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Abstract

:

The SiO2@α-Fe2O3/ZnO metal oxide nanocomposites employed in this study were obtained using the sol-gel method. Their photocatalytic activities were enhanced by photo-Fenton reactions. The metal oxide composite of ZnO and α-Fe2O3 nanoparticles were deposited on the SiO2 nanospheres intended for visible light photocatalysis. Further, the as-synthesized SiO2@α-Fe2O3/ZnO nanocomposites exhibited a robust crystallinity and a high adsorption of dye molecules when compared to SiO2@ZnO and SiO2@α-Fe2O3 nanocomposites, respectively. The experimental results demonstrated a rapid Methylene Blue (MB) degradation among these catalysts within short intervals of time with the addition of α-Fe2O3/ZnO mixed metal oxide catalysts on the SiO2 nanospheres. Finally, a photo-Fenton reaction was implemented to confirm the presence of the hydroxyl (OH) radicals, which are powerful agents used for the degradation of organic pollutants.
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1. Introduction


In order to avoid damage to the environment from greenhouse gases, it is necessary to develop renewable energy resources as alternatives to fossil fuels. Solar energy has received much attention as a sustainable and clean energy source. The conversion of solar energy into chemical energy is a promising technique in producing renewable energy [1]. It has also been found that photocatalysis can play a very effective role in removing organic pollutants from water [2]. Recently, semiconductor photocatalysis has been studied, especially for photocatalytic reactions, having a wide band gap acting as a UV and visible light photocatalyst [3]. Several researchers have focused on improving the conductivity and optical properties of heterogeneous semiconductor nanocomposite materials, particularly metal oxides. These are dominant because of their properties that enhance the surface plasmon effect and offer improvement in the visible light region [4].



Improved visible light photocatalysts grown from heterogeneous metal oxide semiconductor nanocomposites are expected to be suitable for a variety of applications [5]. In particular, these metal oxides have shown greater stability and sensitivity, especially for the degradation of organic pollutants [6]. Among the various metal oxides, ZnO and α-Fe2O3 are the best combination for the production of the heterogeneous photocatalysts used for wastewater treatment [7], CO2 reduction [8], hydrogen production [9], CO oxidation [10], and water splitting [9,11]. The heterogeneous semiconductors can also be utilized to trap electrons at surface sites and to support the formation of superoxide anion radicals O2− from O2 molecules. There are many methods which can be used for the preparation of heterogeneous metal oxide nanocomposites, including hydrothermal [12], chemical vapor deposition [13], sonochemical [14], and the sol-gel [15,16] method. Among these, the sol-gel method has several advantages, being more economical, requiring only a simple preparation, and having good stability and reproducibility [17].



In this work, SiO2@α-Fe2O3/ZnO metal oxide nanocomposites were utilized for the effective degradation of organic pollutants. Additionally, the introduction of ZnO nanoparticles onto the SiO2@α-Fe2O3 nanocomposites offered the benefits of charge separation followed by the scavenging of electrons and holes by the surface adsorbed species, which consequently enhanced the degradation of the Methylene Blue (MB) dye. Furthermore, the addition of hydrogen peroxide (H2O2) improved the number of OH radicals and encouraged the degradation mechanism based on the photo-Fenton reaction. The two metal oxides α-Fe2O3 and ZnO were grown on SiO2 nanospheres to enhance the stability of the photocatalytic degradation.




2. Results and Discussion


2.1. X-ray Diffraction (XRD)


The XRD profiles of the as-prepared samples are shown in Figure 1. The diffraction peaks at 33.2, 35.6, and 40.9° are attributed to the 001, 101, and 002 planes ((JCPDS no. 89-8104) of α-Fe2O3, respectively, with the weak intensity being due to the very thin layer of α-Fe2O3 [18]. In addition, the relatively broad peak observed at 24.5°, which arose from the SiO2, confirms that the deposition of α-Fe2O3 occurred on the top of the SiO2 spheres. Furthermore, the addition of ZnO to the SiO2 spheres is shown by the 2θ peaks at 31.6, 34.3, 36.2, 47.4, and 56.6° that are ascribed to the 100, 002, 101, 102, and 110 planes, respectively (JCPDS 01-089-0510), indexed to the crystalline planes of the ZnO nanoparticles [19]. The existence of these 2θ peaks from the as-prepared samples confirms the presence of ZnO on the α-Fe2O3 nanoparticles.




2.2. Structural Properties


Figure 2a–c show Field emission scanning electron microscopy (FESEM) images of the SiO2@α-Fe2O3, SiO2@ZnO, and SiO2@α-Fe2O3/ZnO nanocomposites. The SiO2 nanospheres are uniform in size with smooth surfaces, as shown in Figure 2a. After the addition of α-Fe2O3 on the SiO2, the surface becomes rough but still maintains the nanosphere structure even after annealing at 450 °C. The uniform size distribution of the 40 nm ZnO nanoparticles observed on α-Fe2O3 after the deposition of ZnO nanoparticles is shown in Figure 2c. It should be noted that the addition of two metal oxides onto SiO2 does not change the shape of the nanospheres. This proves that the SiO2 contains active sites for adsorbing any nanoparticle, leading to the improvement of the surface area of the semiconductor nanoparticles. The atomic percentage of elements present in the nanocomposites, as observed by energy dispersive X-ray spectroscopy (EDX), are shown in Figure 2d.




2.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis


Figure 3 shows the FTIR analysis of the SiO2@α-Fe2O3, SiO2@ZnO, and SiO2@α-Fe2O3/ZnO nanocomposites. The peak at 1091 cm−1 shows the vibration structure of the Si–O–Si, which is observed in all of the spectra [20]. Moreover, there is a sharp peak observed at 1800 cm−1 shown in figure, revealing the stretching frequency of the Fe–O, and all of the metal oxides exhibit an OH group at 3500 cm−1 [21].




2.4. Optical Measurement


Figure 4 shows the UV–visible spectra of the SiO2@ZnO, SiO2@α-Fe2O3, and SiO2@α-Fe2O3/ZnO nanocomposites. From Figure 4, we can observe that the position of the absorption band of all of the nanocomposites in the visible region is between 400 and 900 nm. For the SiO2@ZnO nanocomposites, the absorption band observed at 340 nm confirms the formation of ZnO nanoparticles on the SiO2 nanospheres [22]. For the SiO2@α-Fe2O3 nanocomposites, the absorption band appears at 320 and 540 nm for the α-Fe2O3 on SiO2 nanospheres. After the deposition of ZnO metal oxide on the SiO2@α-Fe2O3 nanocomposites, there is a broad absorption that extends to the visible region as compared to the SiO2@ZnO and SiO2@α-Fe2O3 nanocomposites.




2.5. Photoluminescence (PL) Measurements


Figure 5 shows the PL spectra of the SiO2@ZnO, SiO2@α-Fe2O3, and SiO2@α-Fe2O3/ZnO nanocomposites. The PL signal is used to demonstrate the charge separation which results from the recombination of photoinduced carriers [23]. The intensities observed for the SiO2@α-Fe2O3/ZnO nanocomposites are weak and thus indicative of better photocatalytic performance. Further higher intensity leads to a high electron-hole recombination which reduces the catalytic activity.




2.6. Brunauer-Emmett-Teller (BET)-N2 Adsorption-Desorption Analysis


A BET N2 adsorption-desorption analysis was carried out to measure the specific surface area and porosity of as-synthesized materials. The BET surface areas of the as-prepared SiO2, SiO2@α-Fe2O3, SiO2@ZnO, and SiO2@α-Fe2O3/ZnO nanocomposites are 8, 21, 33 and 41 m2/g, respectively, as shown in Table 1. The pore volume of SiO2@α-Fe2O3/ZnO nanocomposites is 0.51 cm2/g, which indicates the presence of a mesoporous structure. In this respect it could be helpful to enhance the catalytic activity. The surface areas of SiO2@α-Fe2O3 and SiO2@α-Fe2O3/ZnO nanocomposites spheres are higher than that of SiO2 spheres. Finally, the addition of ZnO nanoparticles onto the SiO2@α-Fe2O3 increased the size, surface area, and pore volume of the SiO2@α-Fe2O3/ZnO nanocomposites, which suggests a possible advantage that could lead to increased photocatalytic activity.





3. Photocatalytic Activity


Figure 6a shows the photodegradation of MB dye which occurred with the SiO2@α-Fe2O3/ZnO nanocomposites under visible light. The UV–vis spectrum of the MB dye showed two absorption peaks at 620 nm and 664 nm. The peak intensities of 620 and 664 nm decreased with an increasing irradiation time, indicating the degradation of MB dye. The percentage of MB dye remaining in the reaction medium using SiO2@ZnO, SiO2@Fe2O3 and SiO2@α-Fe2O3/ZnO nanocomposites without H2O2 is shown in Figure 6b. The degradation percentage of the MB dye obtained using SiO2@ZnO nanocomposites was 62% within 40 min without H2O2. When the H2O2 was added to the dye solution, the degradation percentage increased to 91%. Similar results were observed for the SiO2@α-Fe2O3 nanocomposites with and without H2O2, giving a degradation efficiency towards MB dye of 42% and 82%, respectively, within 40 min. For the SiO2@α-Fe2O3/ZnO mixed metal oxide catalyst, 100% degradation was achieved within 25 min with H2O2, whereas 96% degradation was observed at 40 min without H2O2.



Figure 7b shows the photo-Fenton and photocatalytic degradation reactions of the MB following the pseudo-first-order kinetics, termed as ln(C/Co) = k′t, where k′ is the rate constant. The rate constant increased with the addition of H2O2, mainly due to the photo-Fenton activity. Based on these results, the SiO2@α-Fe2O3/ZnO + H2O2 catalyst exhibits the highest rate constant (k′ = 1.69 × 10−1 min−1), which is 2.2 times higher than that of SiO2@α-Fe2O3/ZnO (k′ = 7.38 × 10−2 min−1) as well as 7.8 and 2.9 times greater than those of SiO2@ZnO (k′ = 2.16 × 10−2 min−1) and SiO2@ZnO + H2O2 (k′ = 5.67 × 10−2 min−1), respectively. When compared to SiO2@α-Fe2O3 (k′ = 1.328 × 10−2 min−1) and SiO2@α-Fe2O3 + H2O2 (k′ = 4.18 × 10−2 min−1), the k′ values are 12.7 and 4 times less than that of the SiO2@α-Fe2O3/ZnO + H2O2 catalyst. Figure 7b shows the plot of ln(C/Co) vs. time. Table 2 shows the statistical analysis of pseudo-first-order kinetics with respect to the rate constant (k′) and correlation coefficient (R2). For the photocatalytic degradation reaction, the R2 values of SiO2@ZnO, SiO2@α-Fe2O3, and SiO2@α-Fe2O3/ZnO are almost equal to 1 (i.e., 0.9843, 0.9939 and 0.9948, respectively). Similarly, the photo-Fenton degradation exhibits R2 values of 0.9932, 0.9727 and 0.9797, respectively. Both reactions show an almost linear decrease in the concentration, which confirms the photocatalysis on the pseudo-first-order kinetics mechanism.



The photocatalytic reaction under visible light means that the semiconductor can be utilized to adsorb organic pollutants. Here, we can see that the active SiO2 surface for the deposition of α-Fe2O3 and ZnO metal oxides helped with the transport of photogenerated e− and h+ [24]. The mixed semiconductor nanoparticles have a larger surface area and greater light absorption harvesting which transports the dye molecules, thus enhancing the dye degradation. Furthermore, the conduction band (CB) of α-Fe2O3 is slightly negative while the valance band (VB) is more positive than that of ZnO. The transfer of holes from ZnO to α-Fe2O3 must be higher when compared with the individual metal oxides. This may be due to the efficient production of the charge carriers based on the strong interaction between the α-Fe2O3 and ZnO heterostructures, which reduces the photogenerated charge recombination rate, thus improving the photocatalytic activity [25]. In order to increase the holes in α-Fe2O3 and ZnO, H2O2 is used as an oxidizing agent to produce OH radicals. It reacts with water molecules in the dye solution and OH-groups present on the surface.



Figure 8 shows the PL spectra for the photodegradation of MB dye using SiO2@α-Fe2O3/ZnO nanocomposites in the presence of terephthalic acid at different time intervals under visible light irradiation. The PL intensity increases when increasing the reaction time due to the OH scavenger of terephthalic acid, which does not react with other radicals. These results confirm that the OH radicals were formed during the photo-Fenton reaction, leading to the MB dye degradation.



The various reports on dye degradation match well with our study, and their results are compared as shown in Table 3. From Table 3, we can observe the low degradation time of 40 min for SiO2@α-Fe2O3/ZnO nanocomposites, as compared with previous reports [26,27,28,29,30,31,32,33,34,35,36]. Adding H2O2 to SiO2@α-Fe2O3/ZnO nanocomposites produces more electron-hole pairs, which leads to the faster degradation of MB dye, within 25 min. This shows a low degradation time when compared with other reports, as shown in the table below.




4. Experimental Procedure


For the preparation of the nanocomposites, SiO2 nanospheres were first prepared as per our previous work [10]. The SiO2 spheres were synthesized from a mixture of tetraethyl orthosilicate (TEOS), anhydrous ethanol, and water, which was stirred at room temperature for 15 min. After this, an ammonia and anhydrous ethanol solution were added to the mixture and it was stirred for 8 h. The resulting product of SiO2 spheres was kept in a vacuum oven at 60 °C for 6 h. Further, for the synthesis of the mixed metal oxides, iron (III) nitrate monohydrate and zinc acetate precursors were used. The SiO2 spheres were uniformly dispersed in 40 mL water by ultrasonication, followed by the addition of iron(III) chloride hexahydrate and urea with effective stirring at 90 °C for 10 h. The prepared FeOOH-coated SiO2 spheres were washed with water and ethanol. Subsequently, FeOOH-coated SiO2 spheres were dispersed in water followed by adding zinc acetate dihydrate and NaOH with effective stirring at 100 °C for 6 h. SiO2@α-Fe2O3/ZnO nanocomposites were separated by centrifugation and washed with ethanol and water. The above cleaning procedure was repeated three times and the resultant product was then annealed at 450 °C for 2 h to produce a crystalline substance. For the purpose of comparison, both SiO2@α-Fe2O3 and SiO2@ZnO samples were prepared using the above procedure.



Photocatalytic Reaction


The photocatalytic degradation reaction of MB dye was carried out using metal oxide nanocomposites in the presence of visible light irradiation using a 350 W Mercury-Xenon lamp, (Prosper Optoelectronics, Taiwan) for which the intensity of light at 380–780 nm was 0.33 mW·cm−2. In order to attain an adsorption-desorption equilibrium between the catalyst surface and dye molecules, the mixed metal oxide nanocomposite catalysts (50 mg) were mixed with 5 ppm of 100 mL MB dye solution. Initially, the dye was stirred for 10 min in the dark. Following this, we introduced the visible light. The same procedure as that mentioned above was followed to carry out photo-Fenton experiments. Additionally, 0.1 mL of H2O2 was added as an initial step. Every 10 min, 5 mL of the solution was taken and measured with a UV–vis spectrum to confirm the degradation.





5. Characterization


The XRD spectra were recorded using an X-ray diffractometer (XRD, PAN analytical X’ Pert PRO, Almelo, The Netherlands). FESEM images were obtained using a JEOL (JSM-7610F, Tokyo, Japan) microscope at an operating voltage of 15 kV. The sample was coated with platinum for effective imaging before being charged. UV–vis DRS were recorded using a UV–vis spectrophotometer (Carry 5000, Santa Clara, CA, USA). The prepared nanocomposites of the chemical structure were studied using a PerkinElmer FTIR spectrometer. The surface area of the samples was measured via N2 adsorption-desorption isotherms at 77 K (BET, Micromeritics ASAP 2020, Norcross, GA, USA). PL studies were observed using a PL spectrometer (Dongwoo-Ramboss 500i, Gyeonggi-Do, Korea).




6. Conclusions


In summary, we successfully prepared SiO2@α-Fe2O3/ZnO nanocomposites using a cost-effective sol-gel method. The improved performance of dye degradation through the addition of metal oxides is attributed to the fast carrier charge that reduced the electron-hole pair recombination. From the results, it is proven that SiO2@α-Fe2O3/ZnO nanocomposites were able to degrade the MB dye within 25 min after adding a reducing agent. Furthermore, ZnO exhibits strong interactions between the bridging oxygen on the surface of α-Fe2O3 and allows the photo-oxidation decomposition of pollutants. In order to enhance the photo-Fenton activity, H2O2 was added to the dye solution, which helped to increase the number of ∙OH groups. When H2O2 is added to the dye solution, the SiO2@α-Fe2O3/ZnO catalyst can increase the visible light stability and yield a faster separation of photogenerated electrons and holes. These behaviors are favorable for the faster degradation of MB dye using SiO2@α-Fe2O3/ZnO catalyst.
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Figure 1. X-ray diffraction (XRD) pattern of SiO2@ZnO, SiO2@α-Fe2O3 and SiO2@α-Fe2O3/ZnO nanocomposites. 
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Figure 2. FESEM images of (a) SiO2@ZnO, (b) SiO2@α-Fe2O3 and (c) SiO2@α-Fe2O3/ZnO nanocomposites. (d) Energy dispersive X-ray spectroscopy (EDX) analysis of SiO2@α-Fe2O3/ZnO nanocomposites. 
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Figure 3. FTIR spectra of SiO2@ZnO, SiO2@α-Fe2O3 and SiO2@α-Fe2O3/ZnO nanocomposites. 
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Figure 4. UV–vis spectra of SiO2@ZnO, SiO2@α-Fe2O3 and SiO2@α-Fe2O3/ZnO nanocomposites. 
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Figure 5. Photoluminescence (PL) spectra of SiO2@ZnO, SiO2@α-Fe2O3 and SiO2@α-Fe2O3/ZnO. 
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Figure 6. (a) Degradation of Methylene Blue MB dye (5 ppm) in the presence of SiO2@α-Fe2O3/ZnO nanocomposites under visible light irradiation. (b) The plot shows the percentage of MB remaining vs. time. 
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Figure 7. (a) Photo-Fenton degradation of MB using different nanocomposites with and without H2O2: letter a—SiO2@ZnO, letter b—SiO2@ZnO + H2O2, letter c—SiO2@α-Fe2O3, letter d—SiO2@α-Fe2O3 + H2O2, letter e—SiO2@α-Fe2O3/ZnO, letter f—SiO2@α-Fe2O3/ZnO + H2O2. (b) The plot of ln(C/Co) vs. time. 
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Figure 8. PL spectra for photodegradation of MB dye using SiO2@α-Fe2O3/ZnO nanocomposites in the presence of terephthalic acid at different time intervals under visible light irradiation. 
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Table 1. BET surface area of as-prepared SiO2, SiO2@α-Fe2O3, SiO2@ZnO and SiO2@α-Fe2O3/ZnO nanocomposites.
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	Samples
	BET Surface Area
	Pore Volume





	SiO2
	8 m2/g
	0.032 cm2/g



	SiO2@α-Fe2O3
	21 m2/g
	0.041 cm2/g



	SiO2@ZnO
	33 m2/g
	0.045 cm2/g



	SiO2@α-Fe2O3/ZnO
	41 m2/g
	0.051 cm2/g
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Table 2. Statistical analysis of pseudo-first-order kinetics for photocatalytic and photo-Fenton degradation reactions towards MB.
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	Samples
	r0
	k′ (min−1)
	R2
	T (min)
	% Deg





	SiO2@ZnO
	0.0067
	0.0216
	0.9843
	40
	62



	SiO2@ZnO + H2O2
	0.0177
	0.0567
	0.9932
	40
	91



	SiO2@α-Fe2O3
	0.0041
	0.0132
	0.9939
	40
	42



	SiO2@α-Fe2O3 + H2O2
	0.0130
	0.0418
	0.9727
	40
	82



	SiO2@α-Fe2O3/ZnO
	0.0230
	0.0738
	0.9948
	40
	96



	SiO2@α-Fe2O3/ZnO + H2O2
	0.0527
	0.1691
	0.9797
	25
	100







r0—initial MB dye degradation rate (r0 = k′ × Co), k′—rate constant, R2—correlation coefficient for pseudo-first order, T—degradation time, % Deg—percentage of degradation efficiency.
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Table 3. Comparison of our work with the reported work.
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	Catalyst
	Dye
	Catalyst Loading
	Time (min)
	Reference





	ZnO/CdO
	MB
	*R.a.—500 mL
	360
	[26]



	Ce-doped SiO2/TiO2
	MB
	100 mg—1000 mL
	120
	[27]



	CoFe2O4–Cr2O3–SiO2
	MB
	20 mg—50 mL
	120
	[28]



	ZnO
	MB
	1500 mg—650 mL
	120
	[29]



	Fe3O4@SiO2@ZnO
	4NP
	400 mg—30 mL
	120
	[30]



	α-Fe2O3/ZnO
	RhB
	20 mg—40 mL
	105
	[31]



	G-Fe2O3/ZnO
	MB
	10 mg—50 mL
	90
	[32]



	(RGO)/α-Fe2O3
	MB
	100 mg—100 mL
	90
	[33]



	Ag3PO4/Fe2O3
	MO
	200 mg—25 mL
	60
	[34]



	γ-Fe2O3/ZnO
	MB
	50 mg—100 mL
	50
	[35]



	Fe/ZnO/SiO2
	MB
	75 mg—300 mL
	30
	[36]



	SiO2@α-Fe2O3/ZnO
	MB
	50 mg—100 mL
	40
	This work



	SiO2@α-Fe2O3/ZnO+H2O2
	MB
	50 mg—100 mL
	25
	This work







MB—Methylene Blue, 4NP—4 Nitro Phenol, RhB—Rhodamine B, MO—Methylene Orange, *R.a.—required amount.
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