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Abstract 
Photodegradation has emerged as an environmentally friendly method of de-
composing harmful dyes in wastewater. In this study, core-shell Fe3O4/SiO2/ 
TiO2 nanospheres with magnetic cores were obtained from synthesised mag-
netic Fe3O4 nanoparticles through the precipitation method, the surface of the 
magnetic Fe3O4 nanoparticles was coated with a silica (SiO2) layer by hydroly-
sis of tetramethoxysilane (TMOS) as a silica source, and finally, Fe3O4/SiO2 
nanospheres were coated with titanium (TiO2) layer using tetrabutyltitanate 
(TBT) as a precursor through the sol-gel process. The morphology and struc-
ture of the prepared materials were characterised by X-ray diffraction (XRD) 
analysis, scanning electron microscopy (SEM), X-ray energy dispersive spec-
trometry (EDAX), Fourier transform infrared spectroscopy (FT-IR), and 
atomic force microscopy (AFM). The photocatalytic activities of the prepared 
core-shell nanospheres were studied using binary azo dyes, namely methyl 
orange (anionic dye, MO) and methylene blue (cationic dye, MB) in aqueous 
solution under UV light irradiation (365 nm), and UV-Vis spectrophotometer 
was utilised to monitor the amount of each dye in the mixture. It was found 
that 90.2% and 100% of binary MO and MB were removed for 5 h, respec-
tively. The results revealed that the efficiency of the photocatalytic degrada-
tion of the core-shell nanospheres was not degreased after five runs that can 
be used as recyclable photocatalysts. The results show that the performance of 
the prepared core-shell nanospheres was better than that of commercial TiO2 
nanoparticles. Moreover, the magnetic separation properties of the core-shell 
Fe3O4/SiO2/TiO2 nanospheres can enable the prepared materials to have wider 
application prospects. 
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1. Introduction 

In recent years, photocatalysts have attracted many researchers, and the most 
frequently investigated photocatalysts are titanium dioxide (TiO2) nanoparticles 
because they are chemically stable, can be regenerated, and are recyclable and 
non-toxic [1] [2] [3]. However, they also have disadvantages, such as the recom-
bination of a generated redox environment, their absorption of a small amount 
of the UV light irradiation, a large band gap, and low selectivity [4] [5]. There-
fore, TiO2-based semiconductors have been of great interest, and great efforts 
have been made to fabricate and design an ideal structure for TiO2-based semi-
conductors to improve the efficiency of the TiO2 nanoparticles. Recently, core- 
shell nanostructure composites have attracted increasing attention because of 
their various applications, such as catalysis, chromatography separation, drug 
delivery, and chemical reaction [6] [7]. 

Magnetic Fe3O4 nanoparticles (MNPs) have been of great interest because of 
their magnetic properties, high coercivity, and lack of toxicity. In addition, 
MNPs are easily fabricated and have high separation efficiency, cost-effectiveness, 
and a simple operation process [8] [9] [10]. The incorporation of MNPs into a 
TiO2 matrix can decrease the agglomeration of the nanoparticles, improve the 
durability of the catalyst, and increase their photocatalytic activity [11] [12]. 

The core-shell structure of Fe3O4/SiO2/TiO2 nanospheres with an inner layer 
of SiO2 and an outer layer of TiO2 has attracted attention in recent years [13] 
[14]. This is because they exhibit good aqueous dispersion and have favourable 
biocompatibility and readily tailored surfaces [15] [16] [17]. Wang et al. re-
ported on the preparation of core-shell Fe3O4/SiO2/TiO2 microspheres using the 
sol-gel method modified with polyaniline and their use in the photocatalytic ap-
plication of a single dye, methylene blue (MB) [16]. In another work, Li et al. 
fabricated magnetically recoverable Fe3O4/SiO2/TiO2 nanocomposites with en-
hanced photodegradation of rhodamine B [17]. Ma et al. prepared core-shell mi-
crospheres using a hydrothermal reaction and used them for the photodegrada-
tion of a methyl orange (MO) aqueous solution [18]. In addition, Gao et al. used 
Fe3O4/ SiO2/TiO2 core-shell nanoparticles with different functional layer thick-
nesses for the photodegradation of MO under UV light [19]. However, the use of 
core-shell Fe3O4/SiO2/TiO2 nanospheres for the degradation of two azo dyes has 
not been investigated. 

In the current study, we aim to take a further step in the application of mag-
netic core-shell Fe3O4/SiO2/TiO2 nanospheres as effective photocatalysts. The 
fabricated core-shell nanospheres were used for the photodegradation of binary 
azo dyes in aqueous solution, methyl orange and methylene dyes under UV irra-
diation light. To the best of our knowledge, this is the first time that core-shell 
Fe3O4/SiO2/TiO2 nanospheres have been used for the photodegradation of binary 
azo dyes. First, the magnetic Fe3O4 nanoparticles were prepared through a pre-
cipitation reaction, and then the composite nanospheres were fabricated by 
sol-gel reaction on the magnetic Fe3O4 nanoparticles. The surface morphology, 
crystal structure, and properties of the prepared materials were studied using 
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different analytical techniques: XRD, SEM/EDAX, FT-IR, and AFM. Moreover, 
the recycling of the prepared core-shell nanospheres was checked, and their 
performance degradation was compared with that of commercial TiO2 nanopar-
ticles. 

2. Experimental 
2.1. Chemicals 

Iron (II) sulphate heptahydrate (FeSO4·7H2O, 98%, M.wt = 151.91 g∙mol−1), so-
dium nitrite (NaNO3, 99%), tetramethoxysilane (TMOS), tetrabutyltitanate 
(TBT), methylene blue (MB), and methyl orange (MO) were purchased from 
Sigma-Aldrich (Nottingham, UK). Sodium hydroxide (NaOH) and ammonium 
hydroxide (NH4OH) were purchased from Loba Chemie Pvt. Ltd. (Mumbai, In-
dia). Isopropyl alcohol was purchased from Acros Organics (Loughborough, 
UK). Ethanol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Bei-
jing, China). All the chemicals were used without any further purification, and 
solutions were prepared using distilled water and used for all the preparations. 
Commercial TiO2 nanoparticles (≥99% trace metal basis, particle size ~0.6 μm) 
were purchased from Sigma-Aldrich (St. Louis, MI, USA). Cylindrical rod mag-
nets (40 mm diameter × 40 mm thick) for settlement of the magnetic nanoparti-
cles were purchased from Magnet Expert Ltd. (Tuxford, UK). 

2.2. Instrumentation 

A magnetic stirrer and heater  were purchased from Fisher Scientific Co. Ltd. 
(Shanghai, China). A furnace (WiseTherm high-temperature muffle furnace) 
was bought from Wisd Laboratory Instruments (Wertheim, Germany). X-ray 
diffraction patterns (XRD) were obtained using a Bruker diffractometer D8- 
ADVANCE with CuKα1-radiation (Coventry, UK). A scanning electron micro-
scope (SEM) with unit Energy Dispersive X-ray (EDAX) analysis was obtained 
from JEOL JSM 6390 LA Analytical (Tokyo, Japan). A UV lamp (λ = 365 nm) 
was purchased from Spectronic Analytical Instruments (Leeds, UK). A UV-Vis 
spectrophotometer was bought from Thermo Scientific™ GENESYS 10S (To-
ronto, Canada). The FT-IR spectra were collected in the attenuated total reflec-
tance (ATR) mode using a PerkinElmer RX FT-IR ×2 with diamond ATR and a 
DRIFT attachment from Perkin Elmer (Buckinghamshire, UK). High-resolution 
atomic force microscopy (AFM) was used to test morphological features and to 
produce a topological map (Veeco-di Innova Model-2009-AFM-USA). 

2.3. Preparation of the Core-Shell Fe3O4/SiO2/TiO2 Nanospheres 
2.3.1. Preparation of Magnetic Fe3O4 Nanoparticles 
Magnetic Fe3O4 nanoparticles (MNPs) were prepared as described in our previ-
ous work [20]. MNPs were obtained by dissolving 3.3 g of FeSO4∙7H2O and 2 g 
of NaNO3 in 50 mL of distilled water. Then, 20 mL of NaOH solution (2.5 M) 
was poured into the mixture as it  was heated up to 80˚C. The reaction was al-
lowed to proceed at 80˚C under constant stirring to ensure the complete growth 
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of the nanoparticle crystals. After 30 minutes, the resulting suspension was cooled 
down to room temperature and washed  with distilled water repeatedly to re-
move unreacted chemicals. The magnetic Fe3O4 nanoparticles were separated 
using an external magnet and dried in an oven at 50˚C overnight before coating. 

2.3.2. Preparation of Fe3O4/SiO2 Nanospheres 
The preparation procedure described by [11] with a few modifications. The pre-
pared MNPs (0.5 g) were ultrasonicated in anhydrous ethanol (80 mL) for 1 h. 
Then, ammonium hydroxide (9 mL) was added to the solution, followed by 
adding TMOS (3.2 mL). The mixture was stirred for 24 h. Finally, the resultant 
product was collected using an external magnet and washed with ethanol. 

2.3.3. Preparation of Fe3O4/SiO2/TiO2 Nanospheres 
5 mL of TBT was dissolved in 40 mL of ethanol. Then, the formed Fe3O4/SiO2 
nanospheres were added to the solution. The mixture was stirred for 8 h at 80˚C, 
and then the product was collected using an external magnet and washed with a 
mixture of ethanol and distilled water (50:50, v/v). The product was dried in an 
oven at 60˚C for 8 h, and finally the product was calcinated at 500˚C for 4 h. 

2.4. Characterisation of the Prepared Materials 

Phase identification and structural analysis of the core-shell nanospheres were 
carried out using XRD with Cu Ka radiation (λ = 1,5405 Å) in the 2-theta (2θ) 
range from 20˚ to 80˚. The surface morphology of the fabricated core-shell 
nanospheres was characterised by SEM analysis after the samples were coated 
with a thin layer of gold to prevent charge problems and to enhance the resolu-
tion. A compositional analysis was performed using EDAX analysis. The chemi-
cal functionality of the prepared materials was qualitatively identified using an 
FT-IR instrument. High-resolution Atomic Force microscopy (AFM) was used 
for testing morphological features and topological map (Veeco-di Innova Mod-
el-2009-AFM-USA). The applied mode was tapping non-contacting mode. For 
accurate mapping of the surface topology AFM-raw data were forwarded to the 
Origin-Lab version 6-USA program to visualize more accurate three dimension 
surface of the sample under investigation. 

2.5. Photocatalytic Activity 

The photocatalytic activity of the composite nanospheres was investigated using 
mixed dyes (cationic and anionic dyes) in aqueous solution. The photocatalytic 
experiments were conducted at ambient temperature by mixing 25 mg of the 
photocatalyst with 100 mL of a mixture consisting of 30 mg L−1 of MB and 30 mg 
L−1 of MO placed in a cylindrical glass vessel. The solution was stirred magneti-
cally at 700 rmp in the dark for 1 h to reach the adsorption-desorption equilib-
rium before exposure to the UV lamp [21] [22] [23]. The photocatalytic experi-
ment was performed under the UV lamp with constant magnetic stirring during 
the reaction. A 2 mL aliquot was withdrawn from the mixture solution at 60 min 
intervals. The disappearance of MO and MB was spectrometrically monitored as 
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a function of irradiation time using a UV-Vis spectrophotometer at a wave-
length between 350 and 800 nm. The percentage of degradation was calculated 
using the following Equation (1) [24] [25] [26]: 

( )Degradation percent % 100 100o o

o o

C C A A
C A
− −

= × = ×          (1) 

where Co is the initial concentration of the dye solution, C is the concentration 
of the dye solution after photoirradiation in a selected time interval (1 h). Pa-
rameters Ao and A are the absorbance of the dye solution at the initial time and 
at any time theatre, respectively. 

The stability of the materials was checked by a recycle usage experiment. This 
was performed after separation of the photocatalyst from the degraded solution 
using an external magnet; the materials were washed with distilled water and 
then with ethanol and dried in an oven at 100˚C for 2 h. Then, the materials 
were reused again for the second run of removal of the binary dye mixture, and 
this method was repeated for 5 application runs. 

3. Results and Discussion 
3.1. Characterisation of the Core-Shell Fe3O4/SiO2/TiO2 

Nanospheres 

The aim of the current work was to fabricate the core-shell Fe3O4/SiO2/TiO2 
nanosphere composite to use them as a photocatalyst for the degradation of bi-
nary azo dyes under UV light irradiation. Scheme 1 presents the schematic 
route for fabrication of the core-shell nanospheres. The first step was the fabri-
cation of the magnetic Fe3O4 nanoparticles prepared using our previous work 
[20] through the chemical precipitation method. The preparation of the mag-
netic Fe3O4 nanoparticles was performed by mixing FeSO4∙7H2O with NaNO3 in 
purified water, followed by the addition of NaOH solution for the precipitation 
of the Fe3O4 nanoparticles (black powder). The magnetic core of the core-shell 
nanospheres can make separation of the materials easy with the assistance of an 
external magnet [27] [28]. 

The second step was the preparation of the core-shell nanospheres, which was 
based on two steps. First, the surface of the magnetic Fe3O4 nanoparticles was 
coated with a thin layer of silica by using a hydrolysis reaction with TMOS as the 
silica source with the aid of ultrasonication; as a result, the SiO2 layer coated the 
surface of magnetic nanoparticles (brown powder). It is important to mention  
 

TMOS

Fe3O4 Fe3O4/SiO2 Fe3O4/SiO2/TiO2

Hydrolysis Hydrolysis and 
calcination

TBT

 
Scheme 1. The synthetic route to the magnetic core-shell structured nanospheres (Fe3O4/ 
SiO2/TiO2) through the sol-gel method using TMOS and TBT as precursors, respectively. 
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that hydrophobic magnetic nanoparticles cannot be easily coated with a TiO2 
layer; therefore, coating the magnetic core with a semi-hydrophobic SiO2 layer is 
very important [29]. In addition, an SiO2 layer can be easily etched onto the 
nanospheres, making space for absorption of polluted materials [11]. The third 
step was hydrolysis of the surface of the Fe3O4/SiO2 composite through the sol- 
gel method using TBT as precursor. This step results in an additional thin layer 
of TiO2 on the nanospheres (red brown powder), which acts as a photocatalyst to 
decompose the harmful dyes. 

The magnetisation of the prepared materials was checked by placing an ex-
ternal magnet from the glass vessels containing the fabricated materials, as 
shown in Figure 1. It was found that all the fabricated materials were attracted 
to the magnet field and separated from the solution in less than 30 s, leaving 
clear solutions and confirming that the prepared composite nanospheres have 
magnetisation properties. 

The core-shell nanospheres were studied by XRD analysis. Figure 2 presents 
the X-ray diffraction (XRD) pattern of the core-shell nanospheres, showing the 
diffraction peaks [2θ: 23.18˚ (200), 30.22˚ (220), 35.68˚ (311), 43.34˚ (400), 
53.09˚ (422), 57.40˚ (511), and 62.98˚ (440)] [19] [30]. It was found that the ma-
terial was composed of the tetragonal phase of anatase TiO2 and the orthorhom-
bic phase of the Fe3O4 magnetic phase [18]. Therefore, it is suggested the hybrid 
composed of the anatase and Fe3O4 magnetic phase, as well as the core-shell 
nanospheres, are still superparamagnetic or ferromagnetic in nature [31]. At 
the same time, it was found that there were no peaks corresponding to a crys-
talline SiO2 layer. This is because the SiO2 layer on the Fe3O4 magnetic core is  
 

 
Figure 1. Digital illumination photographs of dried fabricated materials after separation 
from solution by placing an external magnet near the glass vessels for 30 s. 

Fe3O4/SiO2
Fe3O4 Fe3O4/SiO2/TiO2
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Figure 2. XRD pattern of the core-shell Fe3O4/SiO2/TiO2 nanospheres. 
 
amorphous and does not change the structure of the Fe3O4 magnetic core [12] 
[32] [33] [34]. 

The morphology of the prepared samples was studied using SEM analysis, as 
shown in Figure 3. The magnetic Fe3O4 nanoparticles, shown in Figure 3(a), 
have an irregular crystalline form, and the surface morphology analysis demon-
strates the agglomeration of many ultrafine particles because of their small size 
and magnetism [20] [35] [36]. Figure 3(b) shows that the surface of the Fe3O4/ 
SiO2 nanospheres was smooth compared to that of the naked Fe3O4 nanoparti-
cles because of the coating of the magnetic Fe3O4 nanoparticles with the SiO2 
layer [32] [33] [37]. Figures 3(c)-3(f) shows micrographs of a Fe3O4/SiO2/TiO2 
nanocomposite sample using different magnifications, illustrating that signifi-
cant morphological differences could be observed between the Fe3O4 nanoparti-
cles and the Fe3O4/SiO2/TiO2 nanocomposites. The micrographs of the compos-
ite are rough and porous, which can enhance the photocatalytic activity [16] 
[38]. In addition, they have a pomegranate-like structure, which can enable them 
to contact better with dyes and achieve high degradation [39]. 

In addition to the use of SEM analysis, the fabricated materials were further 
studied using EDAX analysis to recognise the chemical composition of the fab-
ricated materials. Figure 4 shows the energy dispersive X-ray spectroscopy 
(EDAX) spectra of Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/TiO2 nanocomposite sam-
ples between 0 kV and 10 keV. The EDAX spectrum of the Fe3O4 sample showed 
strong peaks of Fe and O (Figure 4(a)). A new peak at 1.739 keV was observed 
in the Fe3O4/SiO2 sample for the Si element, which confirms the formation of an 
SiO2 shell on the surface of the magnetic nanoparticles (Figure 4(b)). In the 
EDAX spectrum of the Fe3O4/SiO2/TiO2 nanocomposite sample, it was found 
that besides the peaks for the Fe, O, and Si elements, a new peak at 4.508 keV 
was observed, which was related to the Ti element, confirming that a TiO2 layer 
successfully coated the Fe3O4/SiO2 nanoparticles (Figure 4(c)). A similar result 
was obtained by [11]. Table 1 presents a composition of 61.52% iron and 38.48% 
oxide in the Fe3O4 sample, while 17.39% silicon was found in the Fe3O4/SiO2 
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Figure 3. SEM images of Fe3O4 (a), Fe3O4/SiO2 (b), and Fe3O4/SiO2/TiO2 nanocomposites 
(c)-(f). 
 

 
Figure 4. EDAX spectra of (a) Fe3O4, (b) Fe3O4/SiO2, and (c) Fe3O4/SiO2/TiO2 nanocom-
posites. 
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Table 1. Elemental composition of the fabricated materials determined by EDAX analy-
sis. 

Sample 
Element (atom %) 

Total 
Fe O Si Ti 

Fe3O4 61.52 38.48 0 0 100.00 

Fe3O4/SiO2 21.30 61.31 17.39 0 100.00 

Fe3O4/SiO2/TiO2 25.24 54.24 10.01 10.51 100.00 

 

sample, and 10.51% titanium was found in the Fe3O4/SiO2/TiO2 sample without 
any elemental impurities present in the fabricated materials. 

An FT-IR spectrometer was utilised to characterise the composition of the 
prepared materials. Figure 5(a) depicts the IR spectrum of naked magnetic 
nanoparticles showing a band at around 561 cm−1, which can be attributed to the 
stretching vibration of the Fe-O bending vibration. Moreover, there was no band 
related to adsorbed water (1600 and 3400 cm−1) that was observed by other 
groups [33] [40]. As shown in Figure 5(b), the IR spectrum of the Fe3O4 
nanoparticles coated with an SiO2 layer has a larger signal compared with the 
spectrum of the bare magnetic nanoparticles, and the main bands on the spec-
trum were 1091, 805, 693, and 573 cm−1. The bands at 1091 and 805 cm−1 indi-
cate the asymmetric stretching and symmetric stretching vibration bonds of 
Si-O-Si and Si-OH bonds, respectively [41] [42]. The wavenumber around 693 
cm−1 is attributed to the symmetric stretching vibration of Si-O-Si bonds, and 
the wavenumber around 573 cm−1 is related to Si-O-Fe bonds [43]. All of these 
results confirm the coating of the Fe3O4 nanoparticles with an SiO2 layer. Figure 
5(c) displays the IR spectrum of Fe3O4/SiO2 nanocomposites after coating with 
an additional thin layer of TiO2. The absorption band at 500 - 700 cm−1 is related 
to the Ti-O-Ti or Fe-O stretching vibrations [44] [45]. However, the band at 
1640 cm−1 that was observed by other groups [14] [43] and related to Ti-O-Si vi-
bration, was not observed in this study. 

The nanosphere diameter and the surface properties of fabricated materials 
were analysed by atomic force microscopy (AFM), as AFM investigation can 
give qualitative and quantitative information on the diameter of the fabricated 
materials [46] [47] [48]. Figure 6 shows the three-dimensional (3D) AFM im-
ages of the fabricated materials obtained using the AFM technique. It can be 
clearly seen that the flat surface of the magnetic Fe3O4 nanoparticles was smooth, 
uniform, and the mean diameter ranged from 20.6 to 43.6 nm. After coating of 
the magnetic Fe3O4 nanoparticles with an SiO2 layer, the mean diameter was 
slightly increased and estimated in the range of 22.2 - 44.3 nm. The three- 
dimensional AFM image of the core-shell nanospheres showed that the mean 
diameter was increased to 37.6 - 45.5 nm confirming the coating of the Fe3O4/ 
SiO2 nanoparticles with a TiO2 layer. 

3.2. Photocatalytic Study of the Core-Shell Nanospheres 

The evaluation of the photocatalytic activity of the synthesized core-shell 
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Figure 5. FT-IR spectra of (A) Fe3O4, (B) Fe3O4/SiO2, and (C) Fe3O4/SiO2/TiO2 nano-
composites. 
 

 
Figure 6. Three-dimensional AFM images recorded for the fabricated materials. 

 
nanospheres was carried out using two different harmful dyes, MO and MB, in 
aqueous solution under UV light [49] [50]. The photocatalytic activity of the 
photocatalyst was tested by mixing 100 mL of the dye solution with the photo-
catalyst (25 mg). After adsorption-desorption equilibrium between the photo-
catalyst and the dye molecules was achieved for 1 h in the dark, the dyes were 
tested with the photocatalyst under a UV lamp (365 nm) at 1 h intervals, and 2 
mL of suspension was extracted to determine the dye concentrations. Figure 7 
displays a photograph showing a change in the colour of the binary dye solution 
with photodegradation time. It was observed that the colour of the dye solution 
was green (the colour of MO is orange while that of MB is blue resulting in a 
green solution). It was found that when the exposure time to the UV light irra-
diation was increased, the green colour of the dye solution gradually diminished. 
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Later, the colour of the dye solution changed to yellow and finally after 5 h of 
exposure to the UV lamp, the solution became transparent solution indicating 
the destruction of the chromophoric structure and the complete photodegrada-
tion of the two dyes [51]. 

The change in the concentration of the dyes was assessed by monitoring the 
absorbance of the dyes for different irradiation times (0 - 5 h) using a UV-Vis 
spectrophotometer in the range of 350 - 800 nm. Figure 8 shows the UV-Vis 
spectra of MO and MB in aqueous solution for different periods of UV light il-
lumination. The maximum wavelengths (λmax) of MO at 465 nm and MB at 662 
nm were used to study the effect of the photocatalyst on the photodegradation of  

 

 
Figure 7. Photograph showing a change in the colour of binary dyes with increasing ex-
posure time (0 - 5 h) to the UV lamp (365 nm) indicating that with increased exposure to 
UV light irradiation, the colour of the dye mixture steadily disappeared and finally the 
dye became nearly colourless. 

 

 
Figure 8. Optical absorbance spectra monitoring the photocatalytic degradation process 
of the dyes, MO (30 mg L−1) and MB (30 mg L−1) in 100 mL of volume using 25 mg of the 
core-shell nanospheres in the presence of the UV lamp (365 nm) and a temperature of 
25˚C ± 0.1˚C at different time intervals (0 - 5 h) for absorbance measurements of 350 - 
800 nm. 
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MO and MB at the same time. It was observed that with increasing exposure 
time to UV light irradiation, the UV-Vis absorption peaks corresponding to the 
dyes gradually weakened illustrating the degradation of the dyes. After 2 h of ir-
radiation, no absorption peak was observed for MB, indicating the complete 
degradation of MB while the weak MO bands indicated that MO required more 
time to complete decomposition. After 5 h of irradiation, both dyes were com-
pletely decomposed as the absorption peaks of the dyes disappeared and no 
other products detectable by the UV-Vis spectrophotometer were found in the 
reaction mixture. 

Table 2 presents the change in the absorbance and the peak position of MO 
and MB as well as the photodegradation percentage of MO and MB with differ-
ent irradiation times. It was found that the absorbance of MO and MB decreased 
with increased exposure to UV light irradiation. In addition, the results indicate 
that the peak positions of both dyes were shifted to the shorter wavelength and 
had an obvious hypsochromic shift (blue shift of the band gap). Similar phe-
nomena have been reported when utilising TiO2 nanoparticles as a photocatalyst 
for the photodegradation of malachite green under UV light [52]. This is due to 
the decomposition of the dye molecules into mono-substituted aromatics, CO2, 
and H2O under photocatalytic degradation [53]. It was found that MB was de-
graded completely in 5 h, while 90.20% of MO was degraded indicating that the 
photodegradation of MB was faster than that of MO. 

It is very important to note that the photodegradation of the dye depends not 
only on the formation of hydroxyl radicals at the interface of the nanospheres 
but also on the ability of the dye to adsorb onto the surface of the photocatalyst, 
as the physical and chemical properties of different dyes are not the same, which 
means that the two dyes compete for adsorption at the surface of the photocata-
lyst [54] [55] [56] [57] [58]. Moreover, the surface of the core-shell nanospheres 
dispersed in distilled water is covered by hydroxyl groups, as shown by Equation 
(2) [59]: 

2Ti H O Ti OH HIV IV ++ → − +                  (2) 

The surface charge of TiO2 is a function of the solution pH, which is affected 
by the reactions that occur on the surface charge, as shown by Equations (3) and 
(4): 

 
Table 2. Photochemical degradation of MO and MB using core-shell nanospheres. 

Time 
(h) 

MO MB 

Absorbance 
(a.u.) 

Wavelength 
(nm) 

Degradation 
percent (%) 

Absorbance 
(a.u.) 

Wavelength 
(nm) 

Degradation 
percent (%) 

0 0.837 465 0.00 0.515 662 0.00 

1 0.765 465 8.60 0.369 662 28.34 

2 0.589 461 29.62 0.104 <662 79.80 

3 0.508 461 39.30 0.085 <662 84.27 

4 0.239 455 71.44 0.062 <662 87.96 

5 0.082 446 90.20 0 0 100.00 



E. Alzahrani 
 

107 

pzc 2pH pH Ti OH H Ti OHIV IV+ +< − + → −                (3) 

pzc 2pH pH Ti OH OH Ti O H OIV IV− −> − + → − +           (4) 

When the pH of the solution is lower than pHIEP (pHpzc), a positive charge forms 
on the surface of the core-shell nanopheres (Equation (3)), which means photo-
degradation in favour of MO (anionic dye). If the pH of the solution is higher 
than pHIEP, a negative charge forms on the surface of the core-shell nanospheres 
(Equation (4)), which means photodegradation in favour of MB (cationic dye). 
In the current work, the pH value of the initial solution of the binary dye mix-
ture was, 7.02 while the pHpzc of the TiO2 layer is 6.5 [60]. 

Figure 9 depicts the curves of photocatalytic decolouration showing a com-
parison of the degradation percentage of MO and MB. The experimental results 
reveal that in the blank experiment, in the absence of the photocatalyst and UV 
 

 
Figure 9. Curves of photocatalytic decolouration showing the comparison degradation 
percentage of MO and MB as a function of time. The bottom curve represents dye only 
(without a photocatalyst and UV lamp). The second curve represents dye exposed to UV 
irradiation in the absence of a photocatalyst. The third curve corresponds to dye mixed 
with the core-shell nanospheres in the absence of UV irradiation. The fourth curve cor-
responds to dye in the presence of the core-shell nanospheres and UV irradiation show-
ing the efficient photocatalytic degradation of MO and MB. 
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lamp (self-degradation of dyes), there was no obvious degradation and the deg-
radation percentage was less than 5% for both dyes after 5 h. In addition, it was 
found that when using the UV lamp (photoinduction) without a photocatalyst, 
the decolourisation percentage reached 17% and 19% for MO and MB, respec-
tively, which may result in a low degree of photodegradation percentage for both 
dyes. When using the core-shell nanosphere as a photocatalyst without using a 
UV lamp, the photocatalytic percentage of the dyes was only 24% and 28% for 
the MO and MB solution, respectively, indicating that the decolourisation effi-
ciency of the dyes in the presence of the photocatalyst without UV lamp irradia-
tion was insignificant. The value of the photocatalytic percentage was found to 
be 90.2% and 100% for MO and MB, respectively, indicating that the highest 
photocatalytic percentage of the dyes among the four experiments was achieved 
when using a photocatalyst in the presence of UV light irradiation. 

3.3. Comparison with Commercial TiO2 Nanoparticles 

The performance of the fabricated core-shell nanospheres in the degradation of 
the binary dyes (MO + MB) was compared with that of commercial TiO2 
nanoparticles under the same conditions. Figure 10 presents a comparison be-
tween the fabricated core-shell nanospheres and the commercial TiO2 nanopar-
ticles. As indicated, the decolourisation percentage of MO was 82.6% when using 
the commercial TiO2 nanoparticles, while 90.2% of the MO dye was decomposed 
when using the core-shell nanospheres. In addition, 88.4% of MB was degraded 
when using the commercial TiO2 nanoparticles, while MB was degraded com-
pletely when using the core-shell nanospheres. It has been reported that dye 
impurities were still found when using TiO2 nanoparticles as a photocatalyst in-
dicating the low photocatalytic activity of the TiO2 nanoparticles [61] [62] [63]. 
These results showed that the core-shell nanospheres had high photocatalytic ac-
tivity compared with the commercial TiO2 nanoparticles in terms of decolouri-
sation of the binary mixture of MO and MB, so this process could be considered 
a promising process for removal of harmful dyes from the environment. 
 

 
Figure 10. Comparison of the degradation percentage of MO/MB binary systems with 
commercial TiO2 nanoparticles and the fabricated core-shell nanospheres. 
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3.4. Recycling of the Core-Shell Nanospheres 

The cyclic stability of the fabricated core-shell nanospheres for the photocata-
lytic degradation was evaluated. After the separation of the photocatalyst from 
the degraded solution using an external magnet, they were washed with distilled 
water and ethanol and then dried in an oven at 100˚C for 2 h, the materials were 
reutilised and the cyclic stability was checked by monitoring the photocatalytic 
activity of MO and MB (newly added dye) during five cycles of use as a photo-
catalyst under UV irradiation. As shown in Figure 11, it was found that the re-
cycled core-shell nanospheres did not show any change in the photocatalytic ac-
tivity even after five cycles of use without a reduction in the photodegradation of 
MO and MB indicating the high chemical stability of the fabricated materials. In 
addition, the experimental results showed that the magnetic properties of the 
core-shell nanospheres can make separation of the materials from the degraded 
solution easy. 

The performance of the core-shell nanospheres was compared with that of 
previous reported nanomaterials used as a photocatalyst for a binary system. 
Table 3 shows a comparison of the removal percentage using the core-shell 
nanospheres with the removal percentage of binary dye systems using other 
nanomaterials in the literature. It was found that the photocatalytic activity of 
the core-shell nanospheres was effective and better than that of other reported 
photocatalysts. Although the steps of the fabrication of the nanospheres are too 
long, the fabrication procedure was simple and low cost, and the materials have 
the best photocatalytic activity to remove toxic organic dyes from the environ-
ment and can be easily separated from solution using an external magnet. 

4. Conclusion 

In summary, magnetic core-shell nanosphere materials composed of Fe3O4/SiO2/ 
TiO2 nanocomposites were fabricated from a combination of precipitation 
 

 
Figure 11. Five cycles of photocatalytic degradation of MB and MO using the core-shell 
nanospheres. 
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Table 3. Comparison of the photocatalytic degradation percentage for the prepared core- 
shell nanospheres with that of other nanomaterials as previously reported. 

Date Binary system Photocatalyst 
Photocatalytic 

degradation (%) 
References 

2010 
Acid Orange 7 
Reactive Red 2 

TiO2 
60 
45 

[64] 

2013 
Methylene blue 
Rhodamine B 

CuO-nanozeolite X 
68 
20 

[58] 

2014 
Direct blue 71 
Direct red 16 

p-CuFeO2/n-ZnO 
87 
84 

[65] 

2016 
Methylene blue 
Reactive red 4 

Indium doped and carbon 
modified P25 nanocomposites 

92.8 
90 

[66] 

2016 
Bromocresol green 
Eosin Y 

ZnO nanorods loaded 
on activated carbon 

95 
95 

[67] 

2016 
Methyl orange 
Methylene blue 

Fe3O4/SiO2/TiO2 
90.2 
100 

This study 

 
reactions, and a silica layer was coated on the surface of the magnetic nanoparti-
cles using the sol-gel process, followed by coating of the Fe3O4/SiO2 nanocompo-
sites with an outer layer of TiO2 via the sol-gel process. The fabricated materials 
were used in the photodegradation of binary dyes under UV light irradiation, 
and it was shown that core-shell nanospheres had high photodegradation effi-
ciency. In addition, the current study reveals that the fabricated core-shell 
nanospheres displayed good magnetic properties at room temperature, which 
can create a fast separation photocatalyst after reaction. The results indicate that 
after five cycles of use, the high photocatalytic activity of the core-shell nano-
spheres did not decrease. Therefore, the core-shell nanospheres are promising 
agents and highly beneficial for various potential applications for the treatment 
of textile effluents containing harmful organic dyes. In addition, the results sug-
gest that the prepared materials can be extended to various applications, such as 
purification, catalysis, and separation processes. 
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