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Abstract
Mesoporous SiC ceramics were prepared using different natural biopolymers (guar, tragacanth, Arabic, and xanthan gum) as 
both template and carbon sources. Natural biopolymers are safe, biocompatible, and inexpensive materials that can be green 
candidates for carbon sources. Low-temperature magnesiothermic technique was used to form porous silicon carbide. In this 
study, tetraethylorthosilicate was prepared by sol–gel method and used as silica precursor. The mixture of silica and carbon 
sources was carbonized under argon atmosphere at 750 °C, and then, the reaction continued by adding magnesium powder 
at 700 °C. Products were characterized using SEM, BET/BJH, XRD, FTIR, and Raman spectroscopy. The produced SiC 
materials showed mesoporous structures with high surface area and identical structures related to their carbon precursors. The 
results suggest that the natural gums can be potentially used as carbon templates in controlled formation of nanostructures. 
Also the synthesized silicon carbide nanostructures were used as catalyst supports in oxidative desulfurization of a model 
fuel. For this purpose,  MoO3 was immobilized on the surface of SiC supports by using peroxo molybdenum complex. Such 
excellent catalytic performance was attributed in the presence of silicon carbide (99, 98, 94, and 93% conversion for SiCs 
produced from Arabic, xanthan, guar, and tragacanth, respectively).
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Introduction

Silicon carbide materials have attracted attention due to 
their specific properties such as semiconducting properties, 
good mechanical strength and thermal conductivity, chemi-
cal inertness, and excellent thermal shock resistance (Yang 
et al. 2005; Aristov et al. 2010). Compared to SiC bulk, 
nanostructured SiCs possess superior electrical, optical, and 
mechanical properties and are introduced as a good material 
for many applications such as catalyst support, drug deliv-
ery, and hydrogen storage (Ledoux and Pham-Huu 2001; 
Mélinon et al. 2007). Also, it is widely used for high-power 
electrical and optical devices (Wright et al. 2008; Eddy and 
Gaskill 2009).

These materials can be synthesized by different meth-
ods, including high-temperature pyrolysis of carbon/
siloxane polymer, carbothermal reduction of silica, and 
grinding of silicon carbide stones in solid-phase reactions 
at high temperatures (Dasog et al. 2011; Henderson et al. 
2009). These methods have some disadvantages including 
high-temperature synthesis method, not environmentally 
friendly, and expensive raw precursors (Rao et al. 2012; 
Magnani et al. 2014). In addition, these methods can not 

able to control the morphology of nanostructured materi-
als due to the high-temperature reaction methods (Dasog 
et al. 2013). Magnesiothermic method is a good method, 
which makes nanoparticles at lower temperature to pro-
duce nanomaterial well. In this method, SiC has been pro-
duced by using magnesium powder that has a high thermic 
effect in a low-temperature solid-phase reaction (Dasog 
et al. 2013; Zhao et al. 2011; Jiang et al. 2013).

In this study, besides the use of this method which 
allowed to control the morphology and production of 
porous materials, we selected the cost-effective and acces-
sible bio-carbon precursors. In general, porous materials 
have been made using surfactants or polymers as the tem-
plates. Template technique is used to control the struc-
tural properties such as surface area, internal porosity, and 
external shape (Davis et al. 2001). But, many surfactants 
are toxic for animals, humans, and ecosystems and may 
increase propagation of environmental pollution (Zhao 
et al. 2000; Sanchez et al. 2005; Wen et al. 2013). Most of 
polymers that are used as templates have petrochemical 
structure and expensive and most often are not suitable 
for biological applications (Lewis, 1992). These problems 
can be solved by using natural materials as green templates 
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(Selby and Wynne, 1973). Natural biopolymers are inex-
pensive, nontoxic, and environmentally friendly materials 
that can be selected as carbon templates. Among these 
biopolymers, polysaccharides have different molecular 
weights and chemical compounds with a large reactive 
groups that make them different in structure and properties 
(Prabaharan and Jayakumar 2009; Jayakumar et al. 2008). 
Moreover, natural biopolymers have infinite structures. 
Due to these characteristics, tragacanth, guar, xanthan, and 
Arabic gums with cellulose-like backbone were selected 
as suitable templates for the synthesis of nanostructured 
silicon carbide.

The aim of this work was the synthesis of porous materi-
als with high surface area that can be used as catalyst sup-
ports (Daşdelen et al. 2017; Sen et al. 2017; Yildiz et al. 
2017) Oxidative desulfurization is considered to be one 
promising method for the deep desulfurization of fuel oil. 

In this method, most of the sulfur compounds are removed 
under mild condition (Campos-Martin et al. 2010; Mjalli 
et al. 2014). Among much kind of catalysts, the supported 
molybdenum catalysts are active and widely used for oxi-
dative desulfurization (ODS) (Chica et al. 2006; He et al. 
2008; Prasad et al. 2008). Alumina (Tian et al. 2015; Gar-
cia-Gutierrez et al. 2008), silica (De Filippis and Scarsella 
2008), and activated carbon (Haw et al. 2010) are usually 
used as catalyst supports. In previous work, we reported the 
catalytic properties of SiC/MoC2 composites in the ODS 
process (Afsharpour and Rostami Amraee 2017). The intrin-
sic structure of SiC and its defects made it good material in 
catalytic applications. The main advantages of using these 
bio-SiCs as catalyst supports include low synthesis tempera-
ture, inexpensive, and environmentally friendly raw material 
precursors, and excellent catalytic properties. In this work, 
a combined extraction–oxidation system for ODS process 

Table 1  The optimum 
conditions for the synthesis 
of nanostructures of silicon 
carbide

Gums Gum 
weight (g)

Volume of 
solvent (ml)

TEOS (ml) Magnesium 
weight (g)

Ultrasonic 
(min)

Volume of 
acid (ml)

Arabic gum 10 40 8 1.0969 15 1.3
Tragacanth 3 50 5 1.0969 15 1
Guar 2 60 4.5 0.9872 15 1.1
Xanthan 2 60 4.5 0.9872 15 1.2

Fig. 1  FTIR spectra of obtained SiC samples: GG (a), TG (b), AG (c), and XG (d)
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was performed with bio-SiC/MoO3 catalysts for oxidation 
of model fuel using  H2O2 as the oxidant.

Materials and methods

Xanthan gum (MW > 2,000,000; viscosity = 1200–1600), 
Arabic gum (MW = 250,000–1,000,000; Viscosity = 300), 
guar gum (MW ~ 250,000; viscosity = 2500–3500), and 
tragacanth gum (MW ~ 840,000; viscosity = 2000–4000) 
were prepared naturally and used after purification. (The 

gums were solved in water, and the insoluble materials were 
removed by filtration). Tetraethylorthosilicate (Merck) and 
ethanol (Merck) were used for preparing the silica precursor. 
Gels pH reduction occurs with acetic acid (Merck). Magne-
sium powder (0.06–0.3 μm), hydrochloric acid (37%) and 
hydrofluoric acid (40%), n-octane, dodecane, dibenzothio-
phene, hydrogen peroxide (30%), acetonitrile, and  MoO3 
were purchased from Merck.

The SEM images were taken from Tescan, VEGA3 Scan-
ning electron microscope. Infrared spectra (FTIR) were 
recorded by a Bruker, Vector spectrometer. Bruker, Senterra 

Fig. 2  XRD patterns of obtained SiC samples: GG (a), TG (b), AG (c), and XG (d)



2363International Journal of Environmental Science and Technology (2019) 16:2359–2372 

1 3

micro-Raman instrument was used to record the Raman 
spectra using a 785-nm laser wavelength. X-ray diffraction 
(XRD) patterns was used to identify the crystalline phases 

by using Bruker Axs, D8 Advance, filtered  CuKα radiation 
(λ = 1.54060 Å).  N2 adsorption/desorption isotherms and 
pore volume distributions were obtained on the Belsorp mini 

Fig. 3  Raman spectra of obtained SiC samples: GG (a), TG (b), AG (c), and XG (d)
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instrument. Gas chromatography (GC) was used to investi-
gate the catalytic tests (Faraz Gostar, TG 2552).

Precursors preparation

Gums were prepared in a same way and used as carbon 
precursors. 2–10 g of gums was dispersed well in a certain 
volume of distilled water and stirred in a boiling bath for 
2 h (Table 1). When the obtained gels cool down to room 
temperature, they were used as carbon precursors.

Then, silica precursor was prepared using tetraethylortho-
silicate (TEOS) according to the previous literature (Moser 
1996). TEOS, water, and ethanol were mixed together under 
mild stirring for 1 h at the ratio of 6:4:3. After the mixture 
was homogenized, it was used as silica precursor to synthe-
ses the porous silicon carbide materials.

Synthesis of porous silicon carbides

Porous SiCs were prepared by mixing the silica and carbon 
precursors according to Table 1. The mixtures were homog-
enized using ultrasonic, and acetic acid solution was added 
until the resulting mixtures had a pH of 4–5 (Table 1). The 
mixtures were then put in an oven at 60 °C for 8 h and sub-
sequently at 90 °C for another 8 h. Then, the dried mixtures 
were carbonized under Ar atmosphere at 750 °C for 1 h. 
After that, the obtained  SiO2/C composites were mixed well 
with magnesium powder in the  SiO2: Mg molar ratio of 1:2 
and put in a furnace at 700 °C for 6 h (5 °C/min) in argon 
atmosphere. The obtained porous SiCs were cooled to room 
temperature and then immersed in a 2 M HCl solution for 
24 h to remove the magnesium oxide. Finally, the samples 
were put in a 2 M HF solution for 24 h to remove the unre-
acted silica. At last, the samples were washed with water and 
ethanol, and dried at 40 °C in a vacuum oven for 4 h. The 
synthesized SiC was denominated as GG, TG, XG, and AG 

Fig. 4  SEM images of obtained SiC samples without ultrasonic: GG (a), TG (b), AG (c), and XG (d)
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corresponding to the guar, tragacanth, xanthan, and Arabic 
gum templates, respectively.

Preparation of  MoO3/SiC Catalysts

The preparation of these catalysts was carried out in two-
stage reaction. In the first stage, active molybdenum oxide 
precursor  (MoO5) was prepared from molybdenum oxide 
(VI). 0.72 g  MoO3 was poured in a 50-ml round bottom 
flask and 5 ml of hydrogen peroxide 30% was added under 
the temperature of 40 °C for 48 h. The system was stirred 
until a clear yellow solution was obtained. In the second 
stage of the reaction, 100 mg of synthesized silicon carbides 
was added to  MoO5 solution. The obtained products were 
filtered and washed until the unreacted molybdenum oxide 
was completely removed. Then, product was placed in the 
oven to dry for 6 h at 70 °C. The obtained catalyst was tested 
in the model fuel oxidation reaction.

Catalytic experiments

To prepare the model fuel, 500 ppm of dibenzothiophene 
(DBT) was dissolved in n-octane. 4 ml of model fuel, 10 mg 
of synthesized catalyst, and 2 ml acetonitrile as extractive 
solvent were added to a reactor. Dodecane was added to 
reaction mixture as internal standard and stirred for 5 min. 
Then, 2 ml of  H2O2 was introduced. The reaction was taken 
under stirring at 40 °C. The oil phase was withdrawn in each 
20-min period and injected to GC to determine the DBT 
conversion.

Results and discussion

In order to study the structure of SiC powders, FTIR analysis 
was used. FTIR spectra of prepared SiC nanostructures are 
reported in Fig. 1. The vibrations of Si–C bonds appeared at 

Fig. 5  SEM images of obtained SiC samples under ultrasonic: GG (a), TG (b), AG (c), and XG (d)
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816, 814, 795, and 789 cm−1 for GG, TG, AG, and XG sam-
ples, respectively. The absorptions observed in 1092, 1159, 
1059, and 1100 cm−1 are assigned to Si–O–C vibrations in 
GG, TG, AG, and XG samples, respectively. As shown in 
Fig. 1, there was a little difference in the Si–C bonds of the 
prepared SiCs due to the difference in the structures of the 
gum precursors.

XRD analysis was used to identify the crystal structures 
of SiC nanostructures. Figure 2 shows the XRD patterns 
of the prepared SiCs with different gums. The XRD analy-
sis approved the different polymorphs of SiC (6H and 4H). 
The diffraction peaks at 33.8°, 35.68°, 38.1°, 40.8°, 60.08°, 
and 65.67° can be assigned as 6H–SiC hexagonal struc-
ture (JCPDS#29-1128), indexed as the (101), (102), (103), 
(104), (110), and (109) reflections, and the diffraction peaks 
at 33.5°, 34.77°, 35.68°, 38.1°, 42.8°, 57.3°, 60.06°, and 65. 
7° can be indexed as the (100), (101), (004), (102), (103), 
(105), (110), and (106) reflections of 4H–SiC hexagonal 
structure (JCPDS#29-1127). No evidence for the presence of 

 Mg2Si and  Mg2SiO4 was observed in patterns, which shows 
good purification of samples via acid washing. 

Raman scattering efficiency for SiC due to the strong 
covalent chemical bonds is relatively more (Nakashima et al. 
2003), and we can easily find useful information such as spe-
cies, disturbance or structural damage, the network strain, 
and contaminant movement from this method (Choyke et al. 
1997, 2004). Figure 3 shows the Raman scattering spectra 
of the synthesized SiC samples. In Fig. 3, several vibrations 
and shoulders were distinguished that were confirmed the 
presence of mixture of polytypes. The vibrations at about 
769, 746, and 722 cm−1 correspond to the TO modes of 
hexagonal structure of SiC (Nakashima and Harima 1997; 
Bechelany et al. 2007). These vibrations that can be seen 
for all of synthesized substances were shifted to the lower 
frequencies than the corresponding bulk material (797, 
789, and 767 cm−1). The LO bonds can be seen at 935 and 
899 cm−1 region. These modes are shifted to lower fre-
quencies compared to bulk material (965 and 889 cm−1). 

Fig. 6  N2 adsorption and desorption isotherms of obtained SiC samples: GG (a), TG (b), AG (c), and XG (d)
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Between these two main vibrations, a vibration at 838 cm−1 
can also be distinguished corresponding to the LO mode 
of 4H–SiC. Also, several papers that report  the vibrations 
around 800–900 cm−1 have shown the structural defects of 
SiC which often were not observed for materials with a ten 
times larger diameter (Fig. 3). 

Figure 4 shows the SEM micrographs of prepared SiC 
samples. It was observed in SiC compounds that the gums as 
the carbon skeleton play a supporting role during reduction 
procedure and the morphology of final products is varied by 
changing the structure of carbon precursors.

Figure 5 shows the morphology of synthesized SiC 
samples with using ultrasonic. Comparing the SEM mor-
phologies shown in Fig. 4 and 5, it is concluded that ultra-
sonic can make more uniform products with higher surface 
area.

The mesoporosity of the SiC nanostructures was 
determined by the  N2 adsorption/desorption measure-
ments (Fig. 6). The synthesized SiC materials exhibit the 
type-IV isotherm that is the characteristic of mesoporous 

products. The specific surface area of samples was cal-
culated, for GG, TG, AG, and XG samples, to be 368.22, 
278.94, 336.31, and 273.17 m2/g, respectively. The pore 
size distribution analysis was studied by BJH method and 
indicated that the TG, AG, and XG samples have narrow 
pore size distributions at about 2 nm (Fig. 7). The porosity 
texture of GG sample is different from others, the mean 
pore size increases, and two peaks appears around 3–5 nm 
in the pore size distribution.

Figure 8 shows the morphology of synthesized SiC/MoO3 
catalysts. The images show that the molybdenum oxide 
particles are immobilized on the surface of silicon carbide 
samples.

As shown in Fig. 9, the amount of molybdenum oxide is 
different in SiC samples. This observation can be explained 
by different morphology and surface area of SiC supports.

The catalytic activity of the synthesized SiC/MoO3 cata-
lysts was evaluated in the oxidative desulfurization of model 
fuel. It is observed that sulfone was the only product in the 
oxidation of DBT by using these catalysts. Figure 10 shows 

Fig. 7  Pore size distribution plots of obtained SiC samples: GG (a), TG (b), AG (c), and XG (d)
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the relationships between the sulfur removal efficiency and 
reaction time for four prepared catalysts at the same condi-
tion. This figure shows the effect of SiC support with differ-
ent nanostructures on the sulfur elimination. The percentage 
of sulfur elimination from AG, XG, GG, and KG catalysts 
was 99, 98, 94, and 93%, respectively. The oxidation activ-
ity of catalysts was increased by increasing the amount of 
molybdenum oxide on the surface of SiC supports (Fig. 9). 
It is obvious that catalytic data can be exactly related to SiC 
structures (porosity and morphology) that are obtained from 
their biopolymer precursors.

Results show that the catalytic properties of SiC supports 
are superior to many of the previously reported for differ-
ent  MoO3 catalysts in ODS reaction (Table 2). The infinite 
structure, defects, and also suitable porosity of synthesized 
bio-SiCs caused the increase in catalytic performance.

To demonstrate the selectivity of these catalysts, the oxi-
dation of model fuel containing different thiophenic deriva-
tives was performed. For this purpose, BT, DBT, and 4,6-
DMDBT were used for preparing the model fuel at reported 
optimal condition (Fig. 11). According to the catalytic data, 
the best results were obtained for the oxidation of DBT by 
all the catalysts.

Also, the reusability of catalysts was tested by performing 
the five series of experiments using the reacted catalysts. 
The used catalysts were filtered, washed with acetonitrile 
several times, dried, and then used in another catalytic run. 
The results showed clearly that only a little loss of catalytic 
activity was observed even after five runs (Fig. 12).

Fig. 8  SEM images of obtained  MoO3/SiC catalysts: GG (a), TG (b), AG (c), and XG (d)



2369International Journal of Environmental Science and Technology (2019) 16:2359–2372 

1 3

Conclusion

In conclusion, we have demonstrated a cost-effective and 
environmentally friendly strategy to the synthesis of SiC 

nanostructures from biopolymers as both template and 
reactant using magnesiothermic method at a relatively low 
temperature at 700 °C. SEM images of samples indicated 
that the difference in carbon structures (gums) changes the 
structure of SiC product. XRD and Raman results showed 

Fig. 9  EDX graphs of obtained  MoO3/SiC catalysts: GG (a), TG (b), AG (c), and XG (d)

Fig. 10  Comparative study 
of the oxidation of DBT over 
SiC/MoO3 catalysts. Reaction 
conditions: 4 ml of model fuel 
(500 ppm), 10 mg of synthe-
sized catalysts, 2 ml acetonitrile, 
and 2 ml of  H2O2, 40 °C
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the hexagonal structure of obtained SiC that is produced 
generally in higher temperature. Also, by reducing the syn-
thesis temperature in magnesiothermic method, porous SiC 
nanostructure was reserved well, and the  N2 adsorption/
desorption isotherms approved the mesoporosity structures 
of SiC samples. Finally, it was observed that the natural 
biopolymers play an important role in determining the final 

structure and properties of the SiC products. Also, the results 
of catalytic tests show the molybdenum oxide catalyst made 
from silicon carbide supports has high efficiency in the oxi-
dative desulfurization reaction and removal of sulfur com-
pounds from model fuel to obtain ultra-low sulfur fuel (99, 
98, 94, and 93% conversion for SiCs produced from Arabic, 
xanthan, guar, and tragacanth, respectively).

Table 2  Comparison of 
catalytic activities of SiC/MoO3 
catalysts prepared here with 
other catalyst supports in ODS 
reaction

Catalyst Oxidant Conversion% References

Mo6+/Al2O3 TBHP 90 Bakar et al. (2015)
MoO3/Al2O3 TBHP 84 Prasad et al. (2008)
MoO3/Magnesia–Al2O3 TBHP 12 Prasad et al. (2008)
MoO3/SiO2–Al2O3 TBHP 95 Prasad et al. (2008)
Fe–MoO3/Al2O3 TBHP 80 Abdullah et al. (2015)
Ca/MoO3/Al2O3 H2O2 89.9 Jin et al. (2017)
MoO3/pseudoboehmite H2O2 97 Cedeno-Caero and Alvarez-Amparan (2014)
MoO3–CeO2–SiO2 CHP 97 Zhang et al. (2009)
MoO3/SiO2 CHP 91 Zhang et al. (2009)
Mo2C/N-doped SiC composite H2O2 99.6 Afsharpour and Rostami Amraee (2017)
MoO3/SiC (AG) H2O2 99 This article
MoO3/SiC (XG) H2O2 98 This article
MoO3/SiC (GG) H2O2 94 This article
MoO3/SiC (KG) H2O2 93 This article

Fig. 11  Oxidation of model fuel 
of BT, DBT, and 4,6-DMDBT 
(1:1:1) at optimized condition: 
4 ml of model fuel (500 ppm), 
10 mg of synthesized catalysts, 
2 ml acetonitrile, and 2 ml of 
 H2O2, 40 °C (all of the catalytic 
experiments were triplicated)
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