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Abstract

Photocatalytic degradation of toxic organic pollutants in the wastewater using dispersed semiconductor nanophotocatalysts has a
number of advantages such as high activity, cost effectiveness, and utilization of free solar energy. However, it is difficult to
recover and recycle nanophotocatalysts since the fine dispersed nanoparticles are easily suspended in waters. Furthermore, a large
amount of photocatalysts will lead to color contamination. Thus, it is necessary to prepare photocatalysts with easy separation for
the reusable application. To take advantage of high photocatalysis activity and reusability, magnetic photocatalysts with separa-
tion function were utilized. In this review, the photocatalytic principle, structure, and application of the magnetic-semiconductor
nanoheterostructure photocatalysts under solar light are evaluated.

Keywords Magnetic - Semiconductor - Nanoheterostrucutre - Core-shell - Heterojunction - Photocatalysis - Solar light

Introduction

The rate of clean water consumption has been much faster
than the rate of population growth in the last century (Chong
et al. 2010; Malato et al. 2009). Nowadays, clean water scar-
city is one of the main challenges in many developing coun-
tries around the world. The rapid development of industriali-
zation, population growth, and long-term droughts are some
of factors that have deteriorated the situation caused by the
lack of clean water (Chong et al. 2010). In both industrialized
and developed countries, industrial effluents are one of the
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main pollutants released into the surface and underground
waters, which contribute to the infiltration of contaminations
such as heavy metals, pathogens, and organic compounds,
among other things, in water supplies.

Therefore, the environment continues to be polluted at an
increasing rate, and the traditional techniques of dealing with
environmental pollution have been unable to meet the require-
ments of modern energy-saving issues and environmental pro-
tection (Wu et al. 2015). In this context, the development of
wastewater treatment plants seems to offer a solution to the
worldwide crisis. However, a closer analysis to this solution
discloses more fundamental issues. For example, many waste-
water treatment plants employ conventional purification
methods such as chemical treatment (chlorination), adsorp-
tion, ultrafiltration, and biological treatments (active sludge),
while the shortcomings and related problems of most of these
methods have been shown (Lu et al. 2005; Magara et al. 1994,
Marcucci et al. 2001; Nakada et al. 2006). It is necessary to
find some attractive, low-cost, and highly efficient technolo-
gies to treat wastewater and eliminate contaminants in various
effluents as much as possible.

In the last decade, advanced oxidation processes (AOPs) have
been used for degradation of a wide range of water contaminants
such as organic pollutants (dyes, pesticides, pharmaceuticals,
herbicides, and so on) (Bastami and Ahmadpour 2016; Li et al.
2013; Rui et al. 2010; Toepfer et al. 2006), biorecalcitrant com-
pounds (Hidalgo et al. 2011; Mahmoodi and Sargolzaei 2014b),
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and pathogens (Chen et al. 2008; Singh et al. 2013). AOPs rely
on the production of strong reactive oxidation species such as
‘OH and "O,, which can convert even the persistent molecules
into biodegradable components (Oppenldnder 2003). In fact, in
the AOP processes, tough contaminants and toxic compounds
are reduced to the extent that the purified wastewater could be
released into surface streams or at least refined with conventional
treatment methods.

In most cases, reactive radicals are produced in some con-
secutive reactions by means of a light source (e.g., UV or
visible light) (Rosenfeldt and Linden 2004), some oxidants
(e.g., HyO,, O3, or Oy) (Trapido et al. 1997; Yeber et al.
1999), and/or photocatalysts (e.g., semiconductors such as
TiO, and ZnO) (Mahmoodi and Sargolzaei 2014a). Since
there are various ways of performing ‘OH radical production,
AOPs include different systems such as UV, UV/H,0,, UV/
053, UV/H,0,/05, UV/photocatalyst, UV/H,O,/photocatalyst,
and visible light/photocatalyst (Chong et al. 2010; Deng and
Zhao 2015; Stasinakis 2008).

As a different type of AOP, heterogeneous visible light
photocatalysis has attracted growing attention due to the
versatility of the process, low cost, economic flexibility,
environmental favorability, and high capability in waste-
water treatment (Ibhadon and Fitzpatrick 2013). In other
words, when traditional methods are not able to remove
some special compounds (like organic molecules) in in-
dustrial effluents (either in terms of type or level of con-
tamination), there should be another technology capable
of reducing the concentration of these contaminants to the
standard level. For instance, many researches have
coupled the Fenton process with biological oxidation,
which enhances degradation efficiency for organic
Fenton combined with biological nitrification. Also, deni-
trification system has been evaluated in the treatment of a
sanitary landfill leachate containing persistent organic
matter such as humic and fulvic acids, xenobiotics, pesti-
cides, and other harmful pollutants. The results suggest
that the biological denitrification and nitrification system
are unable to completely eliminate the organic com-
pounds. However, after the photo-Fenton pre-treatment,
the biological oxidation treatment showed great potentials
to remove recalcitrant compounds.

In recent years, increasing attention has been paid to the
application of semiconductor materials as photocatalysts for
degradation of low concentrations of organic and inorganic
molecules from aqueous or gas phase systems in fresh water
treatment, environmental remediation, industrial, and health
applications. However, it also suffers from shortcomings such
as the separation of photocatalyst from the purified solution
for reuse (Akhundi and Habibi-Yangjeh 2015; Liu et al.
2016). Magnetic heterogeneous photocatalysts offer a solution
to this problem since a component with magnetic properties

(such as Fe,03, Fe30y4, and CoFe,0y,) is incorporated in the
structure of hybrid photocatalyst (Akhundi and Habibi-
Yangjeh 2015; Hamad et al. 2015; Hankare et al. 2011; Liu
et al. 2016; Sathishkumar et al. 2013; Yu et al. 2015). The
magnetic component plays various roles in the performance
of photocatalyst. The hybrid photocatalysts can simply be
separated by an external magnetic field. In addition, the mag-
netic component may act as charge collector and inhibit the
recombination of photo-excited electrons and holes. In other
words, the exceptional properties of magnetic visible light
photocatalysts provide a promising approach for environmen-
tal pollution control.

In this review, first the structure and mechanism of
photocatalysis and solar light-induced degradation are de-
scribed. Then, the potentials of magnetic-semiconductor
nanomaterials are discussed. Finally, the nanoheterostructure
of magnetic-semiconductor and their recent application in the
water treatment technology are addressed.

Mechanism and structure of magnetic
photocatalytic nanoheterostructure

Photocatalysis mechanism

Photocatalysis refers to the photoreactions rate (oxidation/re-
duction) brought on by the activation of a catalyst, usually a
semiconductor oxide, via illumination under ultraviolet (UV)
or visible light (Wu et al. 2015). The use of semiconductor
oxide nanomaterial-based photocatalysts to degrade organic
pollutants has been one of the most promising areas of re-
search (Chen and Mao 2007; Liu et al. 2011). Photocatalysts
are used in solid-liquid reaction systems, especially for the
treatment of toxic waste. Heterogeneous photocatalysis is a
promising method for the degradation of organic pollutants
in water. The term “photocatalytic activity” came into use
before the 1980s, when photocatalysis studies had attracted
increasing attention thanks to the so-called Honda-Fujishima
effect on the photoelectrochemical water splitting using a tita-
nium oxide semiconductor electrode (Hoffmann et al. 1995).

As the photocatalysis reaction mechanism, the
photoabsorption of a semiconductor excites electrons from
the valence band (VB) to the conduction band (CB), which
creates a positive hole in the VB, namely electron-hole pair
(e"-h™) generation (Fig. 1).

This interband (band-to-band) excitation is often described
by three bands: VB, forbidden band (band gap), and CB. Also,
there is site trapping of € or h* in the crystal lattice, so that e
and h* are trapped by these sites “immediately” after the band-
to-band transition, i.e., photoabsorption. The location of e
and h* in the initial stage of photocatalysis as well as the rate
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Fig. 1 Photoabsorption by transition of electrons in the valence band
(VB) to the conduction band (CB) in a semiconductor (Augugliaro
et al. 2006)

should be controlled by the spatial distribution of these traps in
the photocatalysis (Augugliaro et al. 2006).

Fermi level is a measure of electrochemical potential of
electron in a solid material (Rajeshwar et al. 2008). The
Fermi level is below the CB and above the VB for n-type
and p-type semiconductors, respectively (Augugliaro et al.
2006). In 1980s, it was found that this inner electric field led
to the separation of ¢ -h* (Fig. 1).

In the case of photocatalytic processes in aqueous solu-
tions, water and hydroxide ions react with photogenerated h*
to form hydroxyl radicals ((OH), which are the primary oxi-
dant in the photocatalytic oxidation of organic compounds
(Chatterjee and Dasgupta 2005; Fujishima et al. 2007). "OH
(Ey=2.80 V vs. NHE) has higher oxidation potentials than
other oxidants such as ozone (O3) (Ey=2.07 V) and hydrogen
peroxide (H,O,) (Ey=1.77 V) (Chatterjee and Dasgupta
2005). The "OH can be generated in two processes: first, the
O, present in water is reduced to form *O,, which then reacts
with H* to produce "OOH, followed by rapid degradation to
‘OH. The second process is the oxidation of OH .

It should be noted that redox reactions are induced by
photo-excited electrons (¢”) and positive holes (h™). Given
the recombination of ¢ and h*™ with each other, the overall
photocatalytic reaction rate depends on the recombination
rate. It is suggested that keqox and Arecombination are the rate
constants of reactions by € and h* and their recombination,
respectively. The ratio of A;eqox/krecombination Should be a mea-
sure of photocatalytic activity (Augugliaro et al. 2006). The
recombination of a photo-excited electron (e ) and a positive
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hole (h*) is to some degree possible in photocatalysts, which
can reduce quantum efficiency (Rajeshwar et al. 2008).

Optical band gap can be estimated using the following
equation:

a«% or (au)l/n«hy*Eg (1)

where o, &, v, E,, and n are the absorption coefficient,
Planck constant, oscillation frequency, optical band gap, and
constant of transition mode, respectively. The constant 7 is
1/2, 3/2, or 2 for allowed direct transition, forbidden direct
transition, and forbidden indirect transition, respectively
(Chatterjee and Dasgupta 2005).

However, there are certain limitations to large-scale appli-
cations of semiconductor oxide photocatalysts including (1)
high recombination rate of electron-hole pairs, which leads to
low quantum yield of the semiconductor photocatalysts (Liu
and Li2014) and (2) the limited harvesting of visible and solar
light. Generally, wide-band gap semiconductor oxides are
used as photocatalysts, i.e., the band gap value of anatase
TiO, is 3.2 eV, which limits the light absorption of the UV
region.

Combination of solar light-based process with other
activation systems

It is clear that depending on the type of pollutant, using one
process to purify different wastewaters will lead to operational
failure. One way to solve this problem is to design a combined
process for multistage removal of persistent pollutants.
Recently, to increase the efficiency of visible light photocata-
lytic agents, many combined processes have been suggested
including solar light/H,O, process (Ndounla and Pulgarin
2015), solar photo-Fenton and solar-Fenton combined method
(Aljubourya et al. 2016), and solar/electro-Fenton process
(Liu et al. 2016). Topac and Alkan investigated the function
of two solar-based processes, solar/H,O, and solar photo-
Fenton systems, in the inactivation of Escherichia coli bacte-
ria in domestic wastewater (Topac and Alkan 2016).

In both methods, the H,O, concentration and radiation in-
tensity were key parameters affecting the process. It was
found that both processes were highly efficient for E. coli
disinfection, offering a good candidate for the inactivation of
many bacterial species. Also, solar photo-Fenton system, solar
photocatalyst, and solar photocatalyst of TiO,/Fenton process-
es were used to treat petroleum wastewater along with a com-
parison of their performance. The value of total organic car-
bon (TOC) and chemical oxygen demand (COD) was mea-
sured and the effect of some operational parameters such as
pH, Fenton agent type, and TiO, concentration was evaluated
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by a central composite design (CCD). The results suggested
that for solar photocatalysis of TiO, and TiO,/Fenton system,
TiO, concentration and pH were the two main parameters
increasing the TOC and COD removal, while in the case of
solar photo-Fenton process, pH and H,O, dosages are the
major parameters (Aljubourya et al. 2016).

Recently, Gutierrez-Mata et al. compared solar
photocatalysis and solar photo-Fenton processes in terms of
principles, performance, advantages, drawbacks, and applica-
tions. They discussed the activation process of every process
precisely (Gutierrez-Mata et al. 2017).

Solar and visible light-induced photocatalysis

Since some nanophotocatalyst like titania can absorb only UV
light, many researchers have developed this absorption range
to the visible light region to utilize sunlight radiation as a free
source of energy for photocatalysis (Dong et al. 2014; Liu
et al. 2012b).

In solar radiation, the wavelength of light is in the range of
280 to 4000 nm. Thus, using photocatalysts which absorb light in
the visible and near infrared regions is preferred. In addition,
longer wavelengths of light carry lower energy, leading to a
decrease in the potential for redox reactions (Jiang et al. 2016;
Zapata-Torres et al. 2015).

Basically, the solar spectrum covers only 5-7% UV light,
while 46 and 47% of the spectrum consist of visible light and
infrared radiation, respectively (see Fig. 2) (Casbeer et al. 2012).

Visible light constitutes a large fraction of solar energy, so
one of the great challenges in photocatalyst field is the design
of new catalysts that exhibit high activity under illumination
by visible/solar light. For the system to focus on the photocat-
alytic application under solar light and effectively absorb vis-
ible solar light energy, a maximum band gap of 3.1 eV is
required (Xu et al. 2012).
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Fig. 2 Solar energy spectrum (Casbeer et al. 2012)

1800  2000(

There are two pathways for the application of visible light
irradiation by photocatalysts (Tang et al. 2004). One is doping
UV active photocatalyst with elements in an attempt to make
them active under visible light irradiation (Martyanov et al.
2004; Yang et al. 2005). “Doping” has been a keyword in the
preparation of visible light-sensitive photocatalysts. In the
case of photocatalysts with poor visible light activity, some
modifications can be conducted with metal or non-metal ele-
ments to make them active under visible light irradiation.
Doping refers to the insertion of atoms or ions in a crystalline
lattice, i.e., modification of the bulk structure of crystallites
rather than surface modification (Augugliaro et al. 2000).

The second approach is designing materials with a narrow
band gap, which allows for photocatalytic activity under
visible/solar light irradiation (Sun et al. 2008; Zhu et al.
2007). It is preferred to use narrow-band gap semiconductors
rather than those with a wide band gap to utilize solar visible
energy. Photocatalysts such as TiO, (Xu et al. 2007), ZnS
(Kitano and Hara 2010), and SrTiO; (Boumaza et al. 2010)
are effective under UV irradiation due to their wide band gaps,
while CaFe,O, (Ida et al. 2010), MgFe,O4 (Dom et al. 2011),
ZnFe,O4 (Boumaza et al. 2010), CdS, and WO; (Xu et al.
2007) are effective under visible light irradiation owing to
their narrow band gap.

Magnetic nanophotocatalysis

The photocatalytic treatment of highly concentrated organic
pollutants from industrial wastewater usually poisons the
photocatalyst and results in deactivation. In addition, it is dif-
ficult to separate a pure semiconductor photocatalyst from the
wastewater system (Lu et al. 2007), as it can further deacti-
vates the photocatalysts. Therefore, developing a low-cost,
highly efficient, and reusable photocatalysts has gained con-
siderable attention (Laurent et al. 2008).

In addition, it facilitates the combination of magnetic
nanomaterials with semiconductor nanomaterials to form a
magnetic-semiconductor photocatalyst. In magnetic-
semiconductor system, magnetic nanomaterials are responsi-
ble for separating the photocatalyst from the solution by an
external magnetic field. Therefore, designing a magnetic-
semiconductor photocatalytic system has a crucial role in both
basic and applied researches. When a system focuses on mag-
netic recovery properties, the saturation magnetization value
of magnetic nanoparticle should not be less than 1 emu g ! to
be separated by an external magnetic field for further reuse
and recovery (Qu and Duan 2013).

When a system focuses on the photocatalytic performance,
the magnetic nanoparticles should have a relatively narrow-
band gap value. For example, goethite and hematite are often
used as photocatalysis for their low band gap (2.2 eV).
Furthermore, spinel ferrites, with the general formula of
MFe,0,4, where M indicates a metal cation, are chemically
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stable and used in a variety of applications due to their mag-
netic properties (Guin et al. 2005; Li et al. 2009). Ferrites
demonstrate photocatalytic properties for many industrial pro-
cesses (Guin et al. 2005), such as oxidative dehydrogenation
of hydrocarbons (Gibson and Hightower 1976), decomposi-
tion of alcohols, and hydrogen peroxide (Manova et al. 2004).
Various metals can change the redox properties of the ferrites
in their lattice structure. Some ferrites have a band gap that is
capable of the absorption of visible light (Dom et al. 2011).

In general, an optimal magnetic-semiconductor photocata-
lytic system should have the following requirements: (1) The
preparation process should be simple and facile with high
yield. (2) The composite system should exhibit an enhanced
photocatalytic performance. (3) The magnetic photocatalyst
composites should be recycled by an external magnetic field,
which provides convenient regeneration. (4) The composite
should retain suitable photocorrosion resistance and be stable
at room temperature at least for months (Wu et al. 2015).

Among magnetic nanoparticles, magnetic iron oxides have
attracted growing research interest due to their wide range of
applications (Laurent et al. 2008; Xu et al. 2012). Iron oxides
are composed of Fe and O (Wu et al. 2015). Among iron
oxides, hematite (x-Fe,03), magnetite (Fe;0,4), and
maghemite (y-Fe,O3) have many applications.

In general, magnetic nanoparticles with a single magnetic
domain are transformed into superparamagnetic at the room tem-
perature by reducing their size to the range of 2 to 20 nm, mean-
ing that the thermal energy can overcome the anisotropy energy
behavior of single nanoparticles (Ratner et al. 2006; Yoon and
Krishnan 2011). The semiconductor coating on the surface of
magnetic nanoparticles reduces magnetic saturation (M) (An
et al. 2012; Naseroleslami et al. 2016).

Many preparation approaches have been utilized to synthesize
magnetic MNPs, including co-precipitation (Mascolo et al. 2013;
Massart 1981; Suh et al. 2012), high-temperature thermal decom-
position (Amara et al. 2012; Park et al. 2005), hydrothermal and
solvothermal method (Tian et al. 2011; Wu et al. 2010), sol-gel
reactions, polyol method (Dong and Zhu 2002; Qi et al. 2011),
microemulsion synthesis (Han et al. 2011; Ladj et al. 2013),
sonochemical reaction (Bastami and Entezari 2013),
microwave-assisted synthesis (Ai et al. 2010; Wu et al. 2011),
and biosynthesis (Scheffel et al. 2006).

Magnetic-semiconductor heterostructure
nanophotocatalyst

In comparison with single-component nanomaterials, multiple-
component nanomaterials have attracted greater attention due to
the synergistic effects between components, which can enhance
the final catalytic performance. Currently, wide-band gap semi-
conductors with good photocatalytic performance are used to
synthesize magnetic featured nanoheterostructures. In a
magnetic-semiconductor composite system, the magnetic
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nanoparticle not only separates and recovers the photocatalyst
but also creates narrow/wide-band gap semiconductor
heterostructures, which can improve the separation of electron
and hole pairs, thereby increasing the visible light photocatalytic
efficiency. If magnetic nanoparticles are considered as the core,
the structure of magnetic-semiconductor nanocomposite
heterostructure can be simply divided into the following struc-
tures: core-shell, matrix-dispersed, Janus, and shell-core-shell
structures (Fig. 3) (Wu et al. 2015).

In the core-shell structure, the magnetic nanoparticle, as a
core, is encapsulated by a semiconductor layer which stabi-
lizes the magnetic nanoparticle. Generally, the magnetic nano-
particles are not placed at the center of semiconductor, so that
often a yolk structure is obtained (Liu et al. 2013; Scheffel
etal. 2006). In the matrix-dispersed structure, several magnet-
ic nanoparticles are coated by or dispersed in a semiconductor
matrix (Wang et al. 2009b). In the Janus structure, one side is a
magnetic nanoparticle and the other side is a semiconductor
material. An anisotropic surface chemical can have many ap-
plications even without self-assembly (Mou et al. 2012; Zeng
et al. 2013). The magnetic nanoparticles are placed between
two functional semiconductor materials in the shell-core-shell
structure. In this structure, the two-shell layers are composed
of the same or different semiconductors or one layer is a non-
semiconductor material (Wang et al. 2009a).

Magnetic nanoparticles should be embedded in non-magnetic
layers to avoid aggregation of magnetic nanoparticles and make
particular surface properties for specific applications. A study on
the relationship between photocatalytic performance and the
structure of nanocomposites is essential for numerous applica-
tions. Therefore, further studies are required for the design and
controllable synthesis of the nanostructured photocatalysts as
well as optimization of the microstructure and photocatalytic
performance (Wu et al. 2013).

Il Magnetic IONPs

Yolk Slr!lﬂlll’f @ @

inverse core-shell structure

B Semiconductor A B Semiconductor B

g0

Core-Shell Structure

O @
22 3¢

Matrix-dispersed Janus Structure Shell-Core-Shell
Structure Structure

Fig. 3 Typical structure types of magnetic iron oxide-semiconductor
composite nanomaterials. Blue spheres represent magnetic iron oxide
nanoparticles, and the non-magnetic entities and matrix materials are
displayed in other colors (Wu et al. 2015)
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Recently, several magnetic-semiconductor photocatalytic
nanostructures have been proposed, which can generally be
sorted as core-shell and heterojunction structures. Actually, the
magnetic components have crucial functions such as avoiding
agglomeration of the catalyst nanoparticles during recovery and
improving the catalytic activity (Xi et al. 2011). Various magnetic
visible light photocatalysts have been used in degradation of
organic molecules and their high degradation efficiency has been
confirmed, as shown in Table 1.

In magnetic core-shell nanostructures, different magnetic
sources such as Fe;0, (Shekofteh-Gohari and Habibi-Yangjeh
2015; Yao et al. 2014a; Zhongliang et al. 2012), Fe,05 (Huang
etal. 2015a; Jang et al. 2014; Liu et al. 2012a), CoFe,O4 (Hamad
et al. 2015), and MgFe,O, (Tang et al. 2014) have been used.
However, Fe;0, is widely used due to its low-cost and desirable
magnetic and non-toxic properties (Shekofteh-Gohari and
Habibi-Yangjeh 2015).

On the other hand, one of the most efficient strategies for the
improvement of visible light photocatalytic activity is semicon-
ductor coupling and fabrication of different heterojunction struc-
tures such as Ag,O-ZnO-Fe;0, (Cai et al. 2015), Fe;0,@TiO,/
CdS (Wang et al. 2014), yFe,05/TiO, (Mou et al. 2012), and
oFe,05/TiO, (Tang et al. 2013).

Synthetic approaches
A variety of methods have been used to synthesize various mag-

netic photocatalytic nanostructures. In this review, we discuss the
synthetic approaches to magnetic-nanophotocatalyst-based core-

shell structure and -based heterojunction structure. For core-shell
magnetic nanocomposites, the core structure is a magnetic com-
ponent, which in most cases, is synthesized by a simple precip-
itation method (Yao et al. 2014b). It should be noted that a key
step in the synthesis process of nanocomposite is symmetrical
placement of the photocatalytic shell on the corresponding core.
This step is implemented using techniques such as hydrothermal
and solvothermal method (Li et al. 2015; Vanga et al. 2015), sol-
gel autocombustion method (Bhukal et al. 2014), calcination
(Huang et al. 2015b), and in situ precipitation method (Chen
et al. 2015). Informed by this fact, various morphologies with
different symmetries have been achieved for the core-shell mag-
netic nanophotocatalysts.

In the case of heterojunction magnetic photocatalysts, the
tight coupling of magnetic and photocatalytic components, as
the major reason of structural stability and the emergence of
synergistic effects, is of paramount importance. Researchers
have employed various methods for synthesizing
heterojunctions such as wet chemical process (Hankare et al.
2011), hydrolysis combining solvent evaporation method (Yu
et al. 2015), precipitation method (Cao et al. 2015c), sol-gel
method (Xu et al. 2009), electrospinning technique (Wang
etal. 2014), and hydrothermal process followed by a polymer-
ization method (Leng et al. 2013Db).

In regard to the bonding between components, there are
two major approaches to the synthesis of hybrid nanostruc-
tures: surface assembly and in situ growth. In the surface as-
sembly approach, components are separately synthesized and
then the final hybrid structure is obtained by distributing each

Table 1 Various magnetic visible light photocatalysts used to purify different organic contaminants
Type of catalyst Morphology ~ Contaminants Irradiation time  Degradation No. of recycle References
(min) efficiency runs
Fe;04/WO;5 Core-shell Methylene blue (MB), 120 >90% 4 cycles Xietal. 2011
rhodamine B (RhB)
Ce/mesoporous Core-shell MB 360 >90% 4 cycles Zhongliang et al.
TiOy/Fe30, 2012
Fe;0,@Si0,@AgCl:Ag  Core-shell RhB 4 About 100% 8 cycles Anetal. 2012
Fe;0,@8Si0,@Ag;PO, Core-shell RhB 45 Nearly 100% 5 cycles Yao et al. 2014b
v-Fe;03/ZnO Core-shell MB, RhB, Methyl orange (MO) 50 95.2% 6 cycles Liu et al. 2012a
Fe;0,@Cu,O/Cu Core-shell MO 20 96% 5 cycles Wang et al. 2013
Fe;0,@TiO,@Au Core-shell 4-Nitrophenol 3 100% 10 cycles Zhou et al. 2015
CoFe,04/Si0,/TiO, Core-shell Dichlorophenol-indophenol 4 87.27% - Hamad et al.
2015
Polyaniline-modified Heterojunction MB 160 Nearly 50% 5 cycles Leng et al.
COFCzO4—TiOz 2013b
Fe;04/AgBr Heterojunction MO 12 85% 3 cycles Cao et al. 2015¢
TiO,/ZnFe,O4 Heterojunction MO 240 35% - Xu et al. 2009
TiO,-Al,05-ZnFe,04 Heterojunction Methyl red, Thymol blue 15 70-80% - Hankare et al.
2011
Fe;0,@TiO,/CdS Heterojunction RhB 120 97.65% 3 cycles Wang et al. 2014
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component in a suitable solvent and mixing the solutions un-
der controlled conditions. This method, however, has a num-
ber of disadvantages such as formation of large and irregular
particles and weak bonding between components. In the in
situ growth approach, the nuclei of one component grow on
the other component, providing a stronger junction between
components, as well as a regular distributed structure (Yan
et al. 2013). Accordingly, most nanoheterostructure
photocatalysts have been synthesized based on in situ growth
technique and high performance and stability have been ex-
hibited, which can be attributed to strong bonding of compo-
nents in the in situ growth hybridization.

Magnetic-nanophotocatalyst-based
core-shell structure

Magnetic core-shell nanostructures comprise a large group of
nanocomposites, with a broad range of applications such as
catalysis (Chen et al. 2011; Kong et al. 2016; Zhang et al.
2013), photocatalysis (Jang et al. 2014; Liu et al. 2012a; Xi
et al. 2011), and adsorption (Bayal and Jeevanandam 2013;
Tanhaei et al. 2016; Zhang et al. 2016). Given the interaction
between core and shell layers and thus improved optical prop-
erties of composite along with easy recovery via an external
magnetic field, these structures have been highly popular as a
photocatalyst (Liu et al. 2012a). The simplest type of these
composites is made of a core and a shell, each with a specific
role in photocatalytic application.

Using a multistep approach, Liu et al. fabricated y-Fe,O3/
ZnO nest-like hollow nanocomposites, as shown in Scheme 1.
First, colloidal carbon spheres were covered with a layer of
FeSy in the presence of thioacetamide (TAA) and the
sandwiched nanostructures of CS/FeSx/ZnO were produced
by reflux at 170 °C for 60 min. Then, y-Fe,Os/ZnO nest-like
hollow nanostructures were obtained by calcination of com-
posites at 500 °C for 2 h.

The photocatalytic application of the magnetic y-Fe,O5/
ZnO structures was investigated by the degradation of organic
dyes including MB, RhB, and MO under irradiation of a Xe
lamp (500 W) with a cutoff filter of 420 nm.

The degradation efficiencies for MB, RhB, and MO in the
presence of y-Fe,O3/Zn0O nest-like hollow nanocomposites
were 95.2, 91.1, and 82.5%, respectively. In the commercial

//‘N\
Mlcrowave 170"C 1h ’I _soc |
e"’+TAA n1'+DEG Calcmatmn

Fe,0,/Zn0
nest-like double-shells
Scheme 1 Schematic illustration of the synthesis steps of 'y-Fe,03/ZnO
nest-like hollow nanocomposites (Liu et al. 2012a)

Carbon spheres (CS) CS/FeS,/Zn0

CS/FeS,
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ZnO nanoparticles, these values were 87.6, 51.5, and 39.5%,
respectively. The enhancement of photoactivity in the case of
v-Fe;05/Zn0 nest-like hollow nanostructures is mostly due to
the synergetic effects between the two semiconductors with
varying energy levels. It was suggested that Fe,O5; accepted
electrons in the CB of ZnO, so Fe (III) was reduced to Fe (II)
and electron-hole recombination was suppressed effectively
(Liu et al. 2012a).

Jang et al. fabricated ferromagnetic TiO,-Fe,O3 core-shell
nanostructures by a sol-gel procedure using cetyltrimethyl
ammonium bromide (CTAB) as the controlling size agent.
They prepared this nanostructure with various concentrations
of Fe salt, finding that the magnetic nanophotocatalyst with
lower concentration of Fe displayed optimal photocatalytic
performance and degraded MB by 90% after 200 min under
room light irradiation in the presence of H,O,. The enhanced
photocatalytic activity of TiO,-Fe,O5 core-shell nanostruc-
tures was due to the synergetic effects of TiO, core and
Fe,Oj3 shell (Jang et al. 2014).

Fe;04/WOs hierarchical core-shell structures were synthe-
sized by Xi etal. (2011). Fe;04 microspheres play the role ofa
charge collector and inhibit the recombination of photo-
excited electrons and holes. The Fe;04/WO; nanocomposite
was prepared using a solvothermal approach followed by cal-
cination at 420 °C for 30 min. According to authors, the pho-
tocatalytic activity of magnetic Fe;04/WO; nanostructures
could be attributed to the following factors: (1) high surface
area of Fe;04/WO5 nanocomposites (34 m” g '), which pro-
vides more active sites for photocatalytic degradation and (2)
high conductivity of Fe;0,4. The microspheres and synergistic
effects between Fe;O4 core and WO5 shell are shown in
Scheme 2. They claimed that lower conduction bond (CB)
of Fe;0,4 compared to WO; led to the migration of photoex-
cited electrons from CB of WOj5 to CB of Fe;0,4, which en-
hanced photodegradation of MB. Finally, electrons collected

E 4, NHE
Oxidation
0 reaction
L
[| S [ —— CBwOS‘ )
Reduction
: reaction
) 1 E— CBFe304 > R bR PR
Fe;0,

Scheme 2 Tllustration of charge transfer in magnetic Fe;0,/WO; core-
shell nanocomposites (Xi et al. 2011).
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by Fe;04 could be reduced by dissolved O, in the solution (Xi
etal. 2011).

As mentioned in the last section, metal ion doping is a
suitable method to improve the photocatalytic activity of mag-
netic nanocomposites. Different magnetic ion-doped
photocatalysts with core-shell nanostructure have been fabri-
cated using metal ions such as Au (Zhou et al. 2015), Ce
(Zhongliang et al. 2012), and Ho (Shi et al. 2011) and applied
as efficient photocatalysts under visible light irradiation.

In a procedure involving surface modification of
Fe;0,@TiO, microspheres, Zhou et al. (2015) prepared mul-
tifunctional Au decorated Fe;0,@TiO, nanocomposites.
SEM and TEM images of Fe;0,@TiO,@ Au microspheres
are shown in Fig. 4, which confirm grafted Au nanoparticles
on the surface of Fe;0,@TiO, microspheres.

The photoactivity of fabricated nanocomposites in reduc-
ing 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the
presence of NaBH, under visible light was evaluated.
According to the results, Fes0,@TiO,@Au microspheres
were able to reduce 4-NP to 4-AP after 3 min. It was found
that the reduction of 4-NP followed the modified Langmuir-
Hinshelwood model, and the pseudo-first-order rate constants
with illumination and dark were equal to 1.18 and
0.421 min"', respectively (Zhou et al. 2015).

A cerium-doped mesoporous titanium dioxide-coated mag-
netite (Ce/MTiO,/Fe;04) core-shell structure was fabricated
by the hydrolysis of tetrabutyltitanate (TBT) with precursors
of ammonium ceric nitrate and TBT in the presence of Fe;Oy4
particles using a vacuum rotary evaporator and calcination at
500 °C (Zhongliang et al. 2012). The photocatalytic activity of
Ce/MTiO,/Fe;0,4 under visible light degradation was evaluat-
ed on the MB solution (50 ppm) with 0.5-mol% Ce/MTiO,/
Fe;0,4 exhibiting the highest photoactivity. UV-Vis DRS anal-
ysis showed that the presence of cerium led to a red shift in the
adsorption profile, so that the Ce doping improved the photo-
utilization of MTiO,/Fe;0,4 and generated more electron-hole
pairs under photo-irradiation. However, to identify the

AuNPs

200 nm 100 nm v
— —

Fig. 4 a SEM image and b TEM image of Au decorated Fe;0,@TiO,
magnetic microspheres (Zhou et al. 2015)

magnetic properties of nanocomposites, no characterization
analysis was performed (Zhongliang et al. 2012).

Holmium (Ho) was used as a doping agent in the synthesis
of Ho/TiO,/Fe;0,4 using CTAB and n-pentanol as the surfac-
tant and cyclohexane as the oil phase (Shi et al. 2011). This
magnetic photocatalyst was used for the degradation of MO
under 300-W metal halide lamp for 10 h. It was suggested that
the presence of Ho ions on the TiO,/Fe;O,4 nanoparticles af-
fected the electron-hole recombination rate according to the
following equations:

Ho*" + e —Ho** (2)
Ho* + 0,—0; + Ho*" (3)

Thus, Ho sites on the TiO,/Fe;0,4 nanoparticles trapped the
photo-excited electrons and increased the photocatalytic activ-
ity. However, the results suggested that the optimum amount
of Ho doping was 20%. The higher amount of Ho made the
dopants into the recombination centers of the excited electrons
and reduced the photocatalytic activity (Shi et al. 2011).

In recent years, magnetic core-shell nanostructures includ-
ing silver halides (AgX, X = Cl, Br) have gained considerable
attention due to small band gap of silver halides. Furthermore,
the presence of metallic silver on silver halides improves their
ability for the absorption of visible light irradiation by the
surface plasmon resonance effect (Huang et al. 2015a;
Shekofteh-Gohari and Habibi-Yangjeh 2015).

Fe;0,@Zn0O/AgCl (1:10) was fabricated by a simple
large-scale method at low temperature (96 °C) in water
(Shekofteh-Gohari and Habibi-Yangjeh 2015). This nano-
composite showed that the first-order degradation rate con-
stant of RhB was 35 times higher than that of the
Fe;0,@Zn0O nanocomposite. It was demonstrated that
Fe;0,@Zn0/AgCl nanocomposites exhibited higher visible
light absorption efficiency. Thus, the nanocomposites exhibit
increased photocatalytic activity under visible light irradiation
caused by the generation of more electron-hole pairs.

In another research, Huang et al. prepared magnetic
core-shell structured Ag/AgBr@Fe,O; composite via a
facile hydrothermal method. In the synthesized samples,
different mass fractions of Fe,O5 in the total weight of
Fe,O5; and AgNO; were 1, 3, 5, and 10% (Huang et al.
2015a).

Ag/AgBr@Fe,0; nanostructures showed antibacterial
properties and improved photocatalytic activity for the degra-
dation of organic pollutants under visible light irradiation. The
authors stated that enhancement of catalytic activity of 3%
Ag/AgBr@Fe,0; could be attributed to the synergistic effect
of AgBr and Fe,05, which could improve the formation of
reactive species and thus improve the photocatalytic perfor-
mance. The proposed mechanism of the reaction process for
nanocomposites has been depicted in Scheme 3.
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Organic
pollutant

Degradation
products

Scheme 3 Suggested mechanism for the photocatalytic degradation of
MO under visible light irradiation (Huang et al. 2015a)

As shown in Scheme 3, Fe,O5 created numerous active
sites for adsorption of organic pollutants, and the interactions
of Fe,05, AgBr, and metallic Ag nanoparticles inhibited the
recombination of photo-excited electron-hole pairs and thus
enhanced the photocatalytic activity. It was suggested that Ag
nanoparticles absorbed light and produced electron-hole pairs.
Then, photo-excited electrons migrated to the CB of AgBr and
reduced the dissolved O, in the solution to the superoxide
radical. Beside, because of the Schottky barrier at the metal-
semiconductor interface, the excited electrons on the Fe,O5
were combined with holes on the Ag nanoparticles. On the
other hand, the holes on the VB of AgBr were transferred to
the VB of Fe,03 and oxidized the adsorbed organic pollutants
on the layer of Fe,0O53 (Huang et al. 2015a).

Some researchers have proposed that in a magnetic-
semiconductor nanophotocatalytic such as
Fe;0,@Si0,@Ag;P0O,4 (Yao et al. 2014a),
Fe;0,@Si0,@Co05;0, (Wang et al. 2015),
MgFe,0,@Si0, @ Ag,SiW,040/Ag (Tang et al. 2014), and
CoFe,04/S10,/TiO, (Hamad et al. 2015), direct combination
with magnetic core and photocatalytic shell generates a
quenching effect that deteriorates the photocatalytic performance
(Yao et al. 2014a). It has been established that the presence of the
SiO, interlayer reduces the quenching effect and protects the
magnetic core from chemical corrosion (Yao et al. 2014a).

Yao et al. prepared core-shell magnetic nanocomposites of
Fe;0,@8S10,@Ag;PO, by a facile precipitation method with a
grain size ranging from 200 to 400 nm (Yao et al. 2014a). The
photocatalytic activity of Ag;PO,, FesO0,@Ag;PO,, and
Fe;0,@8Si0,@Ag;PO, was investigated for the degradation of
RhB under visible light irradiation for 45 min. Results showed
that the photocatalytic activity of Fe;0,@SiO,@Ag;PO, was
close to that of pure Agz;PO,4. On the other hand, the photocata-
lytic activity of Fe;0,@Ag;PO, was extremely low. In fact,
Fe;0, acted as a recombination center and photo-excited charges
were injected from Ag;PO, into Fe;O,, as shown in Fig. 5.
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Fig. 5 Mechanism of migration of photo-excited charges on magnetic
Fe304 (Yao et al. 2014a)

A yolk-shell Fe;0,@Si0,@Co3;0,4 nanostructure was fab-
ricated by a three-step procedure using urea and a mixed so-
lution containing water and ethanol (9:1). The synthesized
nanostructures were used for photocatalytic oxidation of water
to oxygen in the Ru(bpy)?—SzOéf (bpy =2, 2'-bipyridine)
system. It is noteworthy that bpy and S, Of{ act as photosen-
sitizer and oxidizing agent, respectively (Wang et al. 2015).

Tang et al. synthesized magnesium ferrite nanoparticles
(MFNs) by a hydrothermal method and used them as magnetic
core for the synthesis of ferromagnetic MFNs@SiO,/
Ag,SiW,040/Ag photocatalyst. For Ag@silver-based salt
photocatalysts, the presence of anions with higher charges
yielded stronger photocatalytic capability; thus, Sinzoig
was applied as anion (Tang et al. 2014).

Photocatalytic activity of nanocomposites was investigated
in the degradation of MB and disinfection of E. coli bacteria. It
was found that MFNs @Si0,/Ag,SiW,0,40/Ag photocatalyst
synthesized under 4-h UV irradiation demonstrated the opti-
mal performance. It was assumed that the localized surface
plasmon resonance (LSPR) effect of Ag NPs on the surface
of Ag4SiW 1,04 could improve its light absorption in the
visible light region and therefore promote the photocatalytic
performance of magnetic nanostructure. Basically, Ag NPs
suppress the recombination of photo-excited charges in
Ag,SiW 1,040 by acting as an electron trapping agent (Tang
etal. 2014).

In another study, a core/shell/shell spherical nanostructure,
CoFe,04/S10,/TiO,, with a proper saturation magnetization
(My=6.53 emu g '), was synthesized by sol-gel hydrolysis
and condensation of titanium isopropoxide (C;,H,g0,4Ti)
followed by calcination treatment at 300 °C. As in previous
cases, SiO, layer acted as a barrier layer between the magnetic
core and the photoactive shell and inhibited the CoFe,O, ten-
dency to recombine photo-excited electrons and holes. The
authors declared that direct contact between TiO, and iron
oxide could cause problems such as photodissolution of iron
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oxide, stimulation of electron-hole recombination, and aggre-
gation of magnetic photocatalytic particles (Hamad et al.
2015).

Magnetic-nanophotocatalyst-based
heterojunction structure

Magnetic heterojunction nanostructures are effective
photocatalysts that utilize the suitable properties of their com-
ponents. Like core-shell structures, the magnetic part of
heterojunction provides a separable heterostructure and sim-
ple recovery of catalyst. Moreover, synergetic effects are con-
sidered in heterojunction structures (Leng et al. 2013a;
Shojaei et al. 2015).

The p-n junction is the most common type of
heterojunction structure in the magnetic photocatalysts (Cao
et al. 2014b, 2015b; Hankare et al. 2011). Magnetic p-n junc-
tion is formed by bringing n-type (magnetic part such as
Fe;0,) and p-type (photocatalytic part) semiconductors into
close contact, as shown in Fig. 6. An electric field is formed
between the positive ion cores in the n-type semiconductor
and negative ion cores in the p-type semiconductor (Cao
et al. 2014a, b). The contact of n-type semiconductor with p-
type semiconductor leads to diffusion of excess electrons of
the n-type semiconductor to the p-type and migration of ex-
cess holes from the p-type semiconductor to the n-type one.
As a result, the recombination of photo-excited electrons and
holes is inhibited and photocatalytic performance of
photocatalyst is amplified (Cao et al. 2014b, 2015b).

As TiO, is the key compound in the photocatalytic area,
different structures of TiO, has been used in the synthesis of
magnetic-nanophotocatalyst-based heterojunction structures
such as nanostructures (Sathishkumar et al. 2013), micro-
spheres (Leng et al. 2013a; Tang et al. 2013), nanofibers
(Wang et al. 2014), and hollow bowls (Mou et al. 2012).
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Fig. 6 The energy band structure and the movement of electrons and
holes in a p-n heterojunction

By combining hydrothermal and co-precipitation tech-
niques, a novel type of hierarchically magnetic K-OMS-2/
TiO,/Fe;04 heterojunction (K-OMS: cryptomelane-type
manganese oxide) was successfully synthesized using manga-
nese oxide nanowires (K-OMS-2) and TiO, nanoparticles.
The as-prepared nanocomposites revealed high magnetic re-
sponse and great degradation efficiency (85.7%) for humic
acid under simulated solar irradiation. The desirable photocat-
alytic performance of K-OMS-2/TiO,/Fe;0, heterojunctions
was ascribed to the important role of manganese oxide nano-
wires. Actually, as a dispersing template, the K-OMS-2 re-
duced the size of TiO, to nanoscale during the synthesis pro-
cess and therefore the specific surface area of the fabricated
nanocomposites was increased. This could lead to the synthe-
sis of materials with higher photocatalytic activity.
Furthermore, it was claimed that the Mn>*/Mn** in the syn-
thesized heterojunctions had a direct effect on the electron
transfer and inhibited the recombination of electron and hole
pairs (Zhang et al. 2012).

Wang et al. used TiO, nanofibers for the synthesis of
Fe;0,@TiO,/CdS heterostructures. The electrospinning tech-
nique was applied to prepare the Fe;O4-embedded TiO,
(Fe;04@TiO,) magnetic nanofibers and Fe;0,@TiO,/CdS
heterostructures were obtained by a hydrothermal process.
TEM images of as-synthesized nanocomposites are presented
in Fig. 7, which confirm the uniform dispersion of Fe;0,4 and
CdS nanoparticles on the surface of TiO, nanofibers (Wang
etal. 2014).

The Fe;0,@TiO,/CdS multifunctional photocatalysts ex-
hibited high efficiency in the degradation of RhB under UV,
visible, and sunlight irradiation. The CdS nanoparticles did
not have any significant effect on improving the photocatalyt-
ic performance of nanocomposites under UV irradiation. This
can be attributed to the lack of photo-excitation of CdS under
UV irradiation and the TiO, nanofibers were the only source
of photocatalytic activity. However, under the visible and

Fig. 7 TEM image of a Fe;0,@TiO, nanofibers and b Fe;0,@TiO,/
CdS heterostructures (Wang et al. 2014)
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simulated sunlight irradiation, anatase TiO, nanofibers were
unable to exhibit photocatalytic performance and the photo-
catalytic activity was derived from the CdS nanoparticles
(Wang et al. 2014).

Magnetic y-Fe,03/TiO, hollow bowls were prepared by a
simple combined process including the side-by-side
electrospray method with a non-equilibrium calcination pro-
cess. As shown in Fig. 8a, SEM images have the typical bowl-
shaped structure of as-synthesized heterostructures with rough
surfaces and small holes of 10 nm on them.

Moreover, it was maintained that a Fe> *-doped-TiO, tran-
sition layer was formed between the y-Fe,O5; and TiO,
phases, as presented in Fig. 8b. The incorporation of Fe**-
doped-TiO, transition layer between the y-Fe,O5; and TiO,
layers could foster the separation of photo-excited electron-
hole pairs and it was the main reason for the enhanced photo-
catalytic performance of y-Fe,O5/TiO, hollow bowls com-
pared to the pure y-Fe,Os, for decolorization of RhB under
the visible light irradiation (Mou et al. 2012).

It is clear that the preparation condition of magnetic
heterojunctions directly influences the crystalline phase of
photocatalyst and plays an important role in the synthesis of
these structures. In another research, it was found that co-
precipitated CoFe,O,4 enhanced the formation of CoFe,O4/
TiO, nanocatalysts and the calcination process at 400 °C led
to the phase conversion of TiO, from anatase to rutile. The
XRD analysis of the as-prepared CoFe,04/TiO,
heterojunction nanostructures revealed that the conversion of
anatase to rutile phase of TiO, was the most important reason
for enhanced photocatalytic properties. In fact, the rutile phase
of TiO, (3.0 eV) is excited by visible light to produce the
photo-excited charges and radicals, whereas anatase phase of
TiO, (3.2 eV) demands higher energy for excitation and gen-
eration of electron-hole pairs. Subsequently, the phase conver-
sion leads to the activation of synthesized CoFe,04/TiO,
nanostructures under visible light irradiation (Sathishkumar
et al. 2013).

Using carbon spheres as the template and urea as the pre-
cipitation agent, x-Fe,O3/TiO, heterostructure hollow spheres
was fabricated and used for photocatalytic degradation of RhB
under visible light. The hollow «-Fe,O5/TiO, structures re-
vealed a relatively high surface area (31.8 m? g ). The effect

Fig. 8 a SEM image and b schematic layered structure of the as-prepared
bowl shaped y-Fe,03/TiO, nanostructures (Mou et al. 2012)
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of some synthesis parameters was evaluated on photocatalytic
performance of heterojunction nanostructures, such as calci-
nation temperature and the molar ratio of titanium to iron (R).
It was found that the optimum value of calcination tempera-
ture and R was equal to 400 °C and 2:1.5, respectively. At this
optimum condition, the as-synthesized x-Fe,03/TiO,
heterostructures exhibited 98% efficiency for decolorization
of RhB (Tang et al. 2013).

With the exception of TiO,, some other semiconductors are
used in the structure of magnetic nanostructures, such as
Ag>0 and ZnO (Cai et al. 2015), Cu,O (Cao et al. 2015a),
and WOs; (Shojaei et al. 2015). The heterojunction structures
synthesized with these semiconductors exhibited efficient vis-
ible light photocatalytic activity and convenient magnetic
properties with great potentials for water purification.

Hierarchical Ag,0-ZnO-Fe;0, visible light photocatalysts
were prepared by a low-temperature hydrothermal method
(130 °C) with different mass ratios of Ag,O and ZnO. The
photocatalytic performance of the as-synthesized samples was
evaluated for the degradation of RhB and (Ag,0)q-Zn0O-
Fe;0, showed the highest photocatalytic efficiency (98.5%).
The enhancement of the photocatalytic activity was ascribed
to the inhibition of electron-hole recombination on the surface
of (Ag,0)g 6-ZnO-Fe;04 nanostructures (Cai et al. 2015).

Cao et al. fabricated superparamagnetic Cu,O/chitosan-
Fe;0,4 heterojunction nanocomposites by a facile one-step
precipitation-reduction process using a magnetic chitosan che-
lating copper ions as the precursor. It has been shown that
Cu,O wrapped in the chitosan matrix embedded with Fe;04
nanoparticles, and consequently Cu,O/chitosan-Fe;0, nano-
structures provided a relatively large specific surface area
(28.6 m* g~ ') and special di-modal pore structure. Moreover,
the photocatalytic activity of nanophotocatalysts was exam-
ined by decolorization of reactive brilliant red X-3B (X-3B)
under visible light irradiation and the dye X-3B was almost
completely decolorized after 60-min irradiation in the pres-
ence of 1.0-g/L. Cu,O/chitosan-Fe;O0,4 nanocomposites for
50-mg/L X-3B solution at pH 5.6. The Cu,O/chitosan-
Fe;04 nanostructures revealed a high reusability and stability
performance on decolorization of X-3B in a way that the de-
colorization efficiency of the first to the fifth runs was 99.8,
97.2,91.5, 88.4, and 87.4%, respectively (Cao et al. 2015a).

WO,/TiO,/Fe;0,4 nanomagnetic particles with differ-
ent amounts of WO;3 content (1, 3, 5, 8, and 10 wt%)
were synthesized by the sol-gel method and used as
reusable photocatalyst for the removal of direct blue
71 from aqueous solution. The nanostructures synthe-
sized with 5%WOj3; showed enhanced photocatalytic per-
formance under the visible light irradiation compared
with the pure TiO,, TiO,/Fe;04, and 5%WO;/TiO,
nanoparticles. Superparamagnetic microspheres of
5%WO05/TiO,/Fe;0, with a saturation magnetization
equal to 18.2 emu g ' could be easily separated from
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aqueous solutions with a magnet and about 85% activity
of recycled photocatalysts remained after 5 cycles.

The enhanced photocatalytic performance of 5%WO;/
TiO,/Fe;0,4 nanocomposites was attributed to the synergistic
interactions between WO;5; and TiO, and the electron-hole
separation and transformation, as shown in Scheme 4.

In fact, the interaction of WO3; and TiO, and the positive
potential of CB of WO; compared to TiO, increased the life-
time of the photogenerated electrons and holes and thus the
efficiency of photocatalytic degradation of dye promotes
(Shojaei et al. 2015).

Scaling up the solar light photocatalytic
systems

Industrial and real applications of solar light
photocatalysts

To date, various real applications of heterogeneous
photocatalysis have been reported by many researchers, most
of which are associated with capability of photocatalysts in
water and air matrices disinfection and inactivation of micro-
organisms. It is well known that the most commonly used
photocatalyst is TiO,, which is a non-toxic, chemically stable,
and low-cost material. The most common real-life applica-
tions of TiO, include air purification (Goswami et al. 1997),
medical and biological applications (Shiraishi et al. 2009),
laboratory and hospital waste purification (Yu et al. 2003),
food and pharmaceutical industries (Yu et al. 2003), hydrogen
production through splitting of water (Ni et al. 2007), and
wastewater treatment (Mahmoodi and Sargolzaei 2014a,b).
However, due to some operational limitations such as wide
band gap and fast recombination of electron-hole pair, TiO, is

light

.

Scheme 4 Proposed mechanism for photocatalytic degradation of direct
blue dye using 5%WO5/TiO,/Fe;0,4 nanostructures (Shojaei et al. 2015)

no longer an ideal photocatalyst and researchers are looking
for alternatives (Mahmoodi et al. 2017).

Solar-light photocatalysts have been claimed to offer a
good alternative to TiO, in real-life applications. Many re-
searchers have used these materials for practical purposes at
pilot-plant scale in areas such as hydrogen production
(Salgado et al. 2016; Villa et al. 2013), photocatalytic treat-
ment of pesticides (Oller et al. 2006; Spasiano et al. 2013),
oxidation of organic compounds (Spasiano et al. 2013), and
degradation of organic wastewater (Shaban et al. 2016). For
instance, two different photocatalytic systems, one based on a
Pt/ (nitrogen doped TiO,) and the other based on a Pt/CdSe-
ZnS composite, were used for the simultaneous photocatalytic
hydrogen production and organic pollutant removal using a
pilot-plant solar reactor equipped with a compound parabolic
collector (CPC). Aqueous solutions of formic acid and glyc-
erol were prepared as the synthetic wastewater, and municipal
wastewater from the Sewage Treatment Plant of Almeria
(Spain) was used as the real wastewater. The highest energy
efficiency (2.5%) was achieved when using Pt/(TiO,-N) in a
0.05-M formic acid aqueous solution after 5-h exposure to the
sunlight irradiation. Even though the real wastewater experi-
ments produced smaller amounts of hydrogen, the possible
use of municipal wastewaters for photocatalytic generation
of hydrogen at large scale was demonstrated (Villa et al.
2013).

Also, TiO,/Cu(Il) photocatalyst was used to exhibit the
possibility of converting benzyl alcohol to benzaldehyde in a
aqueous solution under natural solar radiation at pilot-plant
scale. The initial cupric ion concentration, incident solar irra-
diance, and temperature were the main operational parameters
affecting the benzyl alcohol oxidation rate. The possibility of
cupric species regeneration (as catalyst) was shown by air or
oxygen bubbling into the pilot-plant in dark conditions
(Spasiano et al. 2013). Table 2 presents some visible light
photocatalysts, which are practically used in different areas
at pilot-plant scale.

Since the stability, easy separation, and regeneration of
photocatalyst are key parameters in industrial scale applica-
tion, recently, researchers have paid special attention to mag-
netic visible light photocatalysts, which could be easily sepa-
rated from the reaction medium by applying an external mag-
netic field. However, the practical use of magnetic
photocatalysts at industrial scale has not yet been reported,
which could be due to the low synthesis efficiency of these
materials.

Economic aspects of the solar-light-based processes
It is well-known that economics of operational processes has a
significant effect on their commercial justification. As far as

authors are concerned, few studies have addressed the eco-
nomic considerations of solar light-based photocatalytic
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Table 2 Various solar-light

photocatalysts practically used in Type of Field of use Efficiency  Substance Type of References
different areas at pilot-plant scale photocatalyst reactor
TiO,/Cu(Il) Oxidation of 53.3% Benzaldehyde Solar Spasiano
benzyl alcohol CPC et al.
reac- 2013
tor
TiO, (Degussa Degradation of 80-90% Cymoxanil, Methomyl, Solar Oller et al.
P-25) hazardous Oxamyl, Dimethoate, CPC 2006
water-soluble Pyrimethanil and reac-
pesticides Telone tor
Carbon-modified =~ Degradation of 92-95% Clean seawater Solar Shaban
TiO, polychlorinated falling et al.
biphenyls film 2016
reac-
tor
Au/TiO, Hydrogen 1.8-2.9% Alcohols, organic acids, Solar Salgado
production municipal wastewater, CPC et al.
industrial wastewater reac- 2016
tor
Pt/(TiO,-N) Hydrogen 2.5% Formic acid, Glycerol, Solar Villa et al.
Pt/CdSe-ZnS production municipal wastewater CPC 2013

reac-
tor

processes. Researchers have reported that the most important
factor in the economic prediction of solar light-based process-
es is the cost of fabrication and maintenance of the reactor, and
the accurate calculation of the required reactor area (under
illumination) is a fundamental parameter in the accurate pre-
diction of economic calculations. For instance, Turchi and
Link claimed that non-concentrating solar light reactors could
increase the economic justification of solar light-based pro-
cesses compared to other processes such as activated carbon
adsorption and UV/H,O, photolysis (Link and Turchi 1991).
Also, Goswami claimed that the cost of visible light photocat-
alytic process varies from 0.53 to 2.5 ($ m ) depending on the
type of process (Goswami 1997). It should be noted that with
the exception of the photocatalytic reactor, some other factors
such as type of wastewater, mode operation, and location of
plant directly affect the cost prediction.

Toxicity of treated water

The toxicity of treated water by the magnetic photocatalysts
could emerge from the main causes: (1) the incomplete
photodegradation of organic molecules and the production
of intermediates and (2) the remaining of magnetic
photocatalysts in the treated water due to the lack of full sep-
aration of nanophotocatalysts. In the former case, the theory of
photocatalytic processes states that at the end of process, the
persistent organic pollutants transform to the safe compounds
such as CO, and H,O (Cao et al. 2014b), while many re-
searches have shown that what really happens in the photo-
catalytic treatment process is that organic compounds contain-
ing a large number of benzene rings are broken down into
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several smaller intermediates. Usually, produced intermedi-
ates are identified using mass spectroscopic techniques, e.g.,
GC-MS or LC-MS spectroscopy. For instance, the produced
intermediates of naphthalene degradation in aqueous suspen-
sion of TiO, under UV irradiation were studied using GC-MS
spectroscopy and 15 different compounds were identified
(Theurich et al. 1997). Also, in our previous research, we
found that photocatalytic degradation of reactive blue 19 dye
on the surface of BiOI nanoparticles under natural sunlight
irradiation generates several smaller molecules such as
indoline, coumarin, and dihydroxanthin (Mahmoodi et al.
2017).

In the latter case, if magnetic photocatalyst is separated
from the treated water by applying a relatively weak magnetic
field or magnetic component does not have a high magnetic
property, it is possible that part of the photocatalyst remains in
the treated water. Many researches have focused on toxicity of
magnetic nanoparticles and found that the toxicity of magnetic
particles depends on several parameters including chemical
composition, dose, size, structure, solubility, surface chemis-
try, and structure of the magnetic nanoparticles (Markides
et al. 2012; Reddy et al. 2012). However, the effect of these
nanomaterials has been largely studied in vitro conditions but
long-term in vivo researches have not been carried out exten-
sively (Markides et al. 2012). Finally, it cannot be argued that
the wastewater treated by magnetic nanophotocatalysts is free
from any toxicity and can be used as drinking water. What we
can say is that after purification with the photocatalytic pro-
cess, it is possible to release treated wastewater to surface
waters or further refine it by the commonly used wastewater
treatment methods (Franquet-Griell et al. 2017).
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Summary and perspectives

The unique photocatalytic properties of narrow-band gap
semiconductors have attracted increasing attention for
researcher. Photocatalytic degradation of toxic organic
pollutants in wastewater with these photocatalysts pro-
vides many advantages, such as high degradation effi-
ciency, utilization of free solar energy, and low-cost op-
eration. A variety of types, structures, and preparation
methods for visible light photocatalysts have been re-
ported. However, the problem of separation and recov-
ery from solution is one of the main challenges in ap-
plication of these structures and industrialization of pho-
tocatalytic processes.

Magnetic heterogeneous photocatalysts can provide a so-
lution for this problem in which a component with magnetic
properties (such as Fe,0s5, Fe;04, and CoFe,0,) is incorpo-
rated in the structure of hybrid photocatalyst. The structure of
magnetic-semiconductor nanocomposite heterostructure can
be simply divided into core-shell, matrix-dispersed, Janus,
and shell-core-shell structures. Many researches have been
undertaken for the synthesis, characterization, applications,
and mechanisms of visible light magnetic heterostructure
photocatalysts. To promote the photocatalytic performance
of magnetic photocatalysts, a bulk of studies has explored
their composition, morphology, and structure control.
Despite the considerable advancement in this area, more stud-
ies are still required on various aspects to further promote the
use of visible light magnetic heterostructure photocatalysts.
The following concepts are of special importance:

(1) It is generally accepted that degradation of resistant or-
ganic air pollutants such as polycyclic aromatic hydro-
carbons (PAHs), phthalate ester (PEs), and dioxins is of
paramount importance for environmental air protection
and indoor air purification. However, the use of visible
light magnetic heterostructure photocatalysts has been
studied mainly in the liquid phase rather than gaseous
phase. However, visible light, especially sunlight, can
be more efficiently utilized in the gaseous media.
Therefore, it is necessary to expand the application of
visible light magnetic heterostructure photocatalysts for
the decomposition of gaseous contaminants.

(2) Previous works on magnetic-semiconductor nanocom-
posite heterostructure photocatalysts have mainly fo-
cused on the photocatalytic decomposition of organic
pollutants (dyes, pesticides, pharmaceuticals, herbi-
cides, and so on), while scant attention has been paid
to researches on their industrialization. Using a combi-
nation of magnetic components and visible light active
photocatalysts that can be synthesized by facile tech-
niques offers a promising method to control the envi-
ronmental pollution at the large scale.
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