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Abstract 

A novel N-doped SiO2@SiC core shell nanostructure has been synthesized using gelatin as a 

natural nitrogen–containing carbon source. It was then functionalized with amino groups for 

immobilization of active metal centers. Amino hybrid of tungsten oxide was supported on the 

surface of functionalized SiO2@SiC core shell nanospheres by immobilization of oxodiperoxo 

complex of tungsten and by coordination of ethylenediamine to tungsten centers. The prepared 

hybrid has been characterized by FT-IR, XRD, TGA/DTA, SEM/EDS, and BET/BJH methods 

and its catalytic activity was investigated in oxidative desulfurization of model fuels. To evaluate 

the role of silicon carbide support, silica nanospheres alone were functionalized with the amino 

hybrid of tungsten oxide and its catalytic performance was compared. The results indicate that 

the SiC catalyst shows higher catalytic activity (99.9%, 160 min) compared to the SiO2 analogue 

(61%, 160 min). Furthermore, the SiC catalyst shows higher stability and recyclability and 

exhibits no remarkable decrease in activity of catalyst after 5 runs.   

 

 

 

Keywords: Silicon Carbide; Core shell; Tungsten Oxide; Hybrid; Oxidative Desulfurization.  
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1. Introduction    

Use of sulfur-containing fuels causes many environmental problems and has major health 

impact. Hence, many efforts have been made to reduce the level of sulfur in fuels [1–4]. In recent 

years, several methods have been developed for the removal of sulfur compounds and reducing 

the sulfur levels in oil derivatives. Among different desulfurization methods, 

hydrodesulfurization as a conventional method has a high performance, but due to its difficult 

operating conditions such as high temperature and pressure and the use of hydrogen gas, many 

efforts have been made to find an alternative method to produce ultra-low sulfur fuels  at mild 

conditions [5-8].  

Nowadays, oxidative desulfurization (ODS) is attracting significant research interest due to its 

mild operating conditions, easy lower-cost procedures, and conventional equipment. Another 

advantage of ODS is its higher efficiency for removing the aromatic sulfur compounds such as 

thiophene and its derivatives [8,9]. In this process, the sulfur species in the fuel are converted to 

the corresponding sulfones by appropriate oxidant and then they are separated by extraction or 

adsorption. In this respect, the catalyst is the most important parameter in the ODS process. 

Various transition metals oxides such as W, Mo, V, Ti, Co, and Fe have been used as efficient 

catalysts in ODS process [10–14].  

The surface area and the number of active sites are important factors in the effectiveness of 

catalysts. Immobilization of metal oxide catalysts on the surface of porous supports is an 

effective way to increase the accessible surface area, to obtain homogenous distribution of metal 

oxide, and increase the number of active sites. Silica, alumina, carbon, and silicon carbide 

nanostructures have been used as the catalyst supports to design heterogeneous ODS catalysts 

with optimized properties [15–21].  
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Among these materials, silicon carbide, due to its unique properties such as high surface area, 

high chemical, mechanical and thermal stability,  is an appropriate candidate for various catalytic 

process [19-26]. In the present work, a new catalyst based on an amino-functionalized SiO2@SiC 

core-shell nanospheres has been synthesized and immobilized with amino hybrid of tungsten 

oxide and the role of the silicon carbide support and tungsten hybrid was investigated in ODS 

reaction.       

 

2. Experimental 

2.1 Materials and Methods 

All chemicals were of analytical grade and were used without further purification. Tungstic 

acid and cetyltrimethylammonium bromide (CTAB) were purchased from Aldrich and gelatin, 

ethylenediamine, tetraethylorthosilicate (TEOS), (3-aminopropyl)triethoxysilane, Mg powder 

(0.06-0.3μm), and hydrochloric acid (37%) were obtained from Merck and used for synthesis of 

the hybrid. Thiophene (TH), benzothiophene (BT), dibenzothiophene (DBT), n-octane, n- 

dodecane, acetonitrile, and hydrogen peroxide (30%) were obtained from Merck and used for 

catalytic study. 

FT-IR spectra were recorded in the range of 400-4000 cm-1 by a Bruker, Vector 

spectrometer. Crystallographic data of samples were investigated by powder X-ray diffraction 

(XRD), were obtained by a Bruker, Axs using CuKα radiation with λ =1.54060Å in the range 2Ө 

= 10–80°. The morphologies of nanostructures were characterized by a scanning electron 

microscope (TESCAN, VEGA3) equipped with a X-ray energy dispersive spectroscope (EDX). 

Measurement of porosity and specific surface areas of samples were taken with a Belsorp mini 
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instrument. A Netzech, TGA 209 F1 instrument was used for thermal gravimetric analysis. 

Products of ODS were determined by gas chromatography (GC), Faraz Gostar, TG 2552, using 

(Flame ionization) FID detector.  

2.2 Synthesis of SiO2@SiC core-shell nanospheres  

Silica nanospheres were synthesized via stober method according to previous literature [27]. 

Ethanol, water, and ammonia were mixed with a volume ratio of 20:2:1 and stirred for 15 min 

and then 1 ml of TEOS was added dropwise to the 23 ml of above solution to prepare the silica 

nanospheres.  

A 12 ml of an aqueous solution of gelatin (12 ml) containing 1 M CTAB was prepared and 

mixed with the same volume of above silica nanospheres solution, then the mixture was 

transferred into a 60 ml Teflon lined autoclave and heated at 170 ˚C for 3 h. The yellow-white 

precipitate was filtered and dried at 70 ˚C for 24 h. Then the sample was mixed with Mg powder 

(Si: Mg molar ratio 1: 2) and heated at 800 ˚C under N2 atmosphere by a heating rate of 5 

˚C/min. Finally, the obtained SiO2@SiC core-shell was immersed in 2 M HCl solution for 48 h 

to eliminate the produced MgO. 

2.3 Amino Functionalization of SiO2@SiC core-shell (NH2-SiO2@SiC) 

1.5 g of SiO2@SiC powders were mixed with 40 ml toluene and 2 mL of 3-

aminopropyltriethoxysilane was added to this solution. Then, the prepared solution was refluxed 

at 100 ˚C for 24 h. Finally, the brown precipitate was filtered and dried at 80 ˚C for 24 h. This 

compound is named NH2-SiO2@SiC. 
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2.4 Immobilization of tungsten oxide (WO3-NH2-SiO2@SiC) 

To immobilize the tungsten oxide on the surface of functionalized SiO2@SiC, 2.5 g of 

tungstic acid was dissolved in 60 mL of H2O2 at 40 ˚C to obtain oxodiperoxo tungsten solution 

(WO(O2)2). Then, 1 g of synthesized NH2-SiO2@SiC was added to this solution and stirred for 

24 h at room temperature. The obtained product was filtered and dried at 60 ˚C, and named 

WO3-NH2-SiO2@SiC.  

2.5 Coordination of ethylenediamine (N-WO3-NH2-SiO2@SiC) 

In this step, 1 g of synthesized WO3-NH2-SiO2@SiC was dispersed in 50 mL of ethanol. 

Then, 2 mL of ethylenediamine was added dropwise to the above solution and refluxed at 90 ˚C 

for 24 h. Finally, the product was centrifuged, washed two times with ethanol, and dried at 70 ˚C 

for 24 h. This compound was named N-WO3-NH2-SiO2@SiC.  

The above synthesis procedures are schematically summarized in Fig. 1. 

2.6 Synthesis of corresponding silica hybrid (N-WO3-NH2-SiO2) 

In order to investigate the effect of silicon carbide support on the removal of sulfur 

compounds, the corresponding silica hybrid was synthesized as well. For this purpose, silica 

nanospheres synthesized again via the stober method were functionalized with amine, tungsten 

oxide, and ethylenediamine in the same way as SiO2@SiC hybrid. The synthesized sample was 

named N-WO3-NH2-SiO2.  

2.7 Catalytic Studies 

In a typical run, various model fuels such as DBT, BT, and TH with different sulfur 

concentration (100, 300, 500, 700, and 1000 ppm) were prepared by dissolving them in n-octane. 

The ODS reaction was done in a 25 ml flask equipped with a magnetic stirrer and a water bath at 
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various temperature (25, 40, 50, and 65 ˚C). First, a certain amount of catalyst (10-30 mg), 2 ml 

of model fuel, 1 ml of acetonitrile as an extractive solvent, and n-dodecane as an internal 

standard were mixed together by stirring in a given temperature. Then 0.02- 1 ml of H2O2 as an 

oxidant was added to system. Every 20 min, a small amount of the sample was collected and 

injected into the GC to investigate the conversion percent of sulfur compounds. 

 

3. Results and Discussion 

3.1 Characterization 

The chemical grafting of various functional groups was verified by FT-IR analysis. Fig. 2a-d 

shows FT-IR spectra of SiO2@SiC and its functionalized hybrids. The peak at about 825 cm-1 

shows the formation of a Si-C bond in the SiO2@SiC structure (Fig. 2a). This bond is shifted to a 

lower frequency (820 cm-1) during the functionalization of SiC with APTES (Fig. 2b). 

Immobilization of tungsten oxide has also shifted Si-C bond to 818 cm-1 in WO3-NH2-SiO2@SiC 

and N-WO3-NH2-SiO2@SiC hybrids (Fig. 2c,d). The peaks at about 460 and 1075 cm-1 are 

assigned to the Si-O-Si bond which is related to SiO2 core. In Fig. 2b the appeared bonds at 

about 2840-2930 cm-1 and 1480-1547 cm-1 correspond to the propyl group and N-H bond, 

respectively which indicates the existence of  3-aminopropyltriethoxysilane. The new peaks at 

607 and 845 cm-1  in Fig. 2c and the peaks at 585 and 865 cm-1  in Fig. 2d correspond to W=O 

and W(O-O) and confirm the immobilization of oxoperoxo tungsten complex (WO(O2)2) onto 

the NH2-SiO2@SiC support [11]. After coordination of ethylenediamine, the C-H and N-H bonds 

were intensified (Fig. 2d). For comparison, FT-IR spectra of silica alone and its functionalized 

hybrids are displayed in Fig. S1.  
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XRD patterns of SiO2@SiC and its functionalized hybrids with amino silan, tungsten oxide, 

and ethylenediamine are shown in Fig. 3. Diffraction pattern of bare SiO2@SiC indicate weak 

diffraction peaks at 2θ = 35.75, 60.40, and 69.23 are assigned to (102), (110), and (202) planes of 

hexagonal structure of 6H-SiC (JCPDS 29-1128) (Fig 3a). The low intensity of SiC peaks can be 

attributed to the amorphous nature of SiC structure that grows on the SiO2 core. Also, the three 

peaks at about 28.42, 47.25, and 56.17° can be attributed to (111), (220), and (311) planes of 

cubic phase of silicon (JCPJDS 27-1402) (Fig. 3a). After amino-functionalization of SiO2@SiC 

sphere, the same pattern with a slight shift to a higher degree was observed (Fig. 3b). The XRD 

pattern of WO3-NH2-SiO2@SiC shows the appearance of diffraction peaks at 2θ=16.12, 19.79, 

23.86, and 29.56° which are assigned to (020), (011), (120), and (031) planes of orthorhombic 

tungsten oxide (JCPDS 43-0679) and existence of peaks at 2θ=11.88, 24.58, and 27.40 are 

related to (010), (001), and (011) planes of monoclinic tungstic acid (JCPDS 18-1420). This 

result obviously confirms successful chemical grafting of WO3 on the surface of SiO2@SiC core-

shell (Fig. 3c). N-WO3-NH2-SiO2@SiC hybrid shows only a slight shift to the higher degree 

(Fig. 3d).  

Thermogravimetric analysis (TGA/DTA) of N-WO3-NH2-SiO2@SiC are shown if Fig. 4. The 

TGA curve shows three weight losses at 25-100˚C (1.14 %), 120-320˚C (2.40 %), and 340-

540˚C (6.49 %). The negligible weight loss in the first step is attributed to evaporation of traces 

of water on the surface of the catalyst. The weight loss about 2.4 % in the second step is related 

to the loss of peroxo groups of tungsten complex (W(O)(O2)2) and their transformation into the 

oxo form (WO3). Moreover, the weight loss about 6.49 % in the third step is attributed to the 

degradation of amine groups in the inorganic-organic hybrid on the SiO2@SiC core-shell. The 
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result of TGA/DTA analysis indicates the successful modification of SiO2@SiC with amino 

silane, tungsten oxide, and ethylenediamine.  

As mentioned, SiO2@SiC core-shell was synthesized from silica nanospheres. The 

morphology of silica nanospheres alone and its modified inorganic-organic hybrid of WO3 are 

shown in Fig. 5. The synthesized silica nanospheres show a diameter of 380-550 nm (Fig. 5a). 

Fig. 5b shows that the amino-functionalization of silica nanosphere did not change the 

morphology of silica. After immobilization of tungsten oxide, the rod-like morphology of WO3 

is observed on the surface of the silica sphere (Fig. 5c,d).  

The morphology of synthesized SiO2@SiC core-shell and its modified structures are 

presented in Fig. 6. Fig. 6a shows the SEM image of SiO2@SiC core-shell which shows a larger 

diameter than the SiO2 sphere ranging within 430-630 nm. It confirms the formation of SiC shell 

on the surface of the silica sphere. Fig. 6b displays the SEM image of amino-functionalized 

SiO2@SiC which shows the same morphology as SiO2@SiC core-shell. SEM images of 

immobilized SiO2@SiC with tungstic oxide also show the remarkable needle-like structure of 

tungsten oxide which is distributed on the surface of SiO2@SiC nanospheres (Fig. 6c,d).  

Elemental analysis is reported in Table 1. The results show 4.6 % of N in the SiO2@SiC core-

shell which is related to the doping of nitrogen due to the use of gelatin as a C source [19]. After 

amino-functionalization of SiO2@SiC, the amount of N increases to 7.7 % which confirm the 

successful functionalization of SiC surface with amino groups. In the WO3-NH2-SiO2@SiC 

sample, 8.8% tungsten was observed which shows the immobilization of WO3 on the surface of 

functionalized SiC. The final modification with ethylenediamine also shows the increase of 

nitrogen content from 7.4 % to 7.8 % which proves the formation of amino-hybrid of tungsten 

oxide. 
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Fig. 7 characterizes the porosity of SiO2@SiC core-shell and its modified N-WO3-NH2-

SiO2@SiC catalyst. After modification of SiO2@SiC core-shell with amine and tungsten oxide, 

the specific surface area increased from 31 m2/g in SiO2@SiC to 94 m2/g in N-WO3-NH2-

SiO2@SiC catalyst (Table 2). The results clearly indicate that the surface area increased after 

surface modification. Also, the result shows the decrease of pore diameter after modification of 

surface from 30.8 nm in SiO2@SiC to 21.6 nm in N-WO3-NH2-SiO2@SiC catalyst (Table 2). As 

shown in Table 2, after functionalization of SiO2@SiC, a considerable decrease in the micropore 

content from 18.9 % in SiO2@SiC to 7.7 % in N-WO3-NH2-SiO2@SiC was observed. It can be 

justified by filling the smaller pores of SiO2@SiC with the amino group and tungstic oxide 

nanoparticles.  

 

3.2 Catalytic Studies 

3.2.1 Effect of temperature  

In the desulfurization system, the temperature is an important parameter. Fig. 8 exhibits the 

effect of different temperature (25, 40, 55, and 65˚C) on the oxidative desulfurization of model 

fuel (500 ppm(S) of DBT). The result indicates that by increasing of the temperature clearly 

enhances the catalytic activity of N-WO3-NH2-SiO2@SiC. At 25˚C, the conversion observed was 

the lowest (34% after 160 min). The conversion increased to 68% at 40˚C and reached 100% at 

55˚C. By increasing the temperature to 65 ˚C, the rate of reaction was increased and the 

conversion was assured to 100% in 120 min. 
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3.2.2 Effect of the catalyst amount  

Fig. 9 shows the effect of catalyst amount on the oxidation of model fuel (500 ppm(S) of 

DBT). As the results show, by increasing the amount of catalyst (5 to 30 mg), the conversion of 

DBT increases. When 5 mg of catalyst was used, the 95.5 % sulfur removal was observed, while 

by increasing the amount of catalyst to 10 mg, 100 % sulfur removal was obtained after 160 min. 

Increase the amount of catalyst to 20 and 30 mg enhanced the rate of conversion and 100% 

conversion was assured after 140 and 120 min, respectively.  

3.2.3 Effect of oxidant  

The oxidant is another key parameter in oxidative desulfurization. Fig. 10. depicts the 

oxidation of DBT in the presence of various amounts of hydrogen peroxide (0.02 to 1.5 ml). By 

using 0.02 ml of H2O2, only 81% sulfur removal was observed, while by increasing the amount 

of oxidant to 0.5 ml, complete sulfur removal was obtained. Also, results indicate that by 

increasing the amount of oxidant to 1.5 ml, the rate of the reaction increased. 

3.2.4 Effect of model fuel (DBT) concentration 

To assess the catalytic performance of N-WO3-NH2-SiO2@SiC catalyst, various 

concentrations of sulfur in a model fuel (DBT) (100, 300, 500, 700, and 1000 ppm) were tested. 

As can be seen in Fig. 11, by decreasing the concentration of sulfur from 1000 to 300 ppm, the 

conversion and also the rate of reaction increased from 86 to 100 %. But in the lowest 

concentration (100 ppm), the conversion decreased to 88 %. This can be explained by decreasing 

the amount of adsorbed sulfur compound on the surface of the catalyst in the dilute solution 

which can decrease the sulfur removal ability of the catalyst. 
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3.2.5 Effect of different sulfur compounds 

Fig. 12 exhibits the effect of different sulfur compounds (500 ppm) on the performance of the 

catalyst in ODS reaction. Results show 99, 96, and 78 % sulfur removal for DBT, BT, and TH, 

respectively. These results can be explained by the electron density of sulfur atoms at these 

compounds. By increasing the electron density of the sulfur atom, the reactivity increases due to 

the increase of the orbital level [28]. The electron density of sulfur in DBT, BT, and TH 

compounds have been reported to be 5.76, 5.74, and 5.69, respectively [28]. So, the highest 

removal was observed in DBT which has higher electron density. 

3.2.6 Recovery of the catalyst 

To investigate of reusability of N-WO3-NH2-SiO2@SiC catalyst, the catalyst was separated 

from system by centrifuging, dried at 80°C, and used in another ODS experiment without 

washing. The results show that the catalytic activity of N-WO3-NH2-SiO2@SiC catalyst did not 

change until 3 runs, but a 10 % decrease on sulfur removal was observed after 5 runs (Fig. 13). 

This decrease in the catalytic activity of catalyst occurred due to the absorption of sulfone 

products on the surface of catalyst which can be easily removed by washing catalyst with 

acetonitrile [20]. The conversion of the washed catalyst remains 100% even after 5 runs. 

Fig. 14 shows the FT-IR spectrum of fresh, used, and washed N-WO3-NH2-SiO2@SiC 

catalyst. FT-IR spectra of used catalyst (after 5 runs) indicate some peaks assigned to adsorbed 

sulfone compounds on the surface of the used catalyst. While FT-IR spectra of washed catalyst is 

similar to the fresh catalyst and there are no peaks related to products on the surface of the 

catalyst.  
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To confirm the oxidative property of N-WO3-NH2-SiO2@SiC nanostructure, the reaction was 

repeated without catalyst, without oxidant, and only by using SiO2@SiC substrate. By using the 

oxidant, without the catalyst, only the 18% conversion observed. But, by using the catalyst, 

without oxidant, 41% conversion was observed which is related to the adsorption of DBT on the 

surface of the catalyst. Also, the catalytic property of SiO2@SiC core-shell as the support of 

catalyst was investigated in the presence of oxidant. The result shows a 57% sulfur removal 

which confirms the catalytic property of SiC in the ODS reaction [19]. According to previous 

literature, SiC can adsorb oxidant via the positive charged Si atoms and produce radicals to 

oxidize the sulfur compounds [29]. 

 To further highlight the catalytic properties of silicon carbide, N-WO3-NH2-SiO2 was 

compared with corresponding SiC catalyst (N-WO3-NH2-SiO2@SiC) under the same conditions. 

The same amount of active site (WO3) was used for each catalyst according to the amount of 

tungsten (Table 1). The results indicate that silica catalyst only removes 61% sulfur after 160 

min, while SiC catalyst reached 100% sulfur removal after 160 min. This result clearly exhibits 

the higher performance of SiC as catalyst support compared to SiO2. The higher catalytic activity 

of SiC can be explained by the higher surface area of SiC catalyst and its property to possess  a 

positive Si atom in the SiC structure,  to adsorb oxidant, produce radicals and thus accelerate the 

reaction. 
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Conclusions 

N-doped SiO2@SiC core-shell nanospheres were synthesized through the reaction of silica 

nanospheres with gelatin as a carbon source to produce SiC on the surface of silica. The 

synthesized SiO2@SiC core-shell nanoparticles were functionalized with amino groups and then 

stabilized with tungsten oxide. Finally, diethylenamine was used to produce the amino-hybrid of 

WO3 on the surface of silicon carbide core-shell. To evaluate the catalytic activity of this 

synthesized hybrid, the removal of sulfur compounds were investigated by using N-WO2-NH2-

SiO2@SiC as the catalyst, acetonitrile as an extracting solvent, and hydrogen peroxide as an 

oxidant. This hybrid catalyst shows better catalytic activity compared to its corresponding silica 

catalyst. 

 

 

Acknowledgments 

Support of thiswork by Chemistry and Chemical Engineering Research Center of Iran is 

gratefully acknowledged. 

 

 

 

 

 

 

 

 

 

 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



15 
 

References 

1. Houda S, Lancelot C, Blanchard P, Poinel L and Lamonier C (2018) Oxidative 

Desulfurization of Heavy Oils with High Sulfur Content : A Review, Cat Rev 8:2–26. 

2. Srivastava VCh (2012) An evaluation of desulfurization technologies for sulfur removal 

from liquid fuels, RSC Adv 2:759-783. 

3. Zhang G, Yu F and Wang R (2009) Research advances in oxidative desulfurization 

technologies for the production of low sulfur fuel oils, Petrol Coal 51:196-207. 

4. Gao Y, Lv Z, Gao R, Zhang G, Zheng Y and Zhao J (2018) Oxidative desulfurization process 

of model fuel under molecular oxygen by polyoxometalate loaded in hybrid material 

CNTs@MOF-199 as catalyst, J Hazard Mater 359:258-265. 

5. Breysse M, Djega-Mariadassou G, Pessayre S, Geantet C, Vrinat M, Pérot G and Lemaire M 

(2003) Deep desulfurization: reactions, catalysts and technological challenges, Catal Today 

84:129–138. 

6. Kumar S, Srivastava VC, Nanoti SM, Kumar S, Srivastava VC and Nanoti SM (2017) 

Extractive Desulfurization of Gas Oils : A Perspective Review for Use in Petroleum, Sep 

Purif Technol 2119:95–123. 

7. Yang H, Jiang B, LiSun Y, Zhang L, Huang Zh, Sun Zh and Yang N (2017) Heterogeneous 

oxidative desulfurization of diesel fuel catalyzed by mesoporous polyoxometallate-based 

polymeric hybrid, J Hazard Mater 335:63-72. 

8. Tian Y, Yao Y, Zhi Y, Yan L and Lu Sh (2015) Combined Extraction–Oxidation System for 

Oxidative Desulfurization (ODS) of a Model Fuel, Energy Fuel 29:618-625. 

9. Mjalli FS, Ahmed OU, Al-Wahaibi T, Al-Wahaibi Y and AlNashef IM (2014) Deep 

oxidative desulfurization of liquid fuels, Rev Chem Eng 30:337-378.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389418305132#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://www.sciencedirect.com/science/article/pii/S0304389417301826#!
https://pubs.acs.org/doi/10.1021/ef502396b
https://pubs.acs.org/doi/10.1021/ef502396b


16 
 

10. Xun S, Hou C, Li H, He M, Ma M, Zhang M, Zhu W and Li H (2018) Synthesis of 

WO3/mesoporous ZrO2 catalyst as a high-efficiency catalyst for catalytic oxidation of 

dibenzothiophene in diesel, J Mater Sci 53:15927–15938. 

11. Afsharpour M and Dini Z (2019) One-pot functionalization of carbon nanotubes by 

WO3/MoO3 nanoparticles as oxidative desulfurization catalysts, Fullerene Nanotube Carbon 

Nanostructure 27:198-205. 

12.  Fu J, Guo Y, Ma W, Fu Ch, Li L, Wang H and Zhang H (2018) Syntheses and ultra-deep 

desulfurization performance of sandwich-type polyoxometalate-based TiO2 nanofibres, J 

Mater Sci 53:15418–15429. 

13.  Li H, He L, Lu J, Zhu W, Jiang X and Wang Y (2009) Deep Oxidative Desulfurization of 

Fuels Catalyzed by Phosphotungstic Acid in Ionic Liquids at Room Temperature, Energy 

Fuel 23:1354–1357. 

14.  Dini Z, Afsharpour M and Tabar heidar K (2019) UV-assisted functionalization of carbon 

nanotube for synthesis of efficient desulfurization catalysts (NH2/COOH)-MWNT/MoO3, 

Diamond Relat Mater 91:237-246. 

15. Piscopo S, Tochtermann J, Schwarzer M, Boskovic D,  Maggi R,  Maestri G and Loebbecke 

S (2018) Titania Supported on Silica as Efficient Catalyst for Deep Oxidative 

Desulfurization of a Model Fuel with Exceptionally Diluted H2O2, Chem Eng J 3:13–16. 

16.  Du Q, Guo Y, Duan H, Li H, Chen Y, Liu H (2017) Synthesis of hierarchical TS-1 zeolite 

via a novel three-step crystallization method and its excellent catalytic performance in 

oxidative desulfurization, Fuel 188:232–238. 

17.  Guo JX, Qu YF, Shu S, Wang XJ, Yin HQ, Chu YH (2015) Effects of preparation 

conditions on Mn-based activated carbon catalysts for desulfurization, New J Chem 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://link.springer.com/journal/10853
https://www.tandfonline.com/doi/full/10.1080/1536383X.2018.1538132
https://www.tandfonline.com/doi/full/10.1080/1536383X.2018.1538132
https://link.springer.com/journal/10853
https://link.springer.com/journal/10853
https://www.sciencedirect.com/science/article/pii/S0925963518304722
https://www.sciencedirect.com/science/article/pii/S0925963518304722
https://pubs.rsc.org/en/results?searchtext=Author%3AD.%20Boskovic
https://pubs.rsc.org/en/results?searchtext=Author%3AR.%20Maggi
https://pubs.rsc.org/en/results?searchtext=Author%3AG.%20Maestri
https://pubs.rsc.org/en/results?searchtext=Author%3AS.%20Loebbecke


17 
 

39:5997-6015. 

18.  Muhammad Y, Shoukat A, Rahman AU, Rashid HU and Ahmad W (2018) Oxidative 

desulfurization of dibenzothiophene over Fe promoted Co–Mo/Al2O3 and Ni–Mo/Al2O3 

catalysts using hydrogen peroxide and formic acid as oxidants, Chin J Chem Eng 26:593-

600. 

19.  Afsharpour M and Amraee AR (2017) Synthesis of bio-inspired N-doped SiC and 

investigation of its synergetic effects on Mo catalysts in oxidative desulfurization reaction, 

Mol Cat 436:285–293. 

20.  Khomand E and Afsharpour M (2019) Green synthesis of nanostructured SiCs by using 

natural biopolymers (guar, tragacanth, Arabic, and xanthan gums) for oxidative 

desulfurization of model fuel, Int J Environ Sci Tech 12:1–14. 

21.  Seifikar Gomi L and Afsharpour M (2019) Porous MoO3@SiC hallow nanosphere 

composite as an efficient oxidative desulfurization catalyst, Appl Organomet Chem 

33:e4830 

22.  Afsharpour M and Khomand E (2019) Synthesis of bio-inspired porous silicon carbides 

using Cortaderia selloana and Equisetum arvense grasses as remarkable sulfur adsorbents, 

Int J Environ Sci Tech 16:3125-3134. 

23.  Wu R, Zhou K, Yue CY, Wei J and Pan Y (2015) Recent progress in synthesis, properties 

and potential applications of SiC nanomaterials, Prog Mater Sci 72:1-60. 

24. Fan J and Chu PK (2014) Silicon Carbide Nanostructures, Springer, New York. 

25. Díaz JA, Calvo-Serrano M, De La Osa AR, García-Minguillán AM, Romero A, Giroir-

Fendler A and Valverde JL (2014) Silicon carbide as a catalyst support in the fischer-tropsch 

synthesis: Influence of the modification of the support by a pore agent and acidic treatment, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://pubs.rsc.org/en/content/articlelanding/2015/nj/c5nj00873e
https://pubs.rsc.org/en/content/articlelanding/2015/nj/c5nj00873e
https://www.sciencedirect.com/science/article/abs/pii/S100495411730407X#!
https://www.sciencedirect.com/science/article/abs/pii/S100495411730407X#!
https://www.sciencedirect.com/science/article/abs/pii/S100495411730407X#!
https://www.sciencedirect.com/science/article/abs/pii/S100495411730407X#!
https://www.sciencedirect.com/science/article/abs/pii/S100495411730407X#!
https://www.sciencedirect.com/science/article/pii/S100495411730407X
https://www.sciencedirect.com/science/article/pii/S100495411730407X
https://www.sciencedirect.com/science/article/pii/S100495411730407X
https://www.sciencedirect.com/science/journal/10049541


18 
 

Appl Cat A 475:82–89. 

26. Duong-Viet C, Ba H, Liu Y, Truong-Phuoc L, Nhut JM and Pham-Huu C (2014) Nitrogen-

doped carbon nanotubes on silicon carbide as a metal-free catalyst, Chin J Chem 35:906–

913. 

27. Rossi LM, Shi L, Quina FH and Rosenzweig Z (2005) Synthesis of Monodispersed 

Luminescent Silica Nanoparticles for Bioanalytical Assays, Langmuir 21:4277–4280. 

28. Li H, Zhu W, Zhu S and Xia J (2016) The Selectivity for Sulfur Removal from Oils : An 

Insight from Conceptual Density Functional Theory, AIChE J 62:2087–2100. 

29.  Seifikar Gomi L, Afsharpour M, Ghasemzadeh M and Lianos P (2019) Bio-inspired N,S-

doped siligraphenes as novel metal-free catalysts for removal of dyes in the dark, J Mol 

Liquid. doi:10.1016/j.molliq.2019.111657.  

  

 

  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1016/j.molliq.2019.111657


19 
 

 

 

SiO2

SiC

APTES
     +
Tuloen
24h reflux

SiO2

SiC

N

N

N

N

NH2

Si

Si

Si

Si

Si

Si

O OO O
O

O

O

O

O
O

OOO

O

O

O

O

O

NH2

NH2

NH2

NH2

NH2

NH2

SiO
2

SiC

W

W

W

W

W

W

O
O

O

O
O

O

O

O

O

O

O
O

O
O

O

O O

O

OO

O

O

O
O

O

O

O

O

O O

N

N

N

N

N

N

Si

Si

Si

Si

Si

Si

O OO O
O

O

O

O

O
O

OOO
O

O

O

O

O

Tungestic acid

       + 

   H2O2

   24 reflax

SiO2

SiC

W

W

W

W

W

W

O
O

O

O
O

O

O

O

O

O

O
O

O
O

O

O O

O

OO

O

O

O
O

O

O

O

O

O O

N
N

N

N

N

N

N

N

N
N

N

N

Si

Si

Si

Si

Si

Si

O OO O
O

O

O

O

O
O

OOO
O

O

O

O

O

EDA
   + 
Ethanol
24 reflax

 

 

 

 

 

 

 

 

Figure 1 Scheme of procedures for synthesis of N-WO3-NH2-SiO2@SiC catalyst and its 

catalytic reaction. 
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Figure 2 FT-IR spectra of  SiO2@SiC and its functionalized hybrids. 
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Figure 3 XRD patterns of SiO2@SiC and its functionalized hybrids. 
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Figure 4 TGA/DTA curves of N-WO3-NH2-SiO2@SiC catalyst. 
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Figure 5 SEM of  SiO2 (a), NH2-SiO2 (b), WO3-NH2-SiO2 (c), N-WO3-NH2-SiO2 (d) 
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Figure 6 SEM images of SiO2@SiC (a),N- SiO2@SiC (b), WO3-NH2-SiO2@SiC (c), and N-

WO3-NH2-SiO2@SiC (d). 
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Figure 7 N2 adsorption/desorption isotherms and pore size distributions of  SiO2@SiC core-shell 

(a,b) and N-WO3-NH2-SiO2@SiC (c,d). 
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Figure 8 Effect of reaction temperature on oxidation of DBT at optimized condition: 10 mg N-

WO3-NH2-SiO2@SiC catalyst, 2 ml of model fuel 500 ppm (S), 0.5 ml hydrogen 

peroxide (30%), 1 ml acetonitrile. 
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Figure 9 Effect of amount of catalyst (N-WO3-NH2-SiO2@SiC) on oxidation of DBT at 

optimized condition: 2 ml of model fuel 500 ppm(S), 0.5 ml hydrogen peroxide (30%), 

1 ml acetonitrile, 55 °C. 
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Figure 10 Effect of amount of oxidant on oxidation of DBT at optimized condition: 10 mg N-

WO3-NH2-SiO2@SiC catalyst, 2 ml of model fuel 500 ppm(S), 1 ml acetonitrile, 55 

°C. 
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Figure 11 Effect of reagent concentration on oxidation of DBT at optimized condition: 10 mg N-

WO3-NH2-SiO2@SiC catalyst, 2 ml of model fuel, 0.5 ml hydrogen peroxide (30%), 1 

ml acetonitrile, 55 °C. 

 

 

 

 

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140 160

C
o

n
ve

rs
io

n
 %

Time (min)

100 ppm

300 ppm

500 ppm

700 ppm

1000 ppm

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



30 
 

 

 

 

Figure 12 Effect of different kind of sulfur compound in ODS reaction at condition: 10 mg N-

WO3-NH2-SiO2@SiC catalyst, 2 ml of model fuel (500 ppm), 0.5 ml hydrogen 

peroxide (30%), 1 ml acetonitrile, 55 °C. 
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Figure 13 Recovery of N-WO3-NH2-SiO2@SiC catalyst without washing (used catalyst) and 

after washing (washed catalyst). 
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Figure 14 FT-IR characterization of fresh, used, and washed N-WO3-NH2-SiO2@SiC catalyst. 
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Table 1. Elemental analysis (atom %) of synthesized compounds. 

Element Si O C N W 

SiO2@SiC 36.14 40.97 18.30 4.59 - 

NH2-SiO2@SiC 36.28 30.96 25.08 7.68 - 

W- NH2-SiO2@SiC 32.16 31.14 20.50 7.42 8.78  

N-W-NH2-SiO2@SiC 29.57 27.92 27.21 7.79 7.51 

N-W-NH2-SiO2 21.71 56.65 - 9.56 12.08 
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Table 2. Textural characterization of synthesized samples. 

Sample 
SBET 

(m2/g)a 

Total Pore 

Volume 

(cm3/g)b 

Micropore 

Volume 

(cm3/g)c 

Mesopore 

Volume 

(cm3/g) 

Average 

Pore 

Diameter 

(nm)a 

Content % c 

Micropore  Mesopore 

SiO2@SiC 31.41 0.242 0.046 0.196 30.78 18.86 81.09 

N-W-NH2-

SiO2@SiC 
94.42 0.511 0.039 0.472 21.64 7.63 92.36 

a were determined by using the BET theory, b was measured by BJH method, and c were evaluated by        

the t-plot method. 
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