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a b s t r a c t

In this study, a magnetically separable, highly active, and recyclable photocatalyst was synthesized by
physico-chemical incorporation of Ag, TiO2, and Fe3O4 into one structure. The physical and chemical
properties of the catalysts were evaluated by X-ray diffraction, X-ray fluorescence spectrometry, scanning
electron microscopy, field emission transmission electron microscopy, energy dispersive X-ray spec-
troscopy, and diffuse reflectance spectroscopy. The Ag-supported magnetic TiO2 composite demonstrated
desirable properties and features such as a narrow band gap of 1.163 eV, modifiable structure, and high
degradation efficiency. The activity and durability of the synthesized photocatalyst in the degradation of
methyl orange (MO) in aqueous solutions under visible light irradiation and different experimental
conditions were evaluated and compared to those of commercial TiO2 and Ag/TiO2 composites. It was
found that the synthesized composite showed a much higher MO photodegradation efficiency than the
other composites under visible light irradiation. Moreover, it exhibited a high photocatalytic activity and
was recoverable and durable; its photocatalytic efficiency in MO removal was consistently higher than
93.1% after five reuses without any evident signs of deactivation. Thus, the developed photocatalyst is a
very promising material for practical applications in environmental pollution remediation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Significant attempts have been made over the past several de-
cades to improve wastewater treatment and reclamation technol-
ogies with remarkable results (Neoh et al., 2016; Nguyen et al.,
2014). Unfortunately, these technologies are expensive and still
incapable of thoroughly handling recalcitrant contaminants in
wastewater such as estrogenic chemicals, pharmaceuticals, antibi-
otics, pesticides, and dyes (Aziz et al., 2012; Mohapatra et al., 2014;

Teixeira et al., 2017). Therefore, one of the most important objec-
tives related to the prevention and control of environmental
pollution is the development of a suitable solution that can be
applied multiple times to quickly treat these recalcitrant pollutants
in water and wastewater.

Recently, advanced oxidation processes (AOPs) have become
attractive methods to achieve a cleaner environment. In particular,
photocatalytic processes generate a variety of strong reactive
oxidation species (OH�, O2

��, H2O2, etc.) as a result of excitation
with ultraviolet (UV) and/or visible light (Dewil et al., 2017;
Sillanp€a€a et al., 2018). Generally, these species can completely
oxidize and destroy environmental pollutants and a wide range of
dissolved organic pollutants in wastewater, converting them into
carbon dioxide, water, inorganic compounds, or biodegradable in-
termediates that can be degraded easily via biological processes
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(Jaafar et al., 2012; Mohapatra et al., 2014; Neoh et al., 2016).
Therefore, it is necessary to develop materials that exhibit high
photocatalytic activity under solar irradiation. Additionally, pho-
tocatalytic processes have been reported in the literature as being
chemically stable and environmentally friendly (Zhang et al., 2016).

Titanium dioxide (TiO2) has been extensively studied and uti-
lized for the photodegradation and mineralization of various
organic pollutants since Fujishima and Honda reported the pho-
tosplitting of water in 1972 (Fujishima and Honda, 1972). Owing to
the numerous desirable attributes such as high photocatalytic ac-
tivity, stability, resistance, non-toxicity, and widespread availabil-
ity, TiO2 has been recognized as one of the most promising and
efficient photocatalysts (Aziz et al., 2012). However, TiO2 also has a
high band gap energy of ~3.2 eV and a high photoelectron-hole pair
recombination rate. This limits its photocatalytic activity, since
photoexcitation can only occur in the UV wavelength region, which
only accounts for less than 6% of the total solar spectrum (Khaki
et al., 2017; Narayana et al., 2011). Therefore, research efforts
directed toward the production of high-activity photocatalysts that
can absorb UV and visible light (Yan et al., 2017) are essential in
order to utilize solar energy. Furthermore, the activity of photo-
catalysts after recovery and recycling should also be considered.

Photocatalysts that are commonly used in the treatment of
water pollutants can be classified as either suspended (powder) or
immobilized (supported) photocatalysts. Suspended photocatalysts
are more effective in treating pollutants compared to those
immobilized on carriers (Yan et al., 2017). However, suspended
photocatalysts need to be separated and recovered from treated
water to avoid secondary pollution, which can increase the process
complexity and cost.

In order to address the abovementioned concerns and enhance
the photocatalytic activity under both UV and visible light irradi-
ation, efforts have been made to develop TiO2-based variants with
superior properties and high separability.With regard to separation
and reuse after photocatalysis/photocatalytic degradation, mag-
netic TiO2-based photocatalysts have recently generated interest
(Aziz et al., 2012; Jia et al., 2017; Xu et al., 2007). Generally, such
photocatalytic composites feature TiO2 and a magnetic material,
which can be recovered easily by applying an external magnetic
force (He et al., 2012). Magnetic composites featuring Fe3O4,
gamma-Fe2O3, or NiFe2O4 cores and a TiO2 shell have been exten-
sively reported as their combinationwith TiO2 has solved problems

associated with photocatalyst recovery (�Alvarez et al., 2010; Jia
et al., 2017; Rana et al., 2005; Yu et al., 2011). In addition, photo-
catalysts featuring magnetic TiO2, such as TiO2/Fe3O4 and TiO2/
SiO2/Fe3O4, have already been tested and applied for the photo-
degradation of pollutants (Hu et al., 2011; Shi et al., 2011a). Un-
fortunately, these magnetic TiO2 catalysts still have drawbacks like
low photocatalytic activity and nanosecond-scale charge carrier
lifetimes (Xu et al., 2005).

In order to improve their activity, photocatalysts have been
loaded with different metals and/or non-metals. Among the
various metals used for this purpose, silver (Ag) is the most
attractive in terms of photocatalytic performance, economics, ease
of preparation, the lifetimes of the electron-hole pairs, and anti-
microbial activity (Jia et al., 2017; Zhan et al., 2014). Lai et al. (2010)
reported that Ag/TiO2 shows improved photocurrent generation,
while Li et al. (2009) and Albiter et al. (2015) demonstrated that a
Ag/TiO2 sample with an appropriate Ag content showed high
photocatalytic activity because of a high rate of formation of
photoinduced electron-hole pairs and inhibited recombination
thereof, which facilitated pollutant degradation. Recently, Zhao
et al. (2017) reported that Ag/TiO2 shows better surface plasmon
resonance and photocatalytic performance than pure TiO2.

Therefore, it is reasonable to expect that a magnetic photo-
catalyst obtained through the incorporation of three heterogeneous
components, Ag, TiO2, and Fe3O4, may display superior photo-
catalytic properties, thus leading to improved photocatalytic ac-
tivity and quantum size (photocurrent density, band gap energy,
flat band potential), in addition to easy recovery by magnetic sep-
aration, and stability. Although the feasibility of a three-component
Ag/TiO2/Fe3O4 composite has been investigated and evaluated, an
effective reaction strategy to implement such a composite still
needs to be developed and elucidated (Zhang et al., 2016).

Consequently, in this study, a Ag-supported magnetic TiO2
nanoparticle catalyst was synthesized from Ag, TiO2, and Fe3O4
(denoted as Ag/TiO2/Fe3O4 hereafter), and its physicochemical
properties and features were thoroughly examined using various
analytical techniques such as X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy

(TEM), energy-dispersive X-ray spectroscopy (EDS), and diffuse

reflectance spectroscopy (DRS). Then, its photocatalytic activity in
the degradation of methyl orange (MO) under visible light irradi-
ation was evaluated, in addition to its recyclability and recover-
ability. The relationship between the physicochemical properties
and photocatalytic activity of the synthesized composite has also
been discussed. In addition, the effect of irradiation time, solution
pH, and contaminant (MO dye) concentration in an aqueous solu-
tion on the photocatalytic efficiency (decolorization of MO) under
visible light irradiation was carefully evaluated.

2. Experimental methods

2.1. Preparation of photocatalysts

Silver nitrate (AgNO3, 5.1 g) was dissolved in 500mL of distilled
water. Ammonium hydroxide (NH4OH, 0.1M) was added dropwise
to the AgNO3 solution with vigorous stirring until it turned color-
less. This was followed by the addition of 100mL of a 0.1M glucose
(C6H12O6) solution, 50mL of a 0.2M sodium dodecylsulfate (SDS)
solution, and 75mL of distilled water. Subsequently, a 0.1M sodium
hydroxide (NaOH) solution was added to adjust the pH to 11.5 and
the reaction mixture was stirred for 10min. The prepared Ag
nanoparticles were used for further experiments without any
additional modifications. The Ag nanoparticles (0.1 g) were rinsed
thrice with ethanol and then suspended in ethanol (20mL) under
sonication for 2 h. The Ag nanoparticles were then resuspended in
distilled water (100mL) and the mixture was acidified with HCl
(0.5M, 1.10mL) The synthetic procedures of these catalysts were
modified based on the methods described by Wan et al. (2011) and
Shi et al. (2011b).

Ag/TiO2 nanoparticles were prepared from Ag nanoparticles in
water/oil (W/O) microemulsions consisting of hexadecyl-
trimethylammonium bromide ([(C16H33)N(CH3)3]Br, CTAB) as the
surfactant, 1-pentanol as the co-surfactant, and hexane as the oil
phase. In a typical experimental procedure, the microemulsion was
prepared by dissolving 1.0 g of CTAB in 15mL of hexane and 1mL of
1-pentanol, and then stirring vigorously for 30min until it became
homogeneous. Commercial TiO2 (5 g, P25, Degussa Crop.) with a
composition of 75% anatase and 25% rutile, a particle size of
22.3 nm, and a surface area of ~55m2/g, was then added to the
microemulsion, and the solution was sonicated for 30min. The
reactionwas left to stir for 10 h and the Ag/TiO2 nanoparticles were
subsequently separated by centrifugation, dried at 100 �C for 24 h
in air, and calcined at 300 �C in air for 2 h. This provided the Ag/TiO2
nanoparticle samples.

Magnetite nanoparticles as a support material were prepared
using a coprecipitation method. Ferrous sulfate heptahydrate
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