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Abstract
Magnetic nanoparticles surrounded with a silica shell are useful materials to immobilize active agents on their surface. 
Here, a heteropolyacid-functionalized hybrid nanomaterial  (NiFe2O4@SiO2-DETA@POM) was prepared and characterized 
by X-ray powder diffraction patterns (XRD), Fourier-transform infrared spectroscopy (FT-IR), thermogravimetric analysis 
(TGA/DTG), vibrating sample magnetometer (VSM), the field emission scanning electron microscopy (FE-SEM), and the 
electron-dispersive X-ray spectroscopy (EDS). The synthesized hybrid nanostructure was used as a solid nanocatalyst in 
oxidative desulfurization (ODS) of real fuel and simulated gasoline samples. The ODS process of benzothiophene (BT) and 
dibenzothiophene (DBT) as model compounds in the presence of  NiFe2O4@SiO2-DETA@POM and by using urea-hydrogen 
peroxide/acetic acid as a safer oxidizing agent was investigated. A good result was obtained by removing 97% of benzothio-
phene and 98% of dibenzothiophene. Also, 96% of the sulfur compounds were eliminated when the ODS process was tested 
on a real crude oil sample (600 ppm) under an optimized dosage of nanocatalyst, urea-hydrogen peroxide/acetic acid (0.1 g, 
1 g/4 ml) at 50 ºC for 60 min.  NiFe2O4@SiO2-DETA@POM could be recycled for five consecutive oxidation runs without 
significant deterioration in its catalytic activity. The UHP’s safety and efficiency as an oxidant, high removal efficacy, short 
transformation times, easy workup procedure, catalyst reusability, simple separation of nanocatalyst, green conditions, and 
environmental compatibility and sustainability. The obtained results prove that  NiFe2O4@SiO2-DETA@POM is a suitable 
and efficient hybrid catalyst for the oxidative desulfurization of simulated and real fuels.

Keywords Environment · Oxidative desulfurization (ODS) · Heteropolyacid (HPA) · Magnetic nanoparticles · Hybrid 
nanomaterials

Introduction

Sulfur exists in both organic and inorganic forms in fossil fuels. 
The harmful SOx gases emitted during fuel combustion led to 
the pollution of the atmosphere. Due to the high toxicity, cor-
rosive nature, serious environmental problems, and human 
health risks of sulfur-containing impurities, the main concern 
in the refinery industry has been the production of fuels with an 
ultra-low level of sulfur content (Rezvani and Imani 2021). The 

sulfur content of fuels is removed conventionally by hydrodes-
ulfurization (HDS). Dibenzothiophene (DBT) as a polyaro-
matic organosulfur compound and similar derivatives indicates 
lower activity in the hydrodesulfurization process (Rezvani and 
Fereyduni 2019). As a result, the HDS process operated under 
elevated pressures and temperatures to attain deep desulfuriza-
tion, which increases the process cost. Due to the drawbacks of 
HDS, alternative desulfurization techniques such as adsorption 
desulfurization (ADS) (Yang et al. 2018), extraction desulfuri-
zation (EDS) (Jiang et al. 2016), bio-desulfurization (Boniek 
et al. 2015), ultrasound-assisted oxidation (Chen et al. 2010), 
and oxidative desulfurization (ODS) (Gu et al. 2017; Liu et al. 
2020; Chen et al. 2010; Safa et al. 2017; Rezvani et al. 2018, 
Rezvani et al. 2020a; Rezvani and Fereyduni 2019; Rezvani and 
Imani 2021) have been considered and developed. Among them, 
oxidative desulfurization (ODS) should be the most promising 
method due to its high desulfurization efficiency [17–21]. In the 
ODS procedure, the sulfur-containing compounds are oxidized 
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to corresponding sulfides or sulfones in the presence of active 
oxygen species. The oxidized products can be removed or 
extracted by a polar solvent. Oxidative desulfurization (ODS) 
is thoroughly studied and performed under atmospheric pres-
sure at room temperature. So, the mild operating conditions of 
this method make it an economical technique for the removal 
of organosulfur compounds from fuels (Boniek et al. 2015). 
However, there is still demand for designing more efficient het-
erogeneous catalysts for use in the ODS process. Polyoxometa-
lates (POMs) are inorganic clusters between oxygen and tens to 
hundreds of early transition metal atoms (e.g., M = V, Mo, W, 
Ti), and different types of heteroatoms (e.g., X = P, As, Si, Ge) 
can be found in their structure (Zhou et al. 2014). POMs have a 
large variety of compositions and sizes that find various appli-
cations in medicine, catalysis, and materials chemistry (Zhou 
et al. 2014). A specific number of electrons can be accepted or 
released by POMs without changing or decomposition in their 
structural frameworks, which makes them good candidates in 
electrocatalysis and redox chemistry (Ammam 2013). To over-
come the self-aggregation, tedious separation, decreasing the 
catalytic activity of POMs, and requirement of sustainable pro-
cesses, numerous researchers have considered the supporting 
of POMs on different solid materials to access heterogeneous 
catalysts (Ye and Wu 2016). Many effective methods have been 
developed to heterogeneity and immobilize the POMs, including 
encapsulation, intercalation, electrodeposition, impregnation, 
chemisorption, co-condensation sol–gel methods, hydrother-
mal, solvothermal, and the covalent grafting of POMs into the 
surface of various solid supports (Cherevan et al. 2020). Many 
research groups described the stabilization of POMs on different 
kinds of solid supports and their catalytic applications in organic 
synthesis, hydrolysis, photocatalysis, electrocatalysis, oxidation, 
and oxidative desulfurization that benefit from high selectivity 
and easy workup procedure (Jiang et al. 2016; Liu et al. 2020; Ye 
and Wu 2016; Craven et al. 2018; Rezvani and Fereyduni 2019; 
Cherevan et al. 2020; Rezvani et al. 2020b; Rezvani and Mir-
sadri 2020; Taghizadeh et al. 2020; Rezvani and Imani 2021). 
Magnetic nanoparticles (MNPs) do not have tedious separation 
procedures and are separated easily by a magnet. Besides, they 
have a high surface area for catalytic application (Injumpa et al. 
2017). Coating the MNPs with a polymeric or inorganic matrix 
reduced their undesirable features such as aggregation and 
leaching under acidic conditions (Hozhabr Araghi and Entezari 
2015).  SiO2 has high chemical-thermal stability and can be mod-
ified by many kinds of functional groups. So,  SiO2 is a suitable 
coating agent to increase the chemical and colloidal stability of 
MNPs (Gawande et al. 2013; Bodaghifard et al. 2018). As part 
of our ongoing endeavor to extend green organic reactions and 
efficient heterogeneous magnetic nanocatalysts (Bodaghifard 
2019; Hamidinasab et al. 2020a; Bodaghifard and Shafi 2021), 
a new heterogeneous polyoxometalate-supported hybrid nano-
structure was fabricated [MNPs@SiO2-DETA@POM]. In this 
work, POM was immobilized on  NiFe2O4@SiO2 surface to act 

as an efficient heterogeneous nanocatalyst for the oxidative des-
ulfurization process of diesel fuel. The thiophenic sulfur com-
pounds (benzothiophene and dibenzothiophene) were dissolved 
in n-heptane to access a simulated fuel. Then, the catalytic profi-
ciency of prepared hybrid nanomaterial [MNPs@SiO2-DETA@
POM] on the ODS of typical and real gasoline was investigated. 
The prepared hybrid catalyst showed high catalytic activity in 
the oxidation of sulfur compounds. In addition, the catalyst 
could be reused easily due to its fast magnetic separation.

Experimental

All chemical materials were purchased from reputable chemi-
cal companies (Merck, Across, Sigma-Aldrich) and were used 
without further purification. Urea-hydrogen peroxide was pre-
pared in the laboratory. The real crude oil sample was supplied 
by the South Pars Company (Iran). The crystal structure was 
carried out by Philips XPERT X-ray powder diffraction (XRD) 
diffractometer (Cu-Kα radiation and λ = 0.15406) in the range 
of Bragg angle 10–80 using 0.05° as the step length. The FT-IR 
spectra were recorded by Unicom Galaxy Series. The surface 
morphology and elemental content of MNPs@SiO2-DETA@
POM were investigated on a Hitachi S-4160. The thermal stabil-
ity of MNPs@SiO2-DETA@POM was investigated by a ther-
mogravimetric analyzer with model Mettler TA4000 System 
under an  N2 atmosphere at a heating rate of 10°Cmin−1. The 
magnetization and hysteresis loop for the synthesized magnetic 
nanoparticles were measured at room temperature using a 7300 
VSM system with a maximum field of 10 kOe. The content of 
total sulfur in gasoline and model fuel was measured by an X-ray 
sulfur analyzer (Tanaca spectrometer RX 360 SH) using X-ray 
fluorescence (XRF) technique.

Preparation of nano‑NiFe2O4@SiO2‑DETA

The co-preparation method was applied to prepare the mag-
netic nickel-ferrite nanoparticles (Hamidinasab et al. 2020b). 
Hydrolysis of TEOS in a basic solution leads to the formation 
of a silica shell onto the  NiFe2O4 nanoparticles surface (Ahadi 
et al. 2020). The reaction of nano-NiFe2O4@SiO2 with 3-chlo-
ropropyltrimethoxysilane produced the nano-NiFe2O4@SiO2-
PrCl particles [32]. 0.5 g  NiFe2O4@SiO2-PrCl was mixed with 
25 mL dry toluene and sonicated for 30 min. Then 5.53 mmol 
(0.06 mL) of diethylenetriamine was added, and the suspension 
was heated at 80 °C for 24 h. The  NiFe2O4@SiO2-DETA was 
separated by a magnet, eluted with toluene, and dried in an oven 
(80 °C).

Preparation of nano‑NiFe2O4@SiO2‑DETA@POM

The  NiFe2O4@SiO2-DETA (0.3 g) was dispersed in deionized 
water (50 mL) for 30 min, then the solution of  H4PMo11TiO40 
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(0.7 g in 20 mL deionized water) was appended to the suspen-
sion (30 °C). The suspension was mixed at room temperature 
for 24 h. The  NiFe2O4@SiO2-DEA@POM was isolated by a 
magnet, rinsed with deionized water (3 × 10 mL), and dried in 
an oven (60 °C).

Batch ODS experiment of simulated gas oil and real 
gas oil

At first, 600 ppm of the sulfur content solution was prepared 
with the proper amount of model compounds (BT and DBT) in 
n-heptane (25 mL). Then 0.1 g of urea-hydrogen peroxide/acetic 
acid (1 g/4 mL), 0.1 g of  NiFe2O4@SiO2-DETA@POM as a 
nanocatalyst, and 25 mL of the simulated or real fuel solution 
was added into the round bottom flask at 50 °C under ultrasound 
condition for 60 min. After completing the reaction, the solu-
tion was cooled to room temperature, and by using an external 
magnet the magnetic nanocatalyst was separated. Then, 4 mL of 
polar acetonitrile was poured to extract products of the oxidation 
process. A separation funnel was used to separate the immiscible 
mixture of n-heptane and water phase.

Result and discussion

Preparation and characterization of the hybrid 
nanostructure

Polyoxometalate-organic molecule tags were grafted onto 
the surface of nickel-ferrite nanoparticles to afford a new 
heterogeneous magnetic nanocatalyst. Scheme  1 shows 
the schematic steps for the preparation of MNPs@SiO2-
DETA@POM nanostructure. FT-IR spectroscopy, FE-SEM, 
TEM, XRD patterns, EDS, EDS map scan, VSM, and TGA 

as standard techniques were used to characterize the pre-
pared nanostructure.

The FT-IR spectra of bare  NiFe2O4 MNPs,  NiFe2O4@
SiO2 MNPs,  NiFe2O4@SiO2-PrCl,  NiFe2O4@SiO2-DETA, 
and  NiFe2O4@SiO2-DETA@POM was recorded in the 
range of 400–4000  cm−1 (Fig. 1). Strong absorption bands 
around 422 and 591  cm−1, corresponding to stretching vibra-
tion of Ni–O and Fe–O sites, are seen in the curve (a) (Sen 
et al. 2015). The formation of a silica layer was confirmed 
by the appearance of the absorption at 468  cm−1, 959  cm−1, 
801  cm−1, and 1086  cm−1, that related to symmetric and 
asymmetric stretching vibration bands of Si–O–Si groups 
(curve b). H–O–H molecules adsorbed on the silica surface 
show a weak twisting vibration band at 1628  cm−1. The 
weak aliphatic C–H symmetric and asymmetric stretching 
vibrations at 2930 and 2984  cm−1 confirmed the anchor-
ing of alkyl groups (curves c to e). The NH bending and 
C–N stretching bands appeared at 1632 and 1384  cm−1 in 

Scheme 1  Preparation of 
polyoxometalate-supported 
hybrid nanostructure (MNPs@
SiO2-DETA@POM)
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Fig. 1  The FT-IR spectra of a  NiFe2O4, b  NiFe2O4@SiO2, c  NiFe2O4@
SiO2-PrCl, d  NiFe2O4@SiO2-DETA, and e  NiFe2O4@SiO2-DETA@
POM
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curves d and e. The bands observed in the range of 3200 to 
3500  cm−1 correspond to the stretching vibration of N–H 
and OH groups. The stretching vibration of Mo–O–Mo and 
Mo = O in curve e appeared at 992 and 1000  cm−1, respec-
tively. The P–O vibration appears at 1080  cm−1, which over-
laps with the Si–O band (curve e). Figure 2 shows the FT-IR 
spectra of  NiFe2O4@SiO2-DEA (a),  NiFe2O4@SiO2-DEA@
POM (b), and heteropolyacid (HPA) which indicate POM 
(HPA) grafted successfully on the surface of  NiFe2O4@
SiO2-DETA particles.

Figure 3 shows X-ray patterns of  NiFe2O4 nanoparticles 
and  NiFe2O4@SiO2-DETA@POM particles. Many diffrac-
tion peaks at (111), (220), (311), (222), (400), (422), (511), 
(440), and (533) Miller planes appeared and confirmed 
that the crystal structure of  NiFe2O4 nanoparticles is cubic 
(Nejati and Zabihi 2012; Kim et al. 2014), which comply 
with standard JCPDS file (no. 44–1485) (Sen et al. 2015). 
Figure 6b shows 5 specific peaks in 2θ = 12.7, 23.3, 25.7, 
29.7, 38.9 that related to the  MoO3 bonds in heteropoly-
acid structure. The Scherrer equation (D = Kλ/βcosθ) was 
applied for the estimation of the average crystallite size of 
 NiFe2O4@SiO2-DETA@POM. λ is the x-ray Cu wavelength, 
β is the width of the x-ray peak on the 2θ axis, which is 
measured as the line broadening at half the maximum inten-
sity, θ is the Bragg angle, and K is the so-called Scherrer 
constant. The average crystallite size as calculated from the 
width of the peak at 2θ = 35.8° (311), is 23 nm, which is 
smaller than the range determined using FE-SEM and TEM 
analyses (Figs. 4 and 5).

Figure 4 shows the FE-SEM image of the hybrid nano-
structure. In Fig. 4a, the spherical and regular shape of 
 NiFe2O4@SiO2-DETA@POM nanoparticles is visible. The 
histogram chart in Fig. 4b shows 45 nm mean diameter for 
the nanoparticles. The nanoparticles’ morphology, shape, 
and size were elucidated by transmission electron micros-
copy (Fig. 5). The TEM analysis revealed that  NiFe2O4@

SiO2-DETA@POM magnetic nanoparticles have almost 
spherical shapes, and average particles size was detected 
as 30–60 nm.

The energy dispersive X-ray spectroscopy (EDS) of 
 NiFe2O4@SiO2-DETA@POM particles shows the existence 
of Fe, Ni, Si, P, Mo, N, and C atoms (Fig. 6). The EDS map 
scan indicates that the elements are well dispersed on the 
surface of the hybrid nanostructure (Fig. 7). These results 
corroborate the prosperous construction of  NiFe2O4@SiO2-
DETA@POM nanomaterial.

The magnetic properties of  NiFe2O4 and  NiFe2O4@
SiO2-DETA@POM nanoparticles were elucidated using a 
vibrating sample magnetometer (VSM) at room temperature 
(Fig. 8a and b). The S-like magnetization curves, the coinci-
dence of the hysteresis loop (Hc), the low remanence (Mr), 
and the coercivity confirm the superparamagnetic behaviors 
of these hybrid materials. The magnetization of the sam-
ple could be completely saturated at high fields. Ms of the 
sample was dropped from 21.2 to 10.3 emu  g−1 due to the 
formation of core/shell nanostructure.

The stability of  NiFe2O4@SiO2-DETA@POM nanocat-
alyst was evaluated using TGA/DTG technique (Fig. 9). 
The initial 2% weight loss from r.t. to about 190 °C is 
related to the elimination of water and solvent molecules 
that are physically adsorbed and hydroxyl groups located 
on the surface of nanostructure. The decomposition of the 
organic tags within the nanostructure makes the major 
weight loss (8%W) beyond 190  °C to nearly 800  °C. 
Therefore, the catalyst shows good thermal stability and 
can be used safely under heterogeneous conditions.

Oxidation desulfurization of simulated fuels

After the characterization of  NiFe2O4@SiO2-DETA@
POM nanostructure, its effect on the removal of sulfur 
contaminants was investigated on the model fuel. In this 
work, during the oxidation-desulfurization (ODS) process, 

Fig. 2  The FT-IR spectra of  NiFe2O4@SiO2-DEA (a),  NiFe2O4@
SiO2-DETA@POM (b), and heteropolyacid (HPA)

Fig. 3  The XRD patterns of a  NiFe2O4 nanoparticles and b  NiFe2O4@
SiO2-DETA@POM particles
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the urea-H2O2 was used as a safe oxidant accompanying 
acetic acid to in situ forming of active per-acid. This oxi-
dation system can efficiently transform organic sulfurs into 
sulfoxide and sulfone compounds without producing resid-
ual products. Benzothiophene (BT) and dibenzothiophene 
(DBT) as sources of sulfur solution (600 ppm) were mixed 

with urea-hydrogen peroxide/acetic acid and  NiFe2O4@
SiO2-DETA@POM as a catalyst then the oxidation reac-
tion was carried out at 50 °C under ultrasound condition. 
Extraction of oxidized compounds was done using a polar 
liquid (acetonitrile) to obtain a sample with low sulfur 
content. The following equation was afforded the percent-
age of sulfur removal (∆S%):

where Si represents the initial concentration and Sf is the 
final concentration of sulfur compounds (ppm), respectively. 
The XRF technique was applied to analyze the sulfur con-
tent. At a controlled temperature and time, the amount of 
nanocatalyst and oxidizer was optimized, and following that, 
the temperature and time were optimized.

ΔS(%) =

[

Si − Sf

Si

]

× 100

Fig. 4  The FE-SEM image 
(a) and histogram chart (b) of 
 NiFe2O4@SiO2-DETA@POM

Fig. 5  The TEM image of  NiFe2O4@SiO2-DETA@POM

Fig. 6  EDS spectrum of nano-NiFe2O4@SiO2-DETA@POM parti-
cles
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Fig. 7  EDS map scan of  NiFe2O4@SiO2-DETA@POM particles

Fig. 8  Magnetic hysteresis 
loops of a  NiFe2O4 MNPs and b 
 NiFe2O4@SiO2-DETA@POM 
particles
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The effect of nanocatalyst and oxidant dosage 
on the ODS efficiency

At first, different amounts of the  NiFe2O4@SiO2-DETA@
POM catalyst and urea-hydrogen peroxide/acetic acid as 
oxidant were determined for the ODS of HSCs present in 
model fuels with the concentration of 600 ppm at 30 °C 
in 30 min (Table  1). The effect of varying amounts of 
 NiFe2O4@SiO2-DETA@POM catalyst (0–0.20 g) on des-
ulfurization efficiency was investigated in the presence of 
constant amounts of urea-hydrogen peroxide/acetic (1 g) 
and acetic acid (1 mL). According to Table 1, entry 1, in 

the blank test (in the absence of a catalyst), only 10% of the 
BT and 13% of the DBT within 30 min were eliminated. As 
shown in Table 1, entry 3, for the optimal amount of nano-
catalyst (0.1 g), 43% of the BT and 45% of the DBT removal 
were observed. Nevertheless, by increasing the amount of 
nanocatalyst to 0.2 g, no change in the sulfur removal was 
observed. The effect of various parameters on the ODS pro-
cess is indicated in Table 1. Urea-hydrogen peroxide in the 
presence of an organic acid such as acetic acid was selected 
as an oxidizing agent. The results in Table 1, entry 10, con-
firm that the best sulfur removal percentage has occurred in 
the presence of 1 g of urea-hydrogen peroxide with 4 mL 
of acetic acid for DBT and BT compounds. By increasing 
the amount of the urea-hydrogen peroxide and acetic acid in 
sulfur removal, desulfurization efficiency increased rapidly 
from 0 g to 1 g for urea-hydrogen peroxide and 4 mL for 
acetic acid, and after that, no change has been observed. 
The literature survey revealed that in real gasoline, inorganic 
acids cannot dissolve; therefore, the sulfur removal percent-
age is lower than in organic acids (Rezvani et al. 2020b).

The effect of reaction temperature and time on the ODS 
efficiency

The two other influencing factors on the ODS efficiency 
of heterocyclic sulfur compounds (HSCs) are temperature 
and reaction time. The influence of temperature at 25, 30, 
40, 50, and 60 °C and time 0 to 60 min on the desulfuriza-
tion of sulfur compounds is demonstrated in Fig. 10a. As 
shown, the sulfur removal efficiency in HSCs increases 
with increasing the temperature from 25 to 50  °C in 
30 min. However, increasing the temperature from 50 to 

Fig. 9  TGA/DTG curve of 
 NiFe2O4@SiO2-DETA@POM 
particles

Table 1  Optimization of nano-NiFe2O4@SiO2-DETA@POM catalyst 
and urea-hydrogen peroxide/acetic acid as oxidant in the ODS process

a NiFe2O4@SiO2-DETA@POM; bTemprature: 30 °C; time: 30 min

Entry Nanocata-
lyst (g)a

Urea-hydrogen 
peroxide (g)

Acetic acid 
(mL)

ODS effi-
ciency (%)b

BT DBT

1 0.00 1 1 10 13
2 0.05 1 1 33 35
3 0.10 1 1 43 45
4 0.20 1 1 43 45
5 0.10 0.00 1 25 29
6 0.10 0.50 1 38 40
7 0.10 1.50 1 44 46
8 0.10 1 0 35 37
9 0.10 1 2 65 68
10 0.10 1 4 88 91
11 0.10 1 6 88 90
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60 °C did not affect the oxidation efficiency. As shown 
in Fig. 10b, the ODS reaction was done at the optimum 
reaction temperature (50 °C) at various times. The best 
result occurred in 60 min for the desulfurization of HSCs. 
The oxidation reactivity was in the order of DBT > BT at 
the same temperature. The sulfur atom in BT has a lower 
electron density compared with DBT. So, the increase of 
the aromatic л-electron density has a positive effect on 
the oxidation efficiency of HSCs.

ODS process of real gas oil

Gas oil and its products have different sulfur compounds, 
such as complex and linear compounds. In real samples, 
the variety and the high content of sulfur compounds make 
the desulfurization process more complicated. To evalu-
ate the desulfurization process, a real sample of gas oil 
containing 600 ppm of sulfur was supplied by South Pars 
Company (Iran). Optimized reaction conditions (0.1 g of 
nano-NiFe2O4@SiO2-DETA@POM and 1 g/4 mL of urea 
hydrogen peroxide/acetic acid at 50 °C) were employed 
for ODS of a real gas oil sample. The excellent result of 

96% removal of sulfur from the real gas oil was obtained 
in 60 min.

The proposed mechanism of the ODS process

A mechanism for the ODS process of HSCs in the presence 
of  NiFe2O4@SiO2-DETA@POM nanocatalyst has been pro-
posed in Scheme 2. The ODS process of the BT and DBT 
was done in n‐heptane as a nonpolar oil phase. After that, 
the nanocatalyst and oxidant were added, and the oxidation 
reactions were performed in the nonpolar/catalyst interface 
phase. During the ODS process, the urea-H2O2 reacts with 
acetic acid  (CH3COOH) to in situ produce per-acetic acid 
 (CH3CO3H). As one of the most considerable oxidizing 
systems, the catalytic sulfur oxidation mechanism is based 
on the peroxo-metal systems. The role of the metal atom 
(Mo) in the  NiFe2O4@SiO2-DETA@POM nanocatalyst is 
to form peroxo-metal species that can convert organic sulfur 
to sulfones without forming residual products. The sulfur 
oxidation occurs via the electrophilic mechanism, so these 
electrophilic intermediate complex,  MO2, were formed 
by the reaction of the peroxide oxygen in  CH3CO3H with 

Fig. 10  The influence of 
temperature (a) and time (b) 
on the oxidation desulfuriza-
tion process in the presence of 
 NiFe2O4@SiO2-DETA@POM
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Scheme 2  Proposed mechanism 
for the oxidation desulfuriza-
tion of gas oils in the presence 
of  NiFe2O4@SiO2-DETA@
POM nanocatalyst using Urea-
H2O2/acetic acid as an efficient 
oxidant

Acetic acidH2O
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+

+

Water phase

Oil phase

DBT

(Sulfoxide)(Sulfone)

+Cat

Cat

O

Cat

O

Cat = Nano-NiFe2O4@SiO2-DETA@POM

Sulfones

Remaining

DBT, BT

Oil

Water

BT

Fig. 11  a The recycling experiment diagram, b FT‐IR spectrum, c XRD patterns, and d FE-SEM image of recycled  NiFe2O4@SiO2-DETA@
POM catalyst after 5 runs
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terminal metal‐oxygen groups (M =  Ot) in the structure of 
sandwich‐type POM.

Catalyst recovery and reusability

The reusability of nanocatalysts is a main parameter in 
evaluating their performance. To study the recoverabil-
ity of the  NiFe2O4@SiO2-DETA@POM nanocatalyst for 
green chemistry view and commercial applications, at 
the end of the desulfurization process of real fuel, the 
nanocatalyst was separated by an external magnet, rinsed 
with ethanol, dried at 80 °C, and used again in the des-
ulfurization process. The recycled nanocatalyst revealed 
the same catalytic performance without significant loss 
of activity after five runs (Fig. 11a). After the last run, 
the structural stability of the hybrid nanostructure was 
confirmed by the FT-IR spectrum (Fig. 11b), XRD pat-
terns (Fig. 11c), and FE-SEM image (Fig. 11d).

A comparison of the performance of the prepared 
hybrid nanostructure  (NiFe2O4@SiO2-DETA@POM) 
and  CH3COOH/UHP oxidant system with other reported 
catalysts for the oxidative desulfurization of simulated 
fuels in literature is presented in Table 2. The presented 
data proves that  NiFe2O4@SiO2-DETA@POM is a suit-
able and efficient hybrid catalyst for the oxidative des-
ulfurization of simulated and real fuels.

Conclusions

This research work was focused on the synthesis of mag-
netic hybrid nanomaterial  (NiFe2O4@SiO2-DETA@
POM) as a new polyoxometalate-supported nanocatalyst 
in the presence of urea-H2O2/acetic acid as oxidant sys-
tem to catalyze the oxidation-desulfurization reaction of 
the simulated and real gas oils. The sulfur-containing 
compounds were removed from simulated and real gas 
oils with high yields (96–98%). Moreover, this hybrid 

nanomaterial showed good reusability after five oxida-
tion runs with only a slight deterioration in its activity. 
Several key characteristics such as high performance, 
oxidant safety, easy work-up, eco-friendly process, and 
simple separation of catalyst by an external magnet pro-
vide new insights into the applications of polyoxomet-
alate-decorated magnetic nanoparticles in the effective 
removal of organic sulfur from gas oil. Finally, we sug-
gest the effectiveness of this nanostructure by variation 
in heteropolyacid structure or magnetic nanoparticles 
could be investigated in future works.
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