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Abstract: In this research work, three magnetic composites of Fe3O4/SiO2/TiO2, 

SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO with core/shell/shell structures were 

successfully prepared by the sol-gel method. For this purpose, in the first step, soft 

magnetic and hard magnetic powders of Fe3O4 and SrFe12O19 were synthesized using 

carbon reduction and co-precipitation routes, respectively. In the second step, silica 

coating was performed by controlling the hydrolysis and condensation of the tetraethyl 

orthosilicate (TEOS) precursor on the magnetic cores. In the third step, a coating of TiO2 

or ZnO photo-catalytic shells was made on as-prepared composites using precursors of 

titanium n-butoxide (TNBT) or zinc nitrate hexahydrate, respectively. The as-prepared 

magnetically separable photo-catalysts were characterized using XRD, FESEM, TEM 

and VSM. The results of the FESEM and TEM analyses confirmed the formation of the 

core/shell/shell structures. The saturation magnetization of the Fe3O4/SiO2/TiO2, 

SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO photo-catalytic materials was 41.5 emu/g, 33 

emu/g and 49 emu/g, respectively. Evaluation of the photo-catalytic activity of 

Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO composites by using 

methylene blue (MB) shows degradation percentages of 84%, 80% and 58%, 

respectively, under UV illumination.  

Keywords: Photo-catalytic efficiency, Hard and soft magnetic composites, Core/shell/shell 

nanostructures, Magnetic properties 

1. Introduction 

In recent years, the coating of particles surface by the different material and 

development of the core/shell structures have attracted considerable attention from 

scientific communities. Coating of core particles with a thin layer of a compatible 

material having different chemical composition can change the structure, size and 
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composition of particles; thereby it can control their magnetic, optical, mechanical, 

thermal, electrical and catalytic properties [1-3]. The nano-composites with core/shell 

structure can exhibit improved properties that are completely different relative to each 

of the core or shell materials [4]. Furthermore, this structure can simultaneously have 

the properties of core and shell materials. Multi-layered core/shell structures made up 

of a core and several shells around it have been attended recently [5]. 

Nowadays, due to increasing environmental concerns, many efforts have been 

conducted around the world to obtain effective materials and processes for the 

purification of contaminated water [6, 7]. Hence, purification processes of organic 

pollutants by using semiconductor nanoparticles such as ZnO, ZnS, TiO2 and SnO2, 

etc. have been studied [8-10]. In order to solve the problem of separation of photo-

catalytic powders from purified water and allowing to be reusing them, TiO2 and ZnO 

particles are coated on hard and soft magnetic powders to facilitate the separation of 

these photo-catalytic materials from the environment using an external magnetic field 

[11-13]. However, the photo-catalytic activity of TiO2 and ZnO will be reduced in 

their direct contact with magnetic cores, which is due to the photo-dissolution 

phenomenon [14, 15]. In order to overcome this problem, three-layered 

core/shell/shell composites can be utilized. Thus, to prevent electrical contact and 

direct interaction between the magnetic core and the photo-catalytic shell, an 

intermediate SiO2 shell can be applied between the magnetic core and the photo-

catalytic shell [12, 16]. Typically, the Stöber method is used for the coating of the 

SiO2 layer on the magnetic particles. Alcohol should be used as a reaction media [17-

19]. This method involves the multi-stage hydrolysis and condensation of tetraethyl 

ortho-silicate (TEOS) in an alcoholic media in the presence of ammonia (NH4OH) as 

a catalyst. The formation mechanism according to the reactions (1) and (2) can be 

described as: 

Si (OC2H5)4+ 4H2O→Si (OH) 4+ 4C2H5OH     (1) 

Si (OH) 4 → SiO2+ 2H2O       (2) 

Reducing the concentration of TEOS in the solution will reduce particle size. Silica 

particles produced by this method are amorphous and porous. Similarly, the change in 

the concentration of ammonium hydroxide affects the size, porosity and shape of 

particles [20]. 
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Fe3O4 is a natural ferrite, the most known and the oldest magnetic substance. The 

chemical formula of this material can be written as FeO.Fe2O3, which is similar to the 

spinel structure of MgO.Al2O3. SrFe12O19 is a hexagonal ferrite with a total chemical 

formula of MO.6Fe2O3 (M =Sr, Ba or Pb). Strontium hexaferrite as a ferri-magnetic 

material exhibits high coercive force, suitable chemical stability and low cost [21, 

22].  

In the present research, Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 

composites were synthesized. Magnetic properties of core/shell/shell photo-catalytic 

nanostructures having soft and hard magnetic cores, and photo-catalytic layers of 

TiO2 and ZnO were investigated and compared. As far as the authors know, for the 

first time, the photo-catalytic activity of as-prepared composites has been examined 

and compared by the degradation of methylene blue dye under UV illumination. 

2. Experimental 

2.1. Materials 

In this research work, zinc nitrate hexahydrate (ZnNO3.6H2O, Merck>99%), 

strontium chloride hexahydrate (SrCl2.6H2O, Merck, ≥ 99%), iron (III) chloride 

hexahydrate, (FeCl3.6H2O, Merck, > 99%), dimethyl-formamide (DMF, 

Merck>99.8%), absolute ethanol (C2H5OH, Merck, > 99.9%), ammonia solution 

(NH4OH, 25 wt.%), sodium hydroxide (NaOH, Panreac AppliChem, > 98%), 

degreased carbon cotton, tetraethyl orthosilicate (TEOS, C8H20O4Si, Merck, > 99%), 

hydroxypropyl cellulose (HPC, Sigma Aldrich), titanium n-butoxide (TNBT, Sigma-

Aldrich, > 98%), isopropanol (C3H8O, Merck, > 99.5%) and deionized water were 

used throughout the experiments. 

2.2. Synthesis of the magnetic cores 

In this study, Fe3O4 magnetic particles and strontium ferrite particles were prepared 

using the carbon reduction and co-precipitation methods, respectively [23-25]. In 

order to obtain Fe3O4 particles, 80 g FeCl3.6H2O was mixed into 150 ml of distilled 

water for 15 min. Subsequently, 7 g degreased carbon cotton was added to the 

solution, and it was subjected to the ultrasonic treatment for 10 min. Then, the 

product was collected and heated at 400 °C for 4 h.  

To produce the strontium hexaferrite powder, at first FeCl3.6H2O and SrCl2.6H2O 

solutions were prepared in a mixture of distilled water/ethanol with a volume ratio of 
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1: 3. The molar ratio of Fe3+/Sr2+ was 12 and the OH-/Cl- molar ratio was 2. The 

precipitate was filtered and washed. Then, it was placed in a dryer for 24 h under a 

temperature of 70°C. Finally, the dried powder was calcined at 950˚C temperatures 

for 1 h. 

2.3. Coating of silica shell 

Coating of silica shell on magnetic cores was done using the Stöber method. 

Fe3O4/SiO2 nanostructures were fabricated as follows: At first, 0.05 g of Fe3O4 

powder was dispersed into ethanol and distilled water with a ratio of 4 to 1 in an 

ultrasonic bath. Then, ammonia (25% by weight) and tetraethyl orthosilicate with a 

volume ratio of 8:1 were added to the mixture. The coated particles were separated 

from the suspension using a powerful magnet. Then obtained powder was washed 

with ethanol and distilled water and dried in a vacuum oven at 60 °C for 8 h.  

In order to obtain the SrFe12O19/SiO2 composite, 0.03 g of SrFe12O19 powder was 

dispersed under an ultrasonic bath in a mixture including isopropanol, distilled water, 

tetraethyl orthosilicate and ammonia solution with values of 250, 4, 1 and 0.15 ml, 

respectively [11]. The achieved powder was separated from the mixture using a 

strong magnet. Then, it was washed with isopropanol and distilled water and finally 

dried in a vacuum oven at 40 °C for 24 h. 

2.4. Coating of photo-catalytic shells 

In order to cover the ZnO photo-catalytic shell on core/shell particles, a solution of 

0.6 g ZnNO3.6H2O in 100 mL DMF was made and 0.05 g of the Fe3O4/SiO2 powder 

was added to it. Then, the NaOH solution (0.02 M) was slowly added to the initial 

suspension and was placed under stirring for 6 h. The powders were separated from 

the solution using magnetic separation and washed with distilled water and ethanol 

several times, and dried in a dryer at 60 °C for 6 h. In the end, it was calcined at 500 

°C for 2 h. 

The Fe3O4/SiO2 particles were coated by TiO2 through the hydrolysis and 

condensation of titanium n-butoxide in ethanol solution. 0.03 g of the Fe3O4/SiO2 

particles, 0.24 ml distilled water, 0.1 g HPC and 60 ml absolute ethanol were kept 

under intense stirring. After dispersion, titanium n-butoxide and ethanol were added 

and kept for 90 minutes at 85°C. The obtained powder was washed several times by 
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using ethanol and distilled water and dried for 4 hours at 60°C. Finally, particles were 

calcined in an argon atmosphere at 500℃ for 2 h. 

In another part of this study, 0.25 g of SrFe12O19/SiO2 powder with ethanol (140ml) 

and distilled water (3ml) were dispersed in the ultrasonic bath for coating the TiO2 

photo-catalytic shell. Then a solution of titanium n-butoxide was added to the 

solution drop by drop and placed under stirrer at 90 °C for 2h. The composite was 

separated using magnetic separation and washed several times using water and 

ethanol. Then it was dried at 60°C for 6 h. In the end, it was calcined at 500°C for 1 

h. 

2.5. Study of photo-catalytic properties 

In this study, the decomposition of methylene blue dye using UV light was used as a 

model for evaluation of the photo-catalytic properties. In this regard, the photo-

catalytic powders were added to the methylene blue solution (50 mg/l). Afterwards, 

the as-prepared mixture was under a stirrer for 0.5 h in the dark and then it was 

exposed under the UV light. At specified intervals, the absorbance changes were 

obtained by an 1800 UV-Vis spectroscopy in the range of 500 to 800 nm. 

2.6. Characterization 

XRD (Philips PW1730) has been used to identify the phase composition of the 

samples. The morphology of the prepared composites was evaluated using a field 

emission scanning electron microscopy (FESEM, TE-SCAN Company, model 

MIRA3), and transmission electron microscopy (TEM, Philips 

model CM120 operating at 120 kV). Their magnetic properties were also analyzed by 

a vibrating sample magnetometer (VSM, Kavir Kashan Co., MDK6) at room 

temperature. 

3. Results and discussion  

Fig. 1 (a) and (b) show the X-ray diffraction patterns of the synthesized magnetic 

cores of the composite, SrFe12O19 and Fe3O4 powders, respectively. The SrFe12O19 

single phase (JCPDS Card No. 1411-079) and the Fe3O4 single phase (JCPDS No. 19-

0629) are obtained which are indicated by (●) and (■), respectively [23]. Fig. 1 (c), 

(d) and (e) show the X-ray diffraction patterns of the SrFe12O19/SiO2/TiO2, 

Fe3o4/SiO2/ZnO and Fe3o4/SiO2/TiO2 photo-catalytic composites with core/shell/shell 

structure, respectively. Due to the presence of the amorphous silica phase in three 
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composites, diffraction peaks for the silica phase were not observed. The TiO2 Phase 

(JCPDS Card No. 1764-073) and the ZnO phase (JCPDS Card No. 36-1451) are 

indicated by the symbols (▲) and (▼), respectively [26-28]. By the comparison of 

the intensity of the photo-catalytic materials peaks in Fig. 1 (c) and (d), it is observed 

that the intensity of the peaks of the ZnO phase is much lower than that of the TiO2 

phases, although more time is taken for ZnO shell synthesis, which could be 

attributed to a more easy formation of the crystallized TiO2 shell.  

 
Fig. 1 XRD patterns of a) SrFe12O19 powder, b) Fe3O4 powder, c) SrFe12O19/SiO2/TiO2 composites, d) 

Fe3O4/SiO2/ZnO composites and e) Fe3O4/SiO2/TiO2 composites 

Fig. 2 (a) and (e) show FESEM images of the Fe3O4 and SrFe12O19 powders, 

respectively. As shown in Fig. 2 (a), the Fe3O4 particles present the regular polygon 

structure, but SrFe12O19 particles have an irregular hexagonal structure. The average 

size of iron oxide (II, III) particles is approximately 350 nm, while the average size of 

strontium ferrite particles is 122 nm. Fig. 2 (b) and (f) show the FESEM images of 

the silica coating on magnetic particles of iron oxide (II, III) and strontium ferrite, 

respectively. The smooth coating around the magnetic particles confirms the 
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formation of SiO2 shells. So, the coating of the SiO2 shell on the magnetic particles is 

well done using the sol-gel method [18]. 

  

  
(a) (b) 

  
(c) (d) 

   
(e)   (f) (g) 

Fig. 2 FESEM micrographs of a) Fe3O4 powder, b) Fe3O4/SiO2 composite, c) Fe3O4/SiO2/ZnO 

composite, d) Fe3O4/SiO2/TiO2 composite, e) SrFe12O19 powder, f) SrFe12O19/SiO2 composite, and g) 

SrFe12O19/SiO2/TiO2 composite 
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Fig. 2 (c) shows the coating of the ZnO shell on the Fe3O4/SiO2 composites. FESEM 

micrographs of TiO2 shell coated on the Fe3O4/SiO2 and the SrFe12O19/SiO2 

composites are displayed in Fig. 2 (d) and (g), respectively, which indicated that the 

photo-catalytic coating is uneven and its morphology is completely different from 

silica coating [26, 28, 29]. 

Also, EDX spectra of Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 

composites are exhibited in Fig. 3, based on which, the presence of Sr, Fe, Si, Ti, Zn 

and O elements in the prepared nanostructures has been confirmed. EDX results 

confirm the formation of Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 nanostructures in 

corresponding to other results [30, 31]. 

 

(a) (b) 

 

(c) 

Fig. 3 EDS spectra of the a) Fe3O4/SiO2/TiO2, b) Fe3O4/SiO2/ZnO and c) SrFe12O19/SiO2/TiO2 

composites 
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The TEM images of SrFe12O19/SiO2, SrFe12O19/SiO2/TiO2, Fe3O4/SiO2, 

Fe3O4/SiO2/ZnO and Fe3O4/SiO2/TiO2 composites are shown in Figs. 4 (a), (b), (c), 

(d) and (e) respectively. As shown in Fig. 4 (a) and (c), a brighter shell surrounding 

the core particles is the silica coating. The more uniform coating formed on SrFe12O19 

particles than that on the Fe3O4 particles could be attributed to the apparent shape of 

these core particles. The thickness of the SiO2 shell has a significant effect on 

preventing of photo-dissolution phenomenon. In fact, the valence band of the 

magnetic cores is higher than that of the ZnO and TiO2 and the conduction band of 

the magnetic cores is lower than that of the ZnO and TiO2 which leads to the transfer 

of charge carriers from the ZnO and TiO2 to the magnetic cores and the 

recombination of the electron-hole pair. Therefore, the life of the electron-hole is 

reduced. By the excessive reduction of the thickness of silica coating, the photo-

catalytic efficiency of this composite is reduced. On the other hand, the high 

magnetic properties of the composites are important for better recovery. The 

excessive increase of the silica shell also results in a decrease in saturated 

magnetization and consequently, a reduction of retrieval ability of photo-catalytic 

particles by magnetic separation [14, 32]. In order to control the thickness of SiO2 

coating, the concentration of TEOS, water, alcohol, temperature and time of reaction 

are important factors [33, 34]. The thickness of the silica shell for soft and hard 

magnetic composites was approximately 15 and 20 nm. According to TEM 

observations, a thin coating of the TiO2 and ZnO photo-catalytic particles is seen in 

Figs. 4 (b), (d) and (e), which obviously differ from the TEM micrographs of the SiO2 

shell in Figs. 4 (a) and (c). The ZnO layer formed on Fe3O4/SiO2 is a few nanometer 

thick shells while the TiO2 shells are more uniform which were formed at the lower 

times. The thickness of TiO2 shells on SrFe12O19 and Fe3O4 particles has reached 

about 30 nm and 32 nm, respectively. 
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(a) (b) 

  
(c) (d) 

(e) 

Fig. 4 TEM micrographs of a) SrFe12O19/SiO2, b) SrFe12O19/SiO2/TiO2, c) Fe3O4/SiO2, d) 

Fe3O4/SiO2/ZnO and e) Fe3O4/SiO2/TiO2 composites 
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Fig. 5 illustrates the magnetic properties of the various synthesized powders. Fig. 5 

(a) compares the magnetic properties of Fe3O4 and SrFe12O19 core particles. As can 

be seen, the fabricated Fe3O4 soft magnetic particles show clear ferromagnetism 

hysteresis due to the narrow hysteresis loop, while the wide hysteresis curve as a 

typical characteristic for ferrimagnetism is clearly observed for the SrFe12O19 

particles [35]. Furthermore, the saturation magnetization for Fe3O4 powder is more 

than that for SrFe12O19 powder. 

  

  
(a) (b) 

 
(c) 

Fig. 5 Magnetic loops for a) synthesized magnetic cores, b) SrFe12O19/SiO2 and Fe3O4/SiO2 

composites, c) Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 photo-catalytic composites 

at room-temperature 
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The magnetic characteristics of Fe3O4/SiO2, SrFe12O19/SiO2, Fe3O4/SiO2/ZnO, 

Fe3O4/SiO2/TiO2 and SrFe12O19/SiO2/TiO2 are represented in Figs. 5 (b) and (c). The 

reduction of the magnetic properties of the as-prepared core-shell nanostructures 

confirms the coating of silica and photo-catalytic shells [36, 37]. The saturation 

magnetization of the Fe3O4/SiO2/ZnO, Fe3O4/SiO2/TiO2 and SrFe12O19/SiO2/TiO2 

photo-catalytic nanostructures was 49 emu/g, 41.5 emu/g and 33 emu/g, respectively. 

Less saturation magnetization of SrFe12O19/SiO2/TiO2 photo-catalyst could be due to 

less agglomeration. Although the coating process causes some degree of 

agglomeration in particles (as shown in Fig. 2(b-c-d and f-g)), however visual 

examination of SrFe12O19/SiO2/TiO2 powders also confirms comparatively less 

agglomeration of SrFe12O19/SiO2/TiO2 powders. 

Fig. 6 shows the changes in absorption spectra of methylene blue dye in the presence 

of Fe3O4/SiO2/ZnO, Fe3O4/SiO2/TiO2 and SrFe12O19/SiO2/TiO2 photo-catalytic 

composite powders after various times of 10, 30, 90 and 180 min of UV light 

exposure. The maximum absorption of methylene blue solution is at 664 nm 

wavelength [27]. 

By examination of absorption changes at the maximum wavelength, the destruction 

percentage of methylene blue dye was obtained using the following equation [38]:  

(%) 100o t

o

A A
D

A

 
  
 

       (3) 

where D is the percentage of degradation, A0 and At are absorbance intensity in 

wavelength of 664 nm at times of 0 and t, respectively. 
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Fig. 6 Absorbance spectra of MB dye solution in the presence of photo-catalytic powders of 

Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO after different UV-irradiation times 

 

Fig. 7 compares the effect of the addition of Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and 

SrFe12O19/SiO2/TiO2 photo-catalytic powders on the degradation of methylene blue 

dye at different times. Destruction percentages under UV light due to the addition of 

Fe3O4/SiO2/TiO2 photo-catalytic powder to the MB solution (50 mg/l) for various 

times of 10, 30, 90, and 180 min, were 32%, 58%, 80% and 84%, respectively, and 

destruction percentages in the presence of SrFe12O19/SiO2/TiO2 photo-catalytic 

powder for similar times were 16%, 44%, 69% and 80%, respectively, whereas 

destruction percentages for Fe3O4/SiO2/ZnO photo-catalytic powder at similar times 

were 11%, 32%, 51% and 58%, respectively. The degradation of methylene blue dye 

confirms the presence and coating of photo-catalytic shells. Maximum degradation of 

methylene blue dye obtained 84% for Fe3O4/SiO2/TiO2 composite under UV light 

exposure of 180 min. The higher photo-catalytic efficiency of the Fe3O4/SiO2/TiO2 
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and SrFe12O19/SiO2/TiO2 composites could be due to the thickening of the TiO2 shell 

than the ZnO shell. The better photo-catalytic properties of these composites relative 

to Fe3O4/SiO2/ZnO  could also be attributed to the smaller band gap of TiO2 (3.2 ev) 

than that of ZnO (3.37 ev) [16, 27]. On the other hand, decreasing the amount of 

agglomeration is effective in improving photo-catalytic activity. The less 

agglomeration of photo-catalytic particles cause increased contact surface with the 

pollutants and consequently the photo-catalytic efficiency increases. Therefore, less 

agglomeration of SrFe12O19/SiO2/TiO2 powders, as mentioned earlier, could be an 

effective parameter in increasing its photo-catalytic efficiency. On the other hand, 

increasing the surface to volume ratio improves catalytic activity [39]. It is well 

known that the surface to volume ratio of the cubic shape is higher than that of other 

shapes such as dodecahedron, octahedron, sphere and icosahedron [39, 40]. 

Therefore, the photocatalytic properties of the Fe3O4/SiO2/TiO2 composite are 

slightly better than those of SrFe12O19/SiO2/TiO2 composite due to the cubic shape of 

its magnetic core. Fig. 7 also indicates a slight photo-catalytic degradation of MB in 

the presence of Fe3O4/SiO2 and SrFe12O19/SiO2 composites. The partial bleaching of 

methylene blue molecules under UV light and the adsorption of methylene blue 

molecules to the surface of the composite powders resulted in minor degradation of 

methylene blue dye [41]. 

 

 

Fig. 7 Comparison of MB dye destruction in the presence of Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2, 

Fe3O4/SiO2/ZnO, SrFe12O19/SiO2 and Fe3O4/SiO2 composites after different times of UV-irradiation  
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To evaluate the recovery of photo-catalytic properties of Fe3O4/SiO2/TiO2, 

Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 powders, three consecutive cycles of 

decomposition of methylene blue were studied. Fig. 8 compares methylene blue 

destruction by Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 

composites at three cycles. By increasing reuse time, the photo-catalytic activity of 

three composites has decreased, which can be due to the formation of organic 

intermediate products and accumulation of them in the cavity sites and the surface of 

the catalysts [42]. However, the removal efficiency by Fe3O4/SiO2/TiO2, 

Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 composites was approximately remained 

94, 91 and 95 percent of that of the first operation, respectively, after three 

consecutive cycles. The results suggest that the recovered powders have relatively 

good photo-catalytic activity. Hence, they could be retrieved with an external 

magnetic field and re-used. 

 

 

Fig. 8 Sequential cycles of decomposition of methylene blue using Fe3O4/SiO2/TiO2, 

SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO composites 

 

Fig. 9 represents the kinetics of discoloration of MB dye by photo-catalytic powders 

of Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 at two wavelengths of 

617 and 664 nm. The photo-catalytic reaction is described by the LnC0/C=Kappt 

formula that kapp is the apparent rate constant of photo-catalytic degradation [43]. The 

goodness of linear fit on data is evaluated by employing the R2 value as the 

correlation coefficient factor. The kapp at the wavelength of 664 nm for three 

composites is more than that at 617 nm wavelength, which is in accordance with Fig. 
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6 that showed more absorption intensity at 664 nm relative to that at 617 nm [44]. By 

comparison of destruction kinetics for Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2 and 

Fe3O4/SiO2/ZnO composites, it confirms that the photo-catalytic efficiencies of 

Fe3O4/SiO2/TiO2 and SrFe12O19/SiO2/TiO2 composites are larger than that of 

Fe3O4/SiO2/ZnO composite. 

 

 

Fig. 9 Kinetics of MB dye disappearance in the presence of a) Fe3O4/SiO2/TiO2, b) 

SrFe12O19/SiO2/TiO2 and c) Fe3O4/SiO2/ZnO powders and under different wavelengths 

 

4. Conclusions 

The Fe3O4 particles as soft magnetic cores of core-shell structured composites were 

successfully synthesized by the carbon reduction method, and the SrFe12O19 particles 

as hard magnetic cores were prepared by a co-precipitation method in water-ethanol 

media. The coating of silica shells was performed on SrFe12O19 and Fe3O4 magnetic 

particles using the hydrolysis and condensation of TEOS precursor at room 

temperature. The photo-catalytic composites of Fe3O4/SiO2/TiO2, 

SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO were successfully prepared using titanium 

n-butoxide (TNBT) or zinc nitrate hexahydrate precursors.  

Microscopy characterization by FESEM and TEM indicated that all synthesized core/ 

/shell/shell composites were covered with a layer composed of photo-catalyst. 

However, the TiO2 photo-catalytic shells were thicker and the coating process was 
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done at the lower time, and consequently coating process was easier compared to the 

formation of the ZnO photo-catalytic shells. The saturation magnetization of 

Fe3O4/SiO2/ZnO, Fe3O4/SiO2/TiO2 and SrFe12O19/SiO2/TiO2 composites with 

core/shell/shell structure was 49 emu/g, 41.5 emu/g and 33 emu/g, respectively. Less 

saturation magnetization of SrFe12O19/SiO2/TiO2 photo-catalyst could be due to less 

agglomeration and the nature of core material; however, it resulted in an acceptable 

recovery by magnetic separation. 

Photo-catalytic efficiencies of Fe3O4/SiO2/ZnO, SrFe12O19/SiO2/TiO2 and 

Fe3O4/SiO2/TiO2 composite materials were obtained as 58%, 80% and 84% by the 

considering degradation of methylene blue dye. It was found that the photo-catalytic 

properties of titania coating in the composite with core/shell/shell structure can be 

improved via increasing surface to volume ratio by using the cubic-shape core 

particles. Thus, the as-prepared Fe3O4/SiO2/TiO2 composite powder has optimum 

photo-catalytic efficiency compared with SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO 

composites. However, as seen in sequential cycles of the destruction of MB, all 

synthesized photo-catalytic composites were nearly well recovered. 
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Figures

Figure 1

XRD patterns of a) SrFe12O19 powder, b) Fe3O4 powder, c) SrFe12O19/SiO2/TiO2 composites, d)
Fe3O4/SiO2/ZnO composites and e) Fe3O4/SiO2/TiO2 composites



Figure 2

FESEM micrographs of a) Fe3O4 powder, b) Fe3O4/SiO2 composite, c) Fe3O4/SiO2/ZnO composite, d)
Fe3O4/SiO2/TiO2 composite, e) SrFe12O19 powder, f) SrFe12O19/SiO2 composite, and g)
SrFe12O19/SiO2/TiO2 composite



Figure 3

EDS spectra of the a) Fe3O4/SiO2/TiO2, b) Fe3O4/SiO2/ZnO and c) SrFe12O19/SiO2/TiO2 composites



Figure 4

TEM micrographs of a) SrFe12O19/SiO2, b) SrFe12O19/SiO2/TiO2, c) Fe3O4/SiO2, d) Fe3O4/SiO2/ZnO
and e) Fe3O4/SiO2/TiO2 composites



Figure 5

Magnetic loops for a) synthesized magnetic cores, b) SrFe12O19/SiO2 and Fe3O4/SiO2 composites, c)
Fe3O4/SiO2/TiO2, Fe3O4/SiO2/ZnO and SrFe12O19/SiO2/TiO2 photo-catalytic composites at room-
temperature



Figure 6

Absorbance spectra of MB dye solution in the presence of photo-catalytic powders of Fe3O4/SiO2/TiO2,
SrFe12O19/SiO2/TiO2 and Fe3O4/SiO2/ZnO after different UV-irradiation times



Figure 7

Comparison of MB dye destruction in the presence of Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2,
Fe3O4/SiO2/ZnO, SrFe12O19/SiO2 and Fe3O4/SiO2 composites after different times of UV-irradiation

Figure 8

Sequential cycles of decomposition of methylene blue using Fe3O4/SiO2/TiO2, SrFe12O19/SiO2/TiO2
and Fe3O4/SiO2/ZnO composites



Figure 9

Kinetics of MB dye disappearance in the presence of a) Fe3O4/SiO2/TiO2, b) SrFe12O19/SiO2/TiO2 and
c) Fe3O4/SiO2/ZnO powders and under different wavelengths


