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 In the present study, the core-shell magnetic nanostructure of Fe3O4@SiO2@CeO2 was 
synthesized to investigate its use as an effective photocatalyst for methylene blue removal. 
The prepared samples were characterized by X-ray diffraction (XRD), transmission electron 
microscopy (TEM), and a vibrating sample magnetometer (VSM). The photocatalytic activity 
for the Fe3O4@SiO2@CeO2 core-shell magnetic nanostructure was investigated under visible 
light by determining the degradation rate of methylene blue for 50 min. At the end of the 
photocatalytic degradation process, the magnetic catalyst was recovered by an external 
magnetic field. The performance of the proposed catalyst for the degradation of methylene 
blue was improved with the optimization of the effective parameters such as the amount of 
catalyst, pH, and reaction time. Under optimum conditions, the efficiency of methylene blue 
removal with the proposed photocatalyst remains higher than 92 % after five times of use. 
The second pseudo-model was selected as the kinetic model to calculate catalytic 
degradation. The present results show that the Fe3O4@SiO2@CeO2 can be an efficient 
nanocatalyst for the photodegradation of dye pollutants. 
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1. Introduction 

Photocatalysts are activated in the presence of light. They 
are usually semiconducting solid oxides, which create a pair 
of electron-cavity by absorbing the photons. This electron-
cavity can react with molecules in the surface of the 
particles, and directly or indirectly produce radical 
hydroxyls that convert organic matter into minerals [1-2]. 
Photocatalysts are used in water purification, air 
purification, self-cleaning glasses, anti-steam surfaces, 
antimicrobials, and organic molecules [3]. Nanostructured 
materials have physical-chemical properties due to their 
small size that increases surface-to-volume ratio [4-5]. 
Nanotechnology is widely used in various industries 
including textile, electronic, construction, biomedical, 
pharmaceutical, etc. [6-8]. Some nanoparticles are used as 
photocatalysts: TiO2, ZnO, Fe2O3, WO3 and CeO2 [9-10]. 
Cerium dioxide has been studied for its use in photocatalytic 

applications for the treatment of organic pollutant because 
of its high surface-to-volume ratio, photosensitivity, 
photochemical stability, and non-toxicity [11]. The Core-
shell type nanostructure consists of a core (inner material) 
and a shell (outer layer material). Each core and shell have 
properties such as metal conductivity, semiconductivity, 
magnetism, etc. Core-shell anostructures are important 
from an economic point of view because the surface of 
valuable materials can be covered by a cheap material, 
which reduces its consumption [12]. The coating on the core 
can increase surface area, improve surface properties, 
increase performance, and reduce the cost of consuming 
expensive materials [13]. Creating an appropriate organic or 
inorganic coating on the surface of the magnetic core 
increases the lifespan of these particles [14]. Core-shell 
magnetic nanostructures have a greater capacity to remove 
organic pollutants from wastewater. Also, magnetic 

http://aet.irost.ir/
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 nanoparticles are absorbed using a magnetic field, which 
helps to extract the sample in the chemical analysis [15-17]. 
Methylene blue (MB) is one of the synthetic dyes with a 
molecular formula of C16H18N3SCl. The concentration of 2-4 
ppm of MB causes anemia and skin problems in infants, 7 
ppm causes nausea and chest pain, 20 ppm causes blood 
pressure, and 80 ppm turns the  skin blue [18-19]. The 
semiconductor properties of the photocatalyst reduces 
pollutants such as MB. The core-shell nanostructures have 
a high adsorption capacity, photocatalytic properties, and 
the ability to regenerate. They have attracted much 
attention in the field of sustainable development and the 
improvement of environmental issues [20-21]. The purpose 
of this study was the synthesis of Fe3O4, Fe3O4@SiO2, CeO2, 
and Fe3O4@SiO2@CeO2 core-shell magnetic nanostructure 
and a comparison of their abilities as a photocatalyst for the 
removal of methylene blue under visible light. After 
selecting the most promising photocatalyst, the effect of 
the other variables influencing the process was 
investigated. 

2. Materials and methods 

2.1. Chemicals 

The FeSO4.7H2O, FeCl3.6H2O, ethylene glycol, and 
polyethylene glycol were purchased from Merck. The 
tetraethyl orthosilicate (TEOS), Ce(SO4)2.4H2O, and 
methylene blue were purchased from Sigma-Aldrich.  

2.2. Preparation of Fe3O4 magnetic core  

The iron oxide magnetic nanoparticles (MNPs) were 
synthesized through the coprecipitation method. Iron (III) 
chloride hexahydrate (3.1 g, 10 mmol) and iron (II) sulfate 
hexahydrate (1.6 g, 5 mmol) were dissolved in distilled 
water (130 mL) under N2 atmosphere. Then, ammonium 
hydroxide 20 % was slowly added to the solution, while the 
pH value was controlled in the range of 8-9. The precipitate 
was collected using a magnet and washed several times 
with distilled water and ethanol until reaching a neutral pH; 
it was dried at 70 °C for 12 h. 

2.3. Preparation of Fe3O4@SiO2 magnetic core  

The Fe3O4@SiO2 nanoparticles were synthesized through 
the Stöber method. The 200 mL ethanol solution containing 
1g Fe3O4 powder was ultrasound for 30 min. Then, 5 mL of 
ammonia was added to the solution. Subsequently, 1 mL of 
TEOS diluted in ethanol (20 mL) was added dropwise, and 
the resulting mixture was stirred for 24 hours at room 
temperature. The magnetic Fe3O4@SiO2 nanoparticles were 
collected by a magnet and washed with distilled water and 
ethanol, and dried at room temperature for 48 h. 
 
 

2.4. Preparation of Fe3O4@SiO2@CeO2 magnetic core-shell 

The Fe3O4@SiO2@CeO2 nanostructure was synthesized by 
homogeneous precipitation and subsequently calcinated. 
The 0.5 g of Fe3O4@SiO2 in 50 mL ethylene glycol was stirred 
under ultrasound waves for 50 min at 50 °C. The 10 mL 
aqueous solution containing 10 mM cerium sulfate 
tetrahydrate was added dropwise to the first solution. It 
was stirred in the same state for 30 min. Subsequently, 25 
mL of 3 M ammonia was added, and the solution was stirred 
at 50 °C for 12 h. The precipitate was separated by a magnet 
and dried at 80 °C for 24 h in an oven. Finally, the magnetic 
nanostructure was calcinated at 500 °C for 2 h. 

2.5. Photocatalytic degradation of dye 

The photocatalytic activity of the prepared nanostructure 
was assessed by monitoring the degradation of methylene 
blue in an aqueous solution under the visible light 
irradiation. 0.05 g of nanocatalyst was added to 20 mL of 10 
ppm MB solution at a pH = 11. The suspension was stirred 
using a magnetic stirrer for 50 min under visible light. The 
degradation efficiency of MB by the nanocatalyst was 
evaluated by a UV-Vis spectrophotometer, and the percent 
of dye removal was calculated using the following equation: 
Removal (%) = (𝐶0−𝐶)/𝐶0×100 
where C0 and C represent the concentration of MB at the 
initial and final condition, respectively. 

3. Results and discussion 

3.1. Characterization of photocatalyst 

The product X-ray diffraction (XRD) data were recorded by 
a Rigaku D-max C III- X-ray diffractometer using Ni-filtered 
CuKα radiation. The composition of the photocatalyst was 
characterized by a transmitting electron microscope (TEM), 
model LEO-912 AB, manufactured in Germany. The 
magnetic properties were examined using a vibrating 
sample magnetometer (VSM) at room temperature. All 
absorption measurements were carried out with an 
ultraviolet Specord 210 plus spectrophotometer produced 
by the Analytikjena Company, Germany. The XRD patterns 
of the Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@CeO2 magnetic 
core-shell are shown in Figure 1. The peaks of the Fe3O4 
nanoparticles at the scattering angles (2θ) of 30.3 ͦ, 36 ͦ, 43.3 ͦ, 
54 ͦ, 57 ͦ, 63 ͦ, and 74 ͦ were related to the diffraction plates of 
(220), (311), (400), (422), (511), (440), and (533), 
respectively. The coating of the magnetic nanoparticles of 
iron oxide with the amorphous silica phase did not differ in 
the XRD pattern. The successful coating of the Fe3O4@SiO2 
core-shell with CeO2 shell was confirmed with the presence 
of the new phase regarding CeO2. The peaks of the CeO2 
nanoparticles at scattering angles (2θ) of 28.74 ͦ, 33.28 ͦ, 
47.61 ͦ, 56.53 ͦ, 69.61 ͦ, and 76.83 ͦ were related to the 
diffraction plates of (111), (200), (220), (311), (222), and 
(400), respectively. 
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 The Fe3O4@SiO2@CeO2 nanostructure was characterized by 
TEM. Figure 2 shows that this photocatalyst has a core-shell 
structure, including a magnetic Fe3O4 core, a SiO2 middle 
layer, and a CeO2 particle coating [22]. According to the 
image, the size of the nanoparticles is about 40 nm. The 
magnetic properties of the nanostructures were examined 
at room temperature using VSM. Figure 3 shows that the 
Ms values of Fe3O4@SiO2 and Fe3O4@SiO2@CeO2 were 
lower than that of the Fe3O4 because the Fe3O4 magnetic 
core was subsequently coated with a layer of SiO2 and CeO2, 
which led to a decrease in magnetism.  

 
Fig. 1. The XRD patterns of a) Fe3O4, b) Fe3O4@SiO2, and c) 
Fe3O4@SiO2@CeO2 nanoparticles. 

 

Fig. 2. TEM image of Fe3O4@SiO2@ CeO2 nanoparticles. 

3.2. Comparison of Photocatalytic Performance of 
Synthesized Nanostructures  

The photocatalytic performance of different nanostructures 
in MB degradation was investigated according to the 
procedure in section 2.5. Figure 4 shows the recorded UV-

Vis spectra from the solutions after being exposed to the 
visible light. Figure 4(a) shows the spectrum of the solution 
without photocatalysis performance. Figure 4b and c shows 
the previous solution after the performance of Fe3O4 and 
Fe3O4@SiO2 in the presence of visible light. As shown, these 
nanostructures have no photocatalytic activity. As shown in 
Figure 4d, the Fe3O4@SiO2@CeO2 core-shell magnetic 
nanostructure has a good photocatalytic performance in 
the degradation of MB dye under visible light. This 
photoactivity is ascribed to the ceria photocatalytic 
properties that improve due to the surface properties of 
magnetic catalyst. These surface properties provides more 
surface active sites for the adsorption of organic molecules, 
causing higher efficiency in photocatalytic activity [22]. 
According to this, Fe3O4@SiO2@CeO2 was selected as the 
best photocatalyst. In the following section, the effective 
parameters on the dye removal in the presence of this 
catalyst were investigated and optimized. 

 
Fig. 3. Hysteresis loops of (a) Fe3O4, (b) Fe3O4@SiO2, and (c) 
Fe3O4@SiO2@CeO2. 

Fig. 4. UV-Vis spectra of MB solution (a) before and after (b) Fe3O4, 
(c) Fe3O4@SiO2, and (d)Fe3O4@SiO2@CeO2 nanoparticles 
photocatalytic performance.  

3.3. Effect of different parameters on the photocatalytic 
removal of MB dye 

The dye removal efficiency was carried out under varying 
pH from 6 to 11, which were adjusted with HCl and NaOH. 
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 With increasing pH, the number of sites with negative 
charge increased due to the presence of hydroxyl ions. As a 
result, electrostatic gravity was generated between the 
photocatalyst and the cation dye, and the MB removal 
efficiency increased at the aqueous solution. As shown in 
Figure 5, the highest percentage of removal occurred in a 
pH = 11, which was selected as the optimum pH. The 
amount of photocatalyst varied from 0.005 to 0.2 g, and the 
experiments were continued. The increasing amounts made 
the reaction faster due to an increase in the number of 
active sites on the photocatalyst. A further increase in the 
amount of photocatalyst above 0.05 g had a negligible 
effect on the MB removal efficiency, which could be due to 
the hindrance to the pathway of light to reach the dye 
molecules. The optimum value for the photocatalyst was 
0.05 g. To evaluate the effect of the irradiation time on the 
MB removal efficiency, the solutions were exposed to 
visible light for 10 to 100 min. In the beginning, due to the 
presence of high amounts of MB in the solution, the binding 
rate to the sites was high, and the removal efficiency 
increased but stabilized after 50 minutes. Therefore, the 
reaction time of 50 min was selected. The effect of initial 
dye level on the removal efficiency was studied by 
investigating different concentrations between 5 to 30 
ppm. According to Figure 6, the photocatalytic process was 
more effective at a concentration of 10 ppm. 

 
Fig. 5. Effect of pH on photocatalytic activity and removal of 
methylene blue dye. 

3.4. Stability and Reuse Investigation 

Sustainability and reuse of the core-shell magnetic 
nanostructure as the photocatalyst in methylene blue 
degradation was investigated under optimum condition. 
The percentage of methylene blue removal with the 
photocatalyst remains more than 92% after five times of use 
(Figure 7). This means that the proposed photocatalyst can 
be reused for at least five times without losing a significant 
amount of its performance and has good stability. 

3.5. Investigation of Photocatalytic Degradation Kinetics  

Equation (1) is a first-pseudo kinetic model equation in 
which qe is the removed dye when stabilized (mg/g), qt is the 

removed dye at t time (mg/g), and K1 is the speed constant 
of the first -pseudo order (min-1). 

 log(qe − qt) = log qe −  
K1 t

2.303 
 

 

(1) 

 
t

q𝑡
= 

1

qe
2K2 

+
t

qe
 (2) 

Equation (2) is a second -pseudo kinetic model equation in 
which k2 is the speed constant of the second-pseudo order 
(min-1). 

 

Fig. 6. Effect of solution concentration on methylene blue removal 
efficiency. 
 

 
Fig. 7. Investigation of photocatalyst reusability in the methylene 
blue removal. 
 

In Figure 8, the parameters of the first-pseudo and second -
pseudo kinetic model are presented.  According the results, 
the photocatalytic degradation of MB in the presence of the 
proposed photocatalyst is based on the second pseudo-
model. 

3.6. Comparison of proposed nanostructures with other 
photocatalysts 

In Table 1, the proposed photocatalyst is compared with 
other photocatalysts [23-27] for MB degradation. The 
Fe3O4@SiO2@ CeO2 nanostructure can remove more MB 
with less photocatalyst consumption in a shorter time under 
visible light and is comparable with other photocatalysts. 
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Fig. 8. Investigation of kinetic model of (a) first-pseudo and (b) second -pseudo.  

Table 1. Comparison of proposed photocatalyst with other photocatalysts. 

Ref 
Time 
(min) 

Photocatalyst Amount (g) 
Concentration 

(ppm) 
Photocatalyst 

[23] 56 0.12 15 TiO
2
/UV-C 

[24] 150 0.1 10 TiO2 
[25] 120 0.2 5 TiO2/Alg/FeNPs 
[26] 120 0.1 100 Ag-Al2O3. 
[27] 140 0.1 10 Al–Sm M-hexaferrite 

Present work 50 0.05 10 Fe3O4@SiO2@CeO2 

4. Conclusions 

Improving the performance of photocatalysts is largely 
dependent on their particle size. The photocatalytic 
reaction rate increases dramatically by reducing the size of 
the particle and increasing the oxidation-reduction 
potential. The core-shell magnetic nanostructure has a 
large surface-to-volume ratio, which significantly increases 
its photocatalytic capacity. In this work, the use of the 
Fe3O4@SiO2@CeO2 nanostructure containing magnetic and 
semiconductor nanoparticles creates one of the most 
promising photocatalysts for dye pollutant removal. The 
presence of Fe3O4, due to its magnetic properties, makes 
the catalyst reusable. However, a direct contact of CeO2, as 
the semiconductor, onto the surface of magnetic 
nanoparticles leads to unfavorable heterojunction. Because 
the small band gap of Fe3O4 can act as an electron-hole 
recombination center, it leads to lower photocatalytic 
activity. Thus, the SiO2 layer between these two structures 
reduces the negative effects. The proposed core-shell 
photocatalyst in this research is appropriate for removing 
pollutants in the environment and destroying organic 
materials in water due to its photocatalytic properties, 
chemical stability, non-toxicity, and high activity under 
visible light radiation.  
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