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Abstract
In this research,  Fe3O4/SiO2/TiO2–Ag (FST–Ag) cubes were synthesized via a facile method. FST–Ag cubes have been 
characterized by some techniques contain field emission scanning electron microscopy (FESEM) with an energy-dispersive 
X-ray (EDX) spectroscopy analysis, Transmission electron microscope (TEM), X-ray diffraction (XRD), vibrating sample 
magnetometer (VSM). The photocatalytic degradation of phenol was examined and reaction parameters were determined for 
best catalyst performance. Results revealed FST–Ag cubes have been successfully synthesized with Core/Shell/shell Nano-
structure. The higher surface to volume ratio of the cube shape increased photo-catalytic properties. The influence of various 
parameters on photo-catalytic performance, like pH, photo-catalyst dose and initial concentration of phenol were examined. 
Catalyst dose of 0.2 g/L was obtained as the optimum amount. The degradation efficiency of phenol was increased in acidic 
solution pH. The removal efficiency was decreased with increasing initial phenol concentration. So, the highest degradation 
efficiency of phenol with photo-catalytic UV/Fe3O4/SiO2/TiO2–Ag process was caused 98.1% degradation at initial phenol 
concentration of 50 mg/L, solution pH of 3 during 150 min contact time, while 90.6% degradation of phenol was achieved 
under UV/Fe3O4/SiO2/TiO2 without Ag particles. The FST–Ag cubes are recovered and could be re-used again.

1 Introduction

Organic pollutants are considered as the main resources 
of concerns among the water pollutants since they include 
extensive proportion of industrial productions and possess 
high toxicity and weak self-degradation ability [1]. A large 
proportion of industrial wastewater contains organic pollut-
ants such as phenol and its derivatives [2]. In the past several 
years, advanced oxidation processes (AOP) based on photo-
catalytic reactions have attracted much attention because of 
their effectiveness in mineralization of the pollutants and 
lack of waste problems [3]. In photo-catalytic degradation, 
pollutants are degraded under the radiation of UV rays and 
in the presence of metal oxide particles like ZnO and  TiO2 
[4].  TiO2 is one of the most materials used in photo-catalytic 

processes because of its properties like low cost, suitable 
chemical stability, acceptable photo-catalytic activity (its 
high oxidant ability in degradation of organic pollutants), 
nontoxic nature and wide range of applications [5, 6]. When 
 TiO2 nanoparticles are exposed to UV light, the electrons of 
the highest level of the valence band move into the conduc-
tion band and provide the electrons of conduction band and 
valence band holes. The resulted electrons and holes can 
cause the formation of activated oxygen (OH radicals and 
 O−2 superoxide anions) in which directly causes the degrada-
tion of organic pollutants in the oxidation process [7].

When  TiO2 is used as suspension, despite the high sur-
face contact after refinement treatment, separation of this 
material from aqueous environment is necessary which is to 
high investment and operational costs. Therefore, the indus-
trial application of  TiO2 nanoparticles will be limited due to 
their difficult recovery and easy loss [8]. Accordingly, many 
researchers have focused on the mixing of magnetic parti-
cles with micro/nanoparticles of  TiO2 in which leads to the 
improved efficiency of the recycling from aqueous environ-
ments by applying magnetic field [9]. Direct deposition of 
 TiO2 on magnetite iron oxide particles decreases its photo-
catalytic characteristic that is because of photo-dissolution 
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of magnetite and transfer of electron-holes from  TiO2 to the 
core particles [10]. Accordingly, the presence of a passive 
interlayer of  SiO2 between the particles of magnetic core and 
 TiO2 is necessary to prevent photo-dissolution. The presence 
of passive layer on the core of magnetic particles not only 
prevents from change of electric charge between the catalyst 
and magnet but also preclude undesirable doping of  TiO2 
during annealing of the catalyst [11, 12].

In order to optimize photo-catalytic effectiveness of 
 TiO2 and extension of its effective absorption of light to the 
visible range and prevention of recombination of electron-
holes, some modifications have been performed by different 
treatments [13]. One of the suitable solutions to improve 
the photo-catalytic performance of  TiO2 particles is the use 
of nanoparticles of transition metals [14]. Nanoparticles of 
Ag often are used as the modifying agents of  TiO2 parti-
cles because Ag nanoparticles act as electron traps which 
help to the separation of electron-holes and facilitate elec-
tron excitation. On the other hand, Ag particles due to its 
low cost in comparison to the other transition metals and 
its special behavior in the absorption of oxygen is consid-
ered as a suitable candidate for the modification of  TiO2 
and optimization of the photo-catalytic performance of the 
process [15–17]. To date, researches have been conducted 
to increase the photo-catalytic efficiency of core/shell com-
posites and dispersion property improvement, such as Mir-
zaHedayat et al. [18] used the graphene oxide to improve the 
photocatalytic properties of the  Fe3O4/SiO2/TiO2 composite. 
Dai et al. [19] amended the dispersion properties of  Fe3O4/
SiO2/TiO2 photocatalytic composites by maleic anhydride 
(MA). Also, Yang et al. [20] prepared  Fe3O4/SiO2/ZnO/CdS 
core/shell microspheres. Chi et al. [21] prepared  Fe3O4/SiO2/
TiO2–Ag nanostructures using  Fe3O4 spherical particles. 
Bavarsiha et al. evaluated the photo-catalytic efficiency of 
 SrFe12O19/SiO2/TiO2 composites for degradation of meth-
ylene blue (MB) [22]. In this regard, since the surface to 
volume ratio of the cubic shape is higher than other shapes 
such as octahedron, dodecahedron, sphere and icosahedron. 
As well as increasing the surface to volume ratio ameliorate 
catalytic activity [23, 24]. As far as the authors know, all of 
the  Fe3O4/SiO2/TiO2–Ag nanostructures synthesized using 
spherical shape of  Fe3O4 particles [21, 25–27]. However, 

the synthesis of core/shell nanostructures of  Fe3O4/TiO2 
cubes has been reported [23]. In this research, synthesis 
and characterization of  Fe3O4/SiO2/TiO2–Ag nanostructure 
composite material on the cube  Fe3O4 particles has been 
reported for the first time. Accordingly, in this work,  Fe3O4/
SiO2/TiO2–Ag nanostructures were synthesized on cube 
particles of iron oxide for the first time to study the effect 
of the initial particle shape on the photo-catalytic proper-
ties of  Fe3O4/SiO2/TiO2–Ag nanostructures. We examined 
to synthesize nanostructured cubes of  Fe3O4/SiO2/TiO2–Ag 
by a simple method in several stages and then the structure 
and morphology of the particles and their properties were 
evaluated. Figure 1 shows a schematic of the different steps 
of the  Fe3O4/SiO2/TiO2–Ag cubes formation.

TiO2 absorption of radiation is below the visible range of 
light spectrum. Therefore, photo-activation of  TiO2 requires 
radiation with a wavelength of less than or equal to 384 nm, 
with a maximum absorption at approximately 340 nm [28]. 
 TiO2 can absorb photons with short wavelengths shorter 
than about 400  nm in the ultraviolet (UV) or near UV 
range, which accounts for more than 5% of the total solar 
UV radiation [25]. The required light can be produced by 
artificial light or solar radiation [28]. The UV light sources 
was selected as the available light source because the use of 
other lights requires longer periods for photocatalytic study. 
So degradation of phenol pollutant by photo-catalytic pro-
cess using  Fe3O4/SiO2/TiO2 (FST) nanocomposites and Ag 
particles were considered under UV light. As well as the 
impact of effective parameters on the performance of photo-
catalytic process like the concentration of photo-catalyst, 
pH of the solution, initial concentration of phenol and etc. 
were investigated.

2  Experimental

2.1  Materials and methods

The chemicals used in the study include the following: Fer-
ric chloride hexahydrate  (FeCl3·6H2O) (Merck), > 99%); 
Ammonium Hydroxide Solution  (NH3·H2O) (Merck), 
25%; Absolute Ethanol (Kimia Alcohol), 99.9%; Tetraethyl 

Fig. 1  Schematic formation of  Fe3O4/SiO2/TiO2–Ag core–shell-shell
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Orthosilicate (TEOS,  C8H20O4Si) (Merck), 99%; Tetrabutyl 
Orthotitanate (TBOT) (Merck), 98%; Hydroxypropyl Cel-
lulose (average  Mw ~ 100,000) (Sigma Aldrich); polyvinyl 
pyrrolidone (PVP) (Merck); Nitrate Silver (0.1 N) and Phe-
nol (Merck), 99.6%. Deionized (DI) water was used for all 
sample preparations.

2.2  Synthesis of  Fe3O4 cubes

The  Fe3O4 magnetite cubes were prepared via the carbon 
reduction method [29]. A solution containing  FeCl3·6H2O 
(80 g) and distilled water (150 ml) was stirred for 15 min. 
A degreased carbon cloth was placed into the solution and 
under the ultrasonic bath for 15 min to set up  Fe3+ ions on 
degreased cotton cloth. Then collected and synthesized in 
tube surface under a temperature of 400 °C for 4 h. The 
prepared particles were black and attracted by the magnet.

2.3  Synthesis of  Fe3O4/SiO2 cubes

Fe3O4/SiO2 cubes were prepared through a modified Stöber 
method via sol–gel technique [29]. In a typical process, as-
prepared  Fe3O4 particles (0.05 g) in the previous section, 
ethanol (120 ml) and distilled water (30 ml) were dispersed 
in ultrasonic bath for 1 h. Then tetraethyl orthosilicate 
(0.5 ml) and ammonia (4 ml, 25 wt%) was added to it and 
was vigorously stirred using a mechanical stirrer for 8 h. 
The particles were separated from solution by external mag-
netic field. Then product was washed with distilled water and 
dried in vacuum oven for 24 h at 40 °C.

2.4  Synthesis of  Fe3O4/SiO2/TiO2 cubes

The  TiO2 Coating on the  Fe3O4/SiO2 cubes was performed 
via hydrolysis process and condensation of TBOT precur-
sor in ethanol solution [30]. Typically, 0.03 g of  Fe3O4/SiO2 
particles was dispersed in ethanol (60 ml), HPC (0.1 g) and 
distilled water (0.24 ml) by ultrasonic bath. Then a mixture 
of TBOT precursor (0.2 ml) and ethanol (10 ml) was added 
to the system and maintained for 90 min at 85 °C. The final 
product was washed several times by ethanol and distilled 
water and dried at 60 °C for 4 h and eventually was calcined 
at 500 °C in an air atmosphere for 2 h.

2.5  Synthesis of  Fe3O4/SiO2/TiO2–Ag cubes

Deposition of Ag particles on the surface of  Fe3O4/SiO2/TiO2 
nanocomposites was performed by wet chemical method [21]. 
At first, 0.03 g of as-prepared FST particles were dispersed 
strongly in Ag(NH3)2NO3 solution (15 ml, 5 × 10−3M) for 
30 min and then mixture of PVP (0.1 g) and ethanol (15 ml) 
were added and heated at 70 °C for 4 h under reflux process. 

The obtained product was separated by magnet and finally 
dried at 50 °C for 10 h.

2.6  Photo‑catalytic performance

Photo-catalytic degradation experiments were performed in 
a 200 mL Pyrex batch reactor of cylindrical shape (contained 
100 mL phenol solution). The reactor was placed in a box. 
A 25 W lamp (ZW25W4P) was used as the UV light source 
that was placed in a quartz cell and put into the center of the 
cylindrical reactor to irradiate better. Also, constant air circula-
tion to ensure aerobic conditions and adequate turbulence and 
agitation in solution required for photocatalysis.  O2 is neces-
sary for the photo-catalytic oxidation of organic compounds. 
Its presence decreased the recombination of electron hole 
pair and degradation of organic substances happen [31]. The 
experimental setup for laboratory irradiation experiments is 
schematically shown in Fig. 2.

First, the suspension was stirred in the dark for 30 min to 
cause adsorption/desorption equilibrium between the surface 
of photocatalysts particle and phenol solution [26]. The irra-
diation time was 150 min and 2 mL of solution was withdrawn 
from the reactor after certain intervals (every 30 min) to ana-
lyze the residual Phenol concentration by visible spectropho-
tometer (Spectrodirect Lovibond, Germany) at 330–900 nm. 
The degradation efficiency  (DE) of each sample was calcu-
lated, after analysis, using the following relationship: 

(1)D
E
% =

(

C
0
− C

t

C
0

)

× 100

Fig. 2  Schematic of photo-catalytic reactor
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(where  Co and  Ct are the absorbance at time zero and time 
t, respectively).

Investigation the pH value on photo-catalytic efficiency, 
pH of solution was changed from 3 to 9 in each experiment. 
For all of experiments pH was set up by NaOH (0.1 mol/L) 
and  H2SO4 (0.1 mol/L). Also, the influences of initial phenol 
concentration, catalyst amount and catalyst reusability on 
photo-catalytic efficiency were determined.

2.7  Characterization

The morphologies of as-prepared cubic nanocompos-
ites were observed by field emission scanning electron 
microscopy (FESEM, TE-SCAN Company, MIRA3), 
energy dispersive X-ray (EDS attached to FE-SEM) and 
transmission electron microscopy (TEM, Leo 906, Zeiss, 
100 kv). The crystal structure of the as-prepared particles 

was characterized using X-ray diffraction (XRD, PRO 
MPD Panalytical Company, Holland) with Cu Kα radiation 
(λ = 0.15418 nm) in the 2θ range of 20°–80°. The magnetic 
properties of the FST–Ag sample were measured by a vibrat-
ing sample magnetometer (VSM, Kavir Kashan Co. MDK6) 
at room temperature.

3  Result and discussion

The synthesis of the FST–Ag nanocomposites with core/
shell structure was performed by four steps. According to the 
FESEM images in Fig. 3a, the synthesized  Fe3O4 particles 
have the cubic shape with an average particle size of about 
350 nm in which their size distribution was not broad. In 
the following, deposition of  SiO2 layer on cubic particles of 
 Fe3O4 was successfully performed by sol–gel, combination 

Fig. 3  FESEM images of cubic 
particles at each step a  Fe3O4, b 
 Fe3O4/SiO2 and c  Fe3O4/SiO2/
TiO2 d  Fe3O4/SiO2/TiO2–Ag
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processes of hydrolysis and condensation of TEOS precur-
sors in a mixture of ethanol and ammonia (modified Stöber 
method) and the core/shell structure of  Fe3O4/SiO2 particles 
were obtained (Fig. 3b). A relatively clear coating can be 
seen around the  Fe3O4 cubes which are different from ini-
tial  Fe3O4 particles that can be attributed to the coating of 
 SiO2 shell on the  Fe3O4 particles [32]. The thickness of the 
 SiO2 shell in this composite is important since increasing the 
thickness of this shell causes reduction of magnetic prop-
erties as well as reduced recycling of these nanostructures 
from wastewaters. In addition, reduction of the thickness of 
 SiO2 shell causes increased the photo-dissolution phenom-
enon of the core as well as increased agglomeration of the 
particles which decreases the photo-catalytic property of the 
nanocomposites [29, 33]. In this study the  SiO2 coating has 
almost been formed on all  Fe3O4 cubes and the amount of 
TEOS precursor has been selected appropriately and  Fe3O4/
SiO4 particles slightly agglomerated. Then  TiO2 shell was 
overcoated on  Fe3O4/SiO2 particles by sol–gel process, using 
hydrolysis and condensation of TBOT precursors along with 
HPC surfactants. Finally, after calcination of the samples at 
500 °C for 2 h,  TiO2 layer changed from amorphous phase 
to the crystalline one. FESEM images of Fig. 3c shows that 
 TiO2 was formed as a uniform layer on the surface of  SiO2 
shell. Also, it is observed FST particles despite have a triple 
structure including  Fe3O4 core and  SiO2 interlayer as well 
as external layer of  TiO2, are dispersed and some agglomer-
ated. By comparison of the FESEM images, it can be seen 
that the smooth surface of  Fe3O4/SiO2 particles after deposi-
tion of  TiO2 layer changes to the rough layer which indicates 
the deposition and crystallization of the  TiO2 layer [30, 34]. 
As previously mentioned, in order to deposit Ag particles on 
the surface of FST nanocomposites, a wet chemical method 
was used in the presence of PVP as both reductant and sta-
bilizer to obtain  Fe3O4/SiO2/TiO2–Ag core/shell structure 
[21]. The FESEM image of  Fe3O4/SiO2/TiO2–Ag composite 
is shown in Fig. 3d. The uniform and distinct surface of this 
composite is well observed.

TEM images of Fig. 4 also show the formation of core/
shell structure of  Fe3O4/SiO2,  Fe3O4/SiO2/TiO2 and  Fe3O4/
SiO2/TiO2–Ag particles. According to Fig. 4a, the  SiO2 
layer was formed uniformly on cubic magnetic particles. In 
addition,  TiO2 layer has been successfully coated on  Fe3O4/
SiO2 particles (Fig. 4b). Furthermore, it is obvious that the 
 TiO2 shell on  SiO2 layer is very well packed, which attribute 
to the small size of  TiO2 particles and indicates the core/
shell nanostructured [35]. The thin shell contains of tiny 
particles at a few nanometers, and some of the inter-particle 
mesopores are also observed on the shell. However, Fig. 4b 
shows the core/shell/shell structure of the FST cubic com-
posite, where rough surface made by  TiO2 crystals is dif-
ferent from the relatively smooth surfaces formed by  SiO2. 
According to TEM and FESEM images, the size of  Fe3O4/

SiO2 particles is averagely 370 nm and the average size 
of FST particles was calculated 375 nm. Figure 4c shows 
TEM image of FST–Ag particles. According to the figure, 
Ag nanoparticles have been adhered on the surface of  TiO2 
shell and FST–Ag nanocomposites and are nearly monodis-
persed. Corresponding to the other reports, the rough regions 
of the surface of titania layer are suitable sites for deposition 
of Ag particles because act as nucleation sites for further 
decoration of Ag nanoparticles [21]. As a result, these par-
ticles have been located on the surface of  Fe3O4/SiO2/TiO2 
nanocomposites. In order to characterize the presence of 
Ag particles on the surface of  TiO2 particles, EDX analysis 
demonstrate that the obtained nanocomposites include four 
main elements of Fe, Si, Ti and Ag (Fig. 5), therefore the 
presence of Ag nanoparticles at the external layer of FST is 
confirmed which indicates the crystallized nanoparticles of 
Ag on the external layer. The average size of FST–Ag parti-
cles was calculated 383 nm. Table 1 presents elemental com-
position of the  Fe3O4/SiO2/TiO2–Ag particles determined 
by EDX analysis.

In order to characterize the phase and composition of the 
prepared samples, X-ray diffraction patterns of the samples 
were obtained. Figure 6 shows XRD patterns of  Fe3O4 par-
ticles and FST–Ag nanocomposite. According to Fig. 6a, all 
the peaks correspond to the  Fe3O4 particles (face-centered 
cubic structure of magnetite) and no impurity are observed. 
The related peaks of  Fe3O4 particles at 2θ = 18.27° (111), 
30.08° (220), 35.40° (311), 43.02° (400), 53.38° (422), 
56.86° (511) and 62.46° (440) completely match with 
JCPDS card No. of 19-0629. The sharp peaks represent the 
formation of  Fe3O4 with a cubic inverse spinel structure [23, 
36]. According to the XRD pattern of Fig. 6b, the peaks at 
2θ = 25.4° (101) and 53.8° (105) confirms the presence of 
anatase phase (JCPDS card No. 12-2172). Whereas the lack 
of peak width at 2θ = 15–25 usually considered as amor-
phous  SiO2 peaks [37]. Also, weak peaks of Ag phase were 
observed via XRD pattern due to small amount of Ag parti-
cles (JCPDS card No. 04-0783) [21].

Figure 7 shows the magnetic properties of synthesized 
particles at each stage by the change of applied external 
magnetic field at room temperature. Results shows deposi-
tion of  Fe3O4 cubes at each stage resulted in reduced mag-
netic properties of nanocomposites as the saturated magnetic 
property  (Ms) of  Fe3O4,  Fe3O4/SiO2,  Fe3O4/SiO2/TiO2 and 
 Fe3O4/SiO2/TiO2–Ag cubes were obtained 80, 66, 41.5 and 
37 emu/g respectively. Reducing the magnetic confirms the 
formation of different shells. However, according to the 
value of  Ms (37 emu/g) nanocomposites of FST–Ag with 
core/shell nanostructured have strong magnetic property 
likewise which is beneficial for magnetic separation and 
recycling [38]. This property provides the application of 
these materials in water refinement processes with least 
secondary contaminations.
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In this work, photo-catalytic degradation of phenol was 
examined by the use of UV/Fe3O4/SiO2/TiO2 process along 
with Ag particles as well as the influence of parameters on 
the performance of photo-catalytic process such as pH of 
the solution, photo-catalyst dosage, concentration of initial 
phenol and contact time were evaluated. Characteristics of 
organic contaminants in wastewater vary greatly in several 
parameters, particularly in their speciation behavior, solubil-
ity in water and hydrophobicity. While some compounds are 
discharged under common pH conditions typical of natural 
wastewater, other compounds expose a wide variation in 
charge and physico-chemical properties [39]. The industrial 
waste containing phenol can be discharged at different pH 
levels [40]. Therefore, a series of experiments were carried 
out to investigate the influence of pH on the degradation 
efficiency of phenol by changing the initial pH [40, 41]. 
Since the pH of the solution determines the surface charge 
of the photo-catalyst and formation of agglomeration it has 
an important role on photo-catalytic degradation of organic 

Fig. 4  TEM images of cubic 
particles a  Fe3O4/SiO2, b  Fe3O4/
SiO2/TiO2 and c  Fe3O4/SiO2/
TiO2–Ag

Fig. 5  EDX spectrum of the  Fe3O4/SiO2/TiO2–Ag particles
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pollutants [42, 43]. The effective parameters on pH of the 
solution can be considered due to the presence of more  H+ 
ions in acidic solution and subsequently formation of •OH 
radicals as well as electrostatic reactions between the cata-
lyst and phenol pollutant [44]. Figure 8 shows the results 

of applying UV/Fe3O4/SiO2/TiO2–Ag process at different 
pH (3, 5.8, 7 and 9). According to figure, it is observed that 
the efficiency of phenol removal at acidic condition is more 
than natural and alkaline conditions so that the efficiency of 
phenol degradation at constant conditions (initial concen-
tration of phenol = 50 mg/L, duration time of 150 min) is 
maximum at pH 3 (98.1%) and the minimum value (92.2%) 
corresponds to the pH 9 which indicates the important role 
of pH value on phenol degradation in photo-catalytic process 
associated with UV radiation.

The effect of FST–Ag catalyst amounts on phenol 
removal was examined at 0.1, 0.2 and 0.5 g/L concentra-
tions. As can be seen in Fig. 9, increasing of the amounts of 
catalyst material from 0.1 to 0.2 g/L leads to the increase of 
the efficiency of phenol removal. According to other stud-
ies, it corresponds to the increase of the number of absorbed 
photons which causes the number of available activated sites 
on the surface of photo-catalyst to increase and hence leads 
to the increased number of absorbed phenol molecules [45]. 
However, this increase has an optimum amount as by the 
increase of the amounts of FST–Ag catalyst particles to 
0.5 g/L, no significant increase in the efficiency of degra-
dation was observed (Fig. 9). Actually, increasing of the 
catalyst particles can reduce the penetration of the light into 
the solution and increases the dispersion of the light from 
the surface of nanoparticles. In this way, the optically acti-
vated volume decreases and as a result slight amount of the 

Table 1  Elemental composition 
of the  Fe3O4/SiO2/TiO2–Ag 
particles determined by EDX 
analysis

Sample Weight % Total

Fe O Si Ti Ag

FST–Ag 41.55 41.55 6.29 3.09 7.52 100

Fig. 6  XRD patterns of a  Fe3O4 cubes and b  Fe3O4/SiO2/TiO2–Ag 
cubes

Fig. 7  Magnetic hysteresis loops of cubes a  Fe3O4, b  Fe3O4/SiO2, c 
 Fe3O4/SiO2/TiO2, and d  Fe3O4/SiO2/TiO2–Ag

Fig. 8  Effect of solution pH on photo-catalytic efficiency (catalyst 
dose = 0.2 g/L,  C0 = 50 mg/L, irradiation time = 150 min)
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suspension becomes activated. On the other hand, this reduc-
tion of removal can be attributed to the agglomeration and 
large amounts of FST particles settlement [46, 47]. Many 
studies have shown that the rate of photo-catalytic degrada-
tion increases by the increase of the amount of catalyst at 
first and then decreases; in fact, the amount of photo-catalyst 
to be used should maintain a balance between two opposing 
effects. In order to ensure efficient absorption of photons and 
to avoid excess catalyst, photo-catalytic reactor should be 
operated at optimum catalyst loading. Based on these results, 
lower amount of the catalyst (0.1 g/L) was not sufficient to 
absorb the photons entered the reaction cell and the excess 
amount of the catalyst (0.5 g) shaded the part of the reacting 
surface of the catalyst from light. However, the optimum 
amount of catalyst particles strongly depends on the type of 
catalyst material, reactor geometry and the condition of the 
operation; thus, the optimum amount of catalyst particles is 
different based on different conditions of the test [48, 49]. In 
this work the amount of 0.2 g/L was determined as the opti-
mum amount of catalyst particles based on test conditions 
while Rashid et al. obtained the optimum amount of FST–Ag 
catalyst equal to 0.5 g/L for the removal of 2-chlorophenol 
under UV irradiation [41]. Nahar et al. observed the degra-
dation rate was found to increase with increasing  Fe3+–TiO2 
concentration up to 0.5 g/L and on subsequent addition of 
catalyst leads to the leveling off of the degradation rate under 
visible irradiation [50]. Therefore, determine the optimum 
amount of catalyst material depend on various conditions.

The initial concentration of the pollutant plays an impor-
tant role in the photo-catalytic degradation of organic pollut-
ant [45]. Evaluation of the effect of initial concentration of 
phenol at four different amounts (15, 25, 50 and 100 mg/L) 
on photo-catalytic degradation at certain pH value and 

optimum amount of catalyst dosage showed that by the 
increasing of initial concentration of phenol, photo-catalytic 
degradation decreases (Fig. 10). So that, at concentration 
of 15 mg/L after 60 min, phenol is completely removed but 
the amounts of degradation efficiency at concentration of 
100 mg/L in constant conditions and after 60 min decreased 
to 78.3%. Chiou et al. [51] showed that by the increase of 
the initial concentration of phenol, its degradation effi-
ciency decreases by means of photo-catalytic process UV/
TiO2. Also, Lathasree et al. [52] studied the influence of 
initial concentration (40–100 mg/L) on the photo-catalytic 
degradation of phenol with ZnO as phtotocatalyst. At lower 
concentration range the photodegradation of pollutant was 
high but it reduced when concentration increased.

As indicated in this paper and other investigations that 
as the concentration of the target pollutant increase, more 
and more molecules of the compound are adsorbed on the 
surface of the photo-catalyst. Therefore, the reactive spe-
cies (•OH and •O2

−) required for the degradation of the 
pollutant also increases. However, the formation of •OH 
and •O2

− on the catalyst surface is constant for a given light 
intensity, catalyst amount and duration of irradiation. Hence, 
the available •OH radicals aren’t adequate for pollutant deg-
radation at higher concentrations; so initial concentration of 
pollutant increases the degradation rate decreases [38]. The 
other possible reason is the formation of more reactive inter-
mediate products compared to phenol which incorporates to 
the reaction with available radicals. Hence according to the 
challenge between phenol and intermediate products, by the 
increase of the initial concentration of phenol and accumula-
tion of the intermediate products on one hand and reduction 
of the available phenol in the environment on the other hand, 
significant amount of formed radicals are used to degrade the 

Fig. 9  Effect of catalyst dose on photo-catalytic efficiency 
 (C0 = 50 mg/L, solution pH 3, irradiation time = 150 min)

Fig. 10  Effect of initial phenol concentration on photo-catalytic effi-
ciency (catalyst 0.2 g/L, pH 3, irradiation time = 150 min)
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intermediate product to the simpler ones [53]. In addition, it 
is possible that during degradation process of phenol at high 
concentrations, polymeric compounds like biphenols forms 
which are insoluble in water and it is possible to adhere to 
the surface of the catalyst and this can be the reason of the 
reduced efficiency of photo-catalytic reaction at high con-
centrations of phenol [54].

It is desired that the deposition of metal ions on  TiO2 
can modify the photoconductive properties by increasing 
the charge separation efficiency between electrons and holes, 
and also by acting as a trap for electrons, inhibiting volume 
and surface recombination of electron and hole that decrease 
the photoefficiency of  TiO2 photocatalyst [55]. However, 
the photoactivity of the metal-doped  TiO2 photocatalyst 
significantly depends on the dopant ion nature and concen-
tration, preparation method and operating conditions [56]. 
The increase in charge separation efficiency will enhance the 
formation of both free hydroxyl radicals and active oxygen 
species [57]. Through the deposition of Ag nanoparticles 
onto the  TiO2 surface, a Schottky barrier can be caused at 
the metal–semiconductor heterojunction, which performs as 
an effective electron trap to prevent electron–hole recombi-
nation in photocatalyst [58, 59].

According to Fig. 11, photo-catalytic efficiency compari-
son of  Fe3O4,  Fe3O4/SiO2,  Fe3O4/SiO2/TiO2 and  Fe3O4/SiO2/
TiO2–Ag. As can be seen, the coating of  TiO2 shell around 
 Fe3O4 cubes has increased the phenol degradation relative to 
 Fe3O4 and  Fe3O4/SiO2 cubes. The effective photo-catalytic 
activity of  Fe3O4/SiO2/TiO2 cubes may be due not only to 
the higher surface to volume ratio (SV) of the cube shape, 
but also to the increase in the specific surface area with coat-
ing of  TiO2 shell [23]. Therefore, the structure of the core/
shell has more surface hydroxyl (active sites) due to more 

electron transfer, and it increases the photo-catalytic activ-
ity [60]. The small degradation in the presence of  Fe3O4 
and  Fe3O4/SiO2 cubes could be due to the partial bleaching 
of phenol molecules under UV light or absorption of phe-
nol molecules to their surface [32, 61, 62]. The presence 
of Ag particle has increased the degradation of phenol. In 
addition, the required time for photo-catalytic degradation 
has decreased compared to other work [41]. The degrada-
tion efficiency of 50 mg/L phenol for 150 min of irradiation 
period increased from 90.6% in presence of FST particles up 
to 98.1% when the Ag particle was used in FST–Ag nano-
composite. These results were confirmed by other studies in 
the literature, the core/shell structured FST–Ag nanocom-
posite can increase the total photo-catalytic activity, which 
was examined by photo-catalytic degradation of Rhodamine 
B (RhB) [21]. The γ-Fe2O3/SiO2/TiO2–Ag nanocomposites 
showed stronger photo-catalytic activity than pure  TiO2 [26]. 
Therefore, the higher photo-catalytic efficiency of  Fe3O4/
SiO2/TiO2–Ag was attributed to the fact that deposition 
of Ag nanoparticles can improve the charge separation by 
attracting photoelectrons; thus, more holes can freely diffuse 
to the  TiO2 surface for the oxidation of organic pollutant in 
less time.

Reuse of the catalyst particles is an important economic 
factor because provides its application again and leads to 
lower costs. In addition, separation of catalyst particles from 
water refinement treatments and wastewaters is necessary 
since prevents from secondary contaminations. Therefore, 
recycling of  TiO2 nanocomposites should be considered as 
an important factor in the photo-catalytic process for indus-
trial applications. In this study, catalyst particles were eas-
ily separated from the solution by using a small magnet. 
The separated catalyst particles were washed several times 

Fig. 11  Effect of Ag particle on photo-catalytic efficiency 
 (C0 = 50 mg/L, catalyst 0.2 g/L, pH 3, irradiation time = 150 min)

Fig. 12  Effect of catalyst reuse on photodegradation efficiency 
 (C0 = 50 mg/L, pH 3, irradiation time = 150 min)
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by distilled water and then used after drying at 60 °C for 
4 h without any additional operation. Figure 12 shows the 
efficiency of phenol removal by the use of recycled catalyst 
particles. According to the figure, the efficiency has been 
maintained 90.1% after four times usage. The changes of 
the efficiency of photo-catalytic activity after several times 
usage of catalyst particles corresponding to the agglomera-
tion of the particles which is as a result of the reduced active 
sites on the surface of catalyst particles that are layered on 
each other [41]. It is also can be due to the filling of the 
surface of catalyst particles that because of the available 
intermediates absorb on the surface of FST–Ag particles and 
occupy the sites of the catalyst surface [40].

4  Conclusion

Core/shell structured  Fe3O4/SiO2/TiO2–Ag cubes were pre-
pared through a series of chemical routes (sol–gel process; 
hydrolysis and condensation). The synthesized core/shell 
structured is containing  Fe3O4 as core, an interlayer of  SiO2, 
and an outer layer of  TiO2 nanocrystals with Ag nanoparti-
cles. The FST–Ag cubes were exhibited high photo-catalytic 
activity in degradation of phenol pollutant. The FST–Ag 
cubes have a much larger surface area than other shapes 
and therefore have more hydroxyl groups on the surface that 
it will lead to the excellent photo-catalytic performance of 
The FST cubes. Influence of solution pH, amount of cata-
lyst, initial phenol concentration under UV irradiation on 
degradation efficiency was investigated. Results revealed 
highest degradation efficiency occurred at pH 3 and 0.2 g/L 
catalyst dosage. Also, experimental results showed that 
the degradation efficiency decreased with increasing in the 
initial concentration of phenol. Therefore, FST–Ag nano-
composite photo-catalyst could remove phenol 98.1% by 
adsorption and photodegradation after 150 min under UV 
irradiation; however, 90.6% phenol at constant condition was 
removed by  Fe3O4/SiO2/TiO2 nanocomposite; so Ag par-
ticles increased photo-catalytic activity. According to the 
photo-catalytic activity, excellent chemical stability and fast 
magnetic separation, these core/shell nanocomposites are 
useful in practical settings of photo-catalysis.
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