs. The diffraction peaks became
sharper with calcination temperature increasing from 300 to
400 °C, leading to crystallinity enhancement of the NPs.
When the samples were calcined at 500 °C, the peak intensi-
ties of anatase decreased, and a small peak at 260=27.4 corre-
sponding to the (1 1 0) plane diffraction of rutile TiO, (JCPDS
File No. 21-1276) was found. This result indicated that a frac-
tion of anatase phases was transformed into rutile phases. The
percentage of anatase phase is calculated using the equation
A(%)=100/ {1+1.265(Ir/I5)} Where Iy is the intensity of the
reflection (1 1 0) of the rutile phase and /4 is the intensity of
the anatase peak (1 0 1) signal (Demir et al. 2015). According
to the XRD patterns, after increasing the calcination tempera-
ture from 400 to 500 °C, almost 8 % of the pure anatase phase
was transformed into the rutile phase. While a few studies
have examined the photocatalytic activity of brookite
(JCPDS File no. 29-1360) TiO, (Paola et al. 2008), anatase
phase is proved to have higher photocatalytic activity than
amorphous and rutile TiO, (Li et al. 2005). Upon illumination,
the movement of electrons in rutile phase is much slower than
the anatase which provides more chances for electron/hole
pair recombination and may lead to lower photocatalytic ac-
tivity of NCPs (Hurum et al. 2005). Furthermore, according to
the literature, iron oxide-containing NCPs may rapidly trans-
form to antiferromagnetic «-Fe,O3 and lose their magnetic
response during heat treatment process above 400 °C (Liu
et al. 2011). Therefore, to avoid any adverse effect on the
photocatalytic and magnetic properties of the as-synthesized
NCPs, subsequent preparation experiments were conducted
with a 400 °C calcination temperature. However, for further
verification of the above hypothesis, the photocatalytic degra-
dation performance of FST-N NCPs calcined at various tem-
peratures was subsequently investigated and compared.
Figure 2b demonstrates the multi-component diffractograms
of calcined magnetic silica (Fe;O4 cluster@silica), FST NCPs
before and after calcination treatment, and also the calcined
FST-N NCPs. As stated above, all calcination treatments were
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performed at 400 °C. Before calcination, all diffraction peaks of
FST NCPs can be perfectly indexed to the magnetite phase of
Fe;04 (JCPDS File No. 19-0629). Moreover, no peaks of SiO,
(JCPDS File No. 20-1050) and none of the TiO, phases peaks
could be observed in the XRD pattern of FST NCPs revealing
the amorphous structure of the formed shells over the magnetic
core. The XRD pattern of FST NCPs before calcination shows
an obvious broad peak at around 26=25°, which is generally
considered as the peak of amorphous silica (Deng et al. 2007).
After calcination at 400 °C for 2 h, the appearance of relatively
strong and sharp diffraction peaks revealed that the amorphous
TiO, in the structure of FST NCPs has become crystalline and
transferred to the anatase phase, confirming the successful TiO,
coating and synthesis of the crystalline core/shell structure via
the sol—gel method. Moreover, after the calcination step, it is
obvious that the phase of Fe;O4 has been transformed from
magnetite to hematite (JCPDS File No. 33-0664), leading to a

2-Theta (Degree)

decrease in its magnetic properties. According to Fig. 2b, N
doping does not cause a change in the crystallite structure of
FST NCPs. Comparing to the diffractogram of FST samples,
no detectable dopant-related peaks and broadening or shifting
of the peaks could be observed in FST-N diffractogram. This
might be due to the low content of interstitial or substitutional N
in the N-doped sample that the crystallinity change caused by N
can be neglected.

FT-IR spectroscopy

The FT-IR spectra of pure and nitrogen-doped TiO, samples
and FST and FST-N NCPs are shown in panels a and b of
Fig. 3, respectively. Two peaks located at 3375 cm™ '
(Fig. 3a) and 3194 cm™' (Fig. 3b) were assigned to the
stretching vibration of hydroxyl group physi-sorbed on the
surface of structures, while two peaks located at 1633 cm '
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Fig. 3 FT-IR spectra of calcined a
a TiO, and TiO,-N samples and b
FST and FST-N NCPs at 400 °C
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(Fig. 3a)and 1632 cm ™' (Fig. 3b) were related to O—H bending
of dissociated or molecularly adsorbed water molecules (Shao
et al. 2008; Xu et al. 2008; Hu et al. 2010). Additionally, the
stronger intensity of these two absorption bands in both
nitrogen-doped samples indicates that the nitrogen-doped sam-
ples have more surface adsorbed water and hydroxyl groups
which lead to their higher photocatalytic activities. The two
low frequency bands at 634 cm ' (Fig. 3a) and 623 cm '
(Fig. 3b) corresponded to the vibration of Ti~O-Ti bonds and
the peaks at 2926 cm ™' (Fig. 3a) and 2958 cm ™' (Fig. 3b) could
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be ascribed to the C—H stretching vibrations (Swan et al. 1981;
Shao et al. 2008). In Fig. 3b, the peak at 1097 cm™' could be
assigned to the C-O-C asymmetric stretch (Kumar et al. 20006).
It is reported that the signal at the wavenumber 803 cm ™' could
be related to the symmetric vibration of Si—-O-Si (Ding et al.
2000; Jung and Park 2000). Finally, the presence of two peaks
at 1404 cm™' (Fig. 3a) and 1407 cm ™' (Fig. 3b) is attributed to
the N-H bending, suggesting the substitution of nitrogen atoms
into the structure of TiO, network (Matsumoto et al. 2007; Xu
et al. 2008; Geng et al. 2009).
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FE-SEM/EDX analysis

The morphology and size of the samples were characterized
by FE-SEM analysis. Figure 4 shows the FE-SEM images of
Ti0O,, TiO,-N, Fe;3 0,4 cluster@SiO,, FST, and FST-N samples.
The as-prepared samples were found to be almost spherical in
shape with a slight agglomeration. In typical samples as
shown in Fig. 4, the average particle size was measured as
104.74 nm for TiO,, 131.31 nm for TiO,-N, 210.94 nm for
Fe;04 cluster@SiO,, 250.77 nm for FST, and 287.75 nm for
FST-N NCPs. Based on these values, the TiO, shell thickness
can be estimated 24.6 and 48.3 nm for FST and FST NCPs,
respectively.

Table 1 shows the results of EDX analysis as obtained from
EDX spectra (figure not shown). The result of EDX elemental
analysis of the as-synthesized samples reveals the appearance
of Ti, O, Si, and Fe peaks, indicating that they were mainly

Fig. 4 FE-SEM image of a TiO,;
b TiO»-N; ¢ FS; d FST; and e
FST-N

=
& 3 Q?h;‘& e
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26 KV
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Table 1  Physicochemical properties of the as-synthesized samples
Particle Crystallite Surface element content (wt%) Band gap

size (nm)
Ti (¢} Si Fe N

TiO, 104 69.88 30.11 3.18
TiO,-N 131 80.18 19.82 BLQ 2.78
FST 250 58.19 31.89 555 4.37 3.05
FST-N 287 5998 2951 637 4.14 BLQ 281

BLQ below the limit of quantification

composed of these elements while the characteristic peak for
nitrogen was not evident. Therefore, EDX analysis may not be
suitable for the detection of low concentrations of N and fur-
ther analysis namely XPS was needed to verify the success of
the doping process.

SN:0446 26 KV 30.0 KX 1um
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XPS analysis

The surface chemical composition of the FST-N sample and
its dopant concentration was analyzed by XPS spectroscopy.
Figure 5a shows the typical full survey spectrum of the FST-
N, which clearly indicated that the surface of the as-
synthesized samples was of high purity and mainly composed
of C, Ti, O, and N elements. It is worth noting that as XPS is a
highly surface-specific technique with a typical analysis depth
of ~10 nm, herein the peaks of core elements (i.e., Fe and Si)
could not be distinguished. This is in good agreement with the
results obtained by FE-SEM and EDX. The high-resolution
scan over C 1s, N 1s, Ti 2p, O 1s, and spectral regions are
shown in panels b—e of Fig. 5, respectively. The observed C
Is peak at 284.6 eV (Fig. 5b) is assigned to the adventitious
elemental carbon originating from the XPS instrument or car-
bon residues from the organic precursor (Treschev et al.
2008). As shown in Fig. 5c, the main N 1s core level peak
located at around 399 eV confirms the incorporation of nitro-
gen into the FST lattice (Sakthivel et al. 2004). The atomic
concentration of nitrogen element was calculated using rela-
tive sensitivity factor (RSF) and was found to be about
0.61 at.%. The observed N 1s peak can be attributed to O-
Ti-N linkages (Burda et al. 2003), indicating the bonding of N
atoms to Ti atoms and replacement of lattice oxygen in the
TiO,. This is further supported by the results of the XPS spec-
tra for the Ti 2p region. Figure 5d shows the Ti 2ps,, and 2p;»
peaks at 458.3 and 464 eV, respectively, which are attributed
to the Ti 2p peaks of O-Ti—O in TiO, (Sathish et al. 2005).
Comparing to the Ti 2p3,, binding energies reported for pure
TiO, (Chen and Burda 2004), the observed Ti 2ps,, core level
shows a slight shift to the lower binding energies, revealing

covalency between the Ti and N bond and further formation of
O-Ti-N bonds by partially substituting the O atom in the TiO,
lattice which considerably modified FST lattice due to N-
substitution (Devi and Rajashekhar 2011). The high-
resolution scan of O 1s region is shown in Fig. Se. The peak
located at 529.8 eV can be attributed to the Ti-O bonds of the
TiO, lattice (Gorska et al. 2008), while the peak at 531.8 eV
reveals the presence of surface hydroxyl groups (OH)
resulting mainly from the chemisorbed water (Cheng et al.
2012), which was previously confirmed by FT-IR analysis.

UV-vis DRS analysis

Figure 6 depicts the UV—vis absorbance spectra of TiO,,
TiO,-N, FST, and FST-N NCPs in the range of 300—700 nm.
As shown in Fig. 6, TiO,-N and FST-N samples exhibited
remarkable red shift of absorption edge to the visible light
region which is the typical absorption property of nitrogen-
doped TiO, (Lindgren et al. 2003). Based on the optical ab-
sorption edge obtained from the UV—vis DRS, the respective
band gap energies (£,) were calculated using the Kubelka-
Munk method (Serpone et al. 1995) and are shown in the inset
of Fig. 6 and listed in Table 1. The reduction in band gap of N-
doped photocatalysts is mainly attributed to the substitution of
the lattice oxygen by nitrogen in the lattice of titania (as con-
firmed by XPS analysis), which leads to band gap narrowing
by the mean of hybridization of N 2p and O 2p orbitals in
anatase TiO,. Thus, incorporation of nitrogen into the lattice
of TiO, and FST sample leads to sufficient separation of
photogenerated holes and electrons and subsequent visible-
driven photocatalytic activity of NCPs.
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Fig. 6 UV-vis diffuse 100
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VSM analysis

The magnetic properties of the FST, FST-N, and FS core were
measured by VSM, as shown in Fig. 7. The maximum satu-
ration magnetization (Ms) of the FS, FST, and FST-N NCPs
were measured 17.35, 4.26, and 3.68, respectively. As there
were no Fe,O3 characteristic peaks (20=24.28°,33.26°,
35.76°,41.10°,49.58°, and 54.20°) (Gao et al. 2011) observed
in the XRD patterns of FST and FST-N NCPs, the decrease of
the magnetic saturation of the FS core could be attributed to
the contribution of the volume of the non-magnetic coating
layer to the total sample volume. No hysteresis phenomenon
was found, and the obtained remanent magnetization (M;) and
coercivity (Hc) of the magnetic samples were negligible and
close to zero, indicating the superparamagnetic behavior of
the synthesized NCPs at room temperature. The inset of
Fig. 7 demonstrates the magnetic separation operation in
which upon application of an external magnetic field, the tur-
bid suspension of FST-N magnetic nanoparticles in treated
wastewater becomes transparent within 60 s. Therefore, the
synthesized magnetic NCPs can be almost completely recov-
ered with no diminishing in both magnetic property and pho-
tocatalytic activity when an external magnetic field is applied.

Photocatalytic degradation

Photocatalytic activity of the four as-synthesized samples
under visible light illumination

Figure 8 illustrates the photocatalytic activity of the four syn-
thesized samples (0.8 g/L) by degradation of phenol (Cy=
100 mg/L), as an organic pollutant model under visible light

irradiation. As shown in Fig. 8, after 480 min of visible light
irradiation, no photocatalytic activity was observed for pure
TiO, and FST samples. This phenomenon could be attributed
to the wide band gap of anatase TiO,, which not only limits
the application of TiO, under visible light irradiation but also
leads to the recombination of electrons and holes of the semi-
conductor that is unfavorable to the photocatalytic activity.
After successful doping of TiO, and FST samples using am-
monia and nitric acid as the nitrogen source, the samples have
shown to be effective in degrading phenol in aqueous solu-
tions. Thus, nitrogen-doping which leads to a narrower band
gap energy (~2.7 eV) can effectively reduce the recombination
of electron and holes and enhance photocatalytic activity
(Wang et al. 2010). On the other hand, as the FT-IR analysis
demonstrated, after doping nitrogen in the structure of sam-
ples, the intensity of the two absorption bands corresponding
to O—H bending of dissociated or molecularly adsorbed water
molecules in the FT-IR spectra of the nitrogen-doped samples
become stronger. This result is mainly attributed to the pres-
ence of more adsorbed water and hydroxyl groups in the struc-
ture of N-doped NCPs, which is in a good agreement with
results reported in the literature (Cheng et al. 2012). The pres-
ence of more hydroxyl groups in the structure of
photocatalysts causes an enhancement in the separation effi-
ciency of electron/hole pairs by trapping electrons. It may also
lead to the formation of more reactive oxidative species such
as hydroxyl radicals (*OH), which are highly capable in the
oxidation process and consequently results in better photocat-
alytic activity. Moreover, the pumped air in the system con-
tains oxygen which adsorbed on the surface of TiO, and pre-
vents the recombination process by trapping the conduction
band electrons with the formation of superoxide radical ions,

Fig. 7 Magnetic hysteresis loops

of magnetic (a) FS, (b) FST, and —FS
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Fig. 8 Photocatalytic

degradation of phenol using (a)
TiO,, (b) TiO5-N, (c) FST, and (d)
FST-N. (Cy=100 mg/L;
photocatalyst dosage, 0.8 g/L;
pH, near-neutral)
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O,"". The formation of this superoxide radical ion can result in
the formation of more reactive oxygen species (ROS) like
peroxide radicals. The degradation efficiency of TiO,-N and
FST-N were measured as 55+1.5 and 46+1.5 %, respectively.
The lower photocatalytic activity of FST-N compared to TiO,-
N particles could be attributed to the larger particle size and
subsequent lower surface area of FST-N NCPs (287.75 versus
131.31 nm) (Wang et al. 1997). Howeyver, as the separability
of photocatalysts from treated wastewater in practical waste-
water treatment systems is of the utmost importance, FST-N
magnetic NCPs were chosen for the subsequent phenol deg-
radation studies.

Effect of calcination temperature

As stated in XRD analysis section, calcination temperature
has a drastic effect on the crystal phase structure of the
photocatalysts. Moreover, the calcination temperature highly
affects the content of carbonaceous species and also the incor-
poration of nitrogen into the TiO; lattice (Wang et al. 2011a, b).
Therefore, the photocatalytic degradation of phenol (Cy=
100 mg/L) in the presence of FST-N NCPs (0.8 g/L) which
were calcined at different temperatures (300, 400, and 500 °C)
was investigated under visible light illumination. The influence
of calcination temperature on phenol photocatalytic degrada-
tion by the Vis/FST-N process is shown in Fig. 9a. The obtain-
ed results revealed that the highest phenol degradation efficien-
cy (46£1.5 %) was achieved by FST-N NCPs calcined at the
temperature of 400 °C. Previously, the photocatalytic activity
of amorphous phase titania was reported (Lettmann et al.
2001). Herein, although the lowest degradation efficiency
(17£1.5 %) was achieved by the amorphous phase FST-N
NCPs calcined at the temperature of 300 °C, its capability of
degrading phenol under visible light illumination is

60

240 300 360 420 480

Time (min)

120 180

considerable. According to the XRD results, after increasing
the calcination temperature up to 400 °C, crystallites of anatase
are mainly formed from the amorphous samples and lead to the
highest photocatalytic activity. Results in Fig. 9a reveal that the
photocatalytic activity of FST-N NCPs decreases from 46+1.5
to 32+1.5 % with increasing calcination temperature from 400
to 500 °C. This reduction in activities of NCPs can be justified
due to the agglomeration of NCPs, increase in crystallite size of
NCPs and subsequent specific surface area reduction, limited
amount of adsorbed water, and increasing the rutile phase per-
cent (Behnajady et al. 2011). Moreover, the substituted nitro-
gen atoms in the lattice of FST-N NCPs may have been par-
tially substituted by oxygen atoms with an increase in calcina-
tion temperature (Wang et al. 2005). It is worth mentioning that
at calcination temperatures higher than 500 °C, Fe was found
to diffuse into the TiO, coating and enhances the possibility of
pseudobrookite (Fe,TiOs) phase formation at the iron oxide/
titania interface, which may lead to further photocatalytic ac-
tivity reduction (Beydoun et al. 2002). Therefore, further in-
vestigations on the photocatalytic activity as discussed in the
following sections were focused on FST-N NCPs calcined at
the temperature of 400 °C.

Effect of pH

The pH of the aqueous solution in which phenol is dissolved
has a major effect on the photocatalytic degradation of phenol
as the surface charge on the semiconductor particles, adsorp-
tion and dissociation of phenol, the size of the aggregates
formed, and oxidation potential of the valence band are all
pH dependent (Venkatachalam et al. 2007). On the other hand,
phenol-containing industrial wastes can be discharged at var-
ious pH levels. Therefore, a series of experiments were carried
out to investigate the influence of pH on the degradation
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efficiency of phenol by varying the initial pH from 3 to 11.
The effect of solution pH on the phenol (Cy=100 mg/L) deg-
radation efficiency under visible light irradiation using the
FST-N NCPs (0.8 g/L) calcined at 400 °C is presented in
Fig. 9b. Degradation percent after 480 min irradiation were
37+1.5, 46+1.5, and 33+1.5 % at pH 3, 7, and 11, respec-
tively. The effect of pH on phenol degradation can be ex-
plained by taking into consideration the properties of both
FST-N NCPs and phenol at different pH levels. As an ampho-
teric material, the FST-N NCPs surface is positively charged at
a pH lower than point of zero charge (pzc) and negatively
charged at a pH higher than pzc. In aqueous solutions, positive
(TiOH*"), neutral (TiOH), and negative (TiO") surface hy-
droxyl groups are formed on FST-N NCPs. The pzc of FST-
N was determined to be at pH 5.9 using Malvern Nano-ZS
Zetasizer. Therefore, FST-N was positively charged at pH 3,
while negatively charged at pH 7 and 11. On the other hand,
phenol can be considered as a weak acid with a pK, value of
9.89 (Sanchez et al. 1995). Therefore, for pH values below
9.89, the predominant specie in solution is the molecular form
of phenol, and for pH values above that, the aromatic ring
becomes partially negatively charged by means of the hydrox-
yl group ionization and phenol deprotonates yielding nega-
tively charged phenolate species. In basic pH range (pH=
11), both phenol and FST-N NCPs acquire negative charge
and hence electrostatic repulsion between FST-N and phenol
retards the degradation efficiency. In neutral to weak alkaline
media (pH=7), TiO ™ (the predominant species on TiO, sur-
face) and neutral molecular form of phenol are linked together
through hydrogen bonding, which increases the phenol ad-
sorption on the surface of photocatalyst and therefore en-
hances the degradation efficiency (Jing et al. 2011).
Additionally, the obtained lower photocatalytic efficiency in
acidic medium (pH=3) comparing to near-neutral condition
could be ascribed to the higher concentration of hydroxyl
radicals generated in near-neutral reaction solutions (Wang
et al. 2011a, b) and hydroxyl radical scavenging of H' ions
(Lucas and Peres 20006).

Study of reusability of FST-N nanocomposite photocatalyst

The reusability of catalysts is an important economical factor
because it allows multiple usages and therefore leads to cost
reduction. Moreover, the complete removal of catalysts from
treated wastewater is also necessary in order to prevent an
additional contamination. Thus, the reusability of TiO, nano-
composites must be considered as an important factor in order
to make heterogeneous photocatalysis technology practical
for industrial applications.

The reusability of FST-N sample was monitored by evalu-
ating its photocatalytic activity over 10 cycles reuse. Figure 10
indicates that after 10 successive cycles under visible light
irradiation, the degradation rate of phenol was still 88.88 %

of its initial value, indicating that FST-N samples possess ex-
cellent photocatalytic stability and reusability properties.
Herein, the photocatalyst deactivation may be attributed to
the poisoning of the photocatalyst surface, which is caused
by intermediates that adsorb strongly onto the surface of the
NCPs and occupy the active sites on the surface of the
catalysts.

Conclusions

In summary, herein four TiO,-based photocatalysts including a
novel visible-active magnetically separable nanocomposite
(FST-N) with high crystalline TiO, shell were successfully
fabricated via sol-gel methodology. The synthesized
nitrogen-doped samples exhibited efficient photocatalytic ac-
tivity in terms of phenol degradation under visible light irradi-
ation, while undoped samples were almost inactive under same
operating conditions. The sample characterization results re-
vealed that the efficient visible light photocatalytic activity of
TiO,-N and FST-N samples could be attributed to the incorpo-
ration of nitrogen into the TiO, lattice which causes narrower
band gap and enhancement in photogenerated charge separa-
tion rate and also their higher content of surface hydroxyl
groups. Under near-neutral conditions, phenol degradation
studies revealed that the lowest degradation efficiency (17+
1.5 %) was achieved by the amorphous phase FST-N NCPs
calcined at the temperature of 300 °C, while the highest phenol
degradation efficiency (46+1.5 %) was achieved by FST-N
NCPs calcined at the temperature of 400 °C. Furthermore,
the photocatalytic activity of FST-N NCPs decreases to 32+
1.5 % with increasing calcination temperature from 400 to
500 °C. Using the FST-N NCPs (0.8 g/L) calcined at 400 °C,
phenol (Cy=100 mg/L) degradation percent after 480 min ir-
radiation were 37+1.5,46+1.5, and 33+1.5 % at pH 3, 7, and
11, respectively. The results of visible-active magnetic catalyst
reuse showed the effectiveness of prepared samples after 10 cy-
cles of repetitive use with degradation rate of 88.88 % of the
first run, indicating the promising recyclability and photo-
chemical stability of FST-N composite NCPs. The nanocom-
posites synthesized in this study could have the potential to be
utilized as promising cost-effective and environmentally
friendly materials in degradation of hazardous environmental
organic pollutants prior to biological treatment processes in
industrial-scale water and wastewater treatment systems.
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