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ABSTRACT
In this research, Keggin-type polyoxometalate, H5PMoV2O40 (denoted as PMoV) was immobilized on modified NiFe2O4
nanoparticles to produce a magnetically separable catalyst. This catalyst was characterized using X-ray diffraction (XRD),
Fourier-transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FESEM), cyclic voltummetry
(CV), energy dispersive X-ray (EDX) and UV-vis diffuse reflectance spectroscopy (UV-DRS). The catalytic activity of
synthesized catalyst in oxidation of dibenzothiophene (DBT) to dibenzothiophene sulfone (DBTO2) was investigated using
H2O2 as an oxidant and acetonitrile as an extractant. The catalyst could be readily separated from the catalytic system using the
magnetic field; and loss of activity was negligible when the catalyst was recovered in five consecutive runs. The effects of
main process variables including H2O2 amount (mmol), reaction temperature (°C) and reaction time (min) were analyzed by
response surface methodology (RSM) based on the central composite design (CCD). The optimal condition for conversion of
DBT was found to be H2O2 2.8 mmol, reaction temperature 42°C and reaction time 57 min for 0.1 g of catalyst dosage. The
conversion of DBT to DBTO2 under optimized conditions was 85.9 %. Moreover, the dibenzothiophene sulfone product was
characterized by NMR, FT-IR, Mass and GC analysis.
Keywords: Heteropolyacid, Magnetic nanoparticles, Oxidation, Supported catalyst.

1. Introduction
Desulfurization of model oil has become an
environmentally important worldwide phenomenon
[1,2]. Compared to traditional hydrodesulfurization
method (HDS), oxidative desulfurization (ODS) is
more efficient for desulfurization because it needs no
harsh conditions such as gaseous hydrogen, high
pressure and temperature [3]. Different catalysts,
especially oxygenated molybdenum and tungsten
compounds, have been accounted for oxidative
desulfurization. Among them, the interest for the use of
hetropolyacids (HPAs) has been expanded significantly
due to their high activities in mild conditions for
catalytic oxidation reactions [4,5]. In addition, among
different structures of polyoxo metalates as the
oxidation catalysts, Keggin type hetropolyacid is of
particular importance because of its high chemical and
mechanical resistance under reaction conditions.
*
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In addition, the lowest vacant d molecular orbital in
octahedra (MO6) of this structure is nonbonding metalcentered causing its reversible reduction to form
multivalence species [6,7]. Disregarding every one of
these capacities, HPAs have low surface area and high
solubility in aqueous media which limit their
applications in catalytic reactions. The main obstacle to
industrial applications of homogeneous polyoxo
metalates is that they are difficult to recover from the
reaction medium. Therefore, these materials are
generally immobilized on suitable supports [8-12].
Many supports such as MCM-41, polyaniline (PANI)
and bentonite have been used in our previous reports
for the preparation of supported catalysts from
polyoxometalate and investigation of catalytic and
photocatalytic
activities
[13-15].
Magnetic
nanoparticles (MNPs), which are available from
accessible materials via the simple method of synthesis
and which are easily separable by magnetic fields, have
attracted much attention in the past few decades due to
their vast applications including drug delivery,
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biosensors, supported immobilization, environmental
remediation and so on [16-18]. Recently, their
application as catalyst supports has become a hot
subject due to unique properties such as high surface
area, good dispersion, magnetic behavior as well as
low toxicity [19]. The most attractive feature of MNPsupported catalysts is that they can be recycled by
simple magnetic separation, thereby eliminating the
requirement of catalyst filtration and centrifugation
[20-24]. Furthermore, improved activity is usually
achieved in the nanometre-sized supported catalyst due
to its high surface area and good dispersion properties.
In the past few years, several transition-metal catalysts,
enzyme catalysts and organocatalysts have been
successfully immobilized on MNPs with good catalytic
activity and reusability [25]. Most of these MNPsupported catalysts employed covalent and electrostatic
immobilization strategies requiring additional synthetic
manipulation in most cases [26]. Polyoxometalate
immobilized on magnetic nanoparticles has been
synthesized via various methods. Silica-coated CoFe
nanoparticles, for example, were synthesized and used
in the oxidative desulfurization of model oil [27].
Magnetic polyoxometalates (POMs) were prepared
through some kind of simple sonication between
functionalized
magnetic
nanoparticles
and
polyoxometalates by Zheng et al. [18]. A new
magnetically separable catalyst consisting of
phosphotungstic acid (PTA) supported on imidazole
functionalized silica coated cobalt ferrite nanoparticles
was also prepared under solvent-free conditions at
room temperature. The mutual interactions between
variables are described by the graphical representation
of the equations called response surfaces. The
application of statistical methods for optimizing
adsorption process involves less treatment time, low
costs and higher percentage yields. In the study, in
which Design-expert 7.0.0 software (Stat Ease, USA)
was used, central composite design (CCD) was
employed with 20 experiments. Artificial neural
network (ANN) was used for designing the process
modeling M [28]. Formal batch adsorption studies
depend on different process parameters such as initial
solution pH, initial adsorbate concentration, catalyst
amount, temperature, etc. However, this approach does
not determine the combined effect of all process
parameters. For scale-up studies, conventional batch
process is time-consuming, and (which may be
unreliable) requires a large number of experiments to
determine the optimum levels, thereby increasing the
overall cost of the process. In this work, ODS reaction
was carried out in a biphasic system comprising
acetonitrile as polar solvent and n-octane as non-polar

phase, using H2O2 as an oxidant. The effects of
reaction temperature, reaction time and molar ratio of
O/S on the sulfur oxidation were investigated. Central
composite design (CCD) procedure was used to
investigate the influence of process factors on catalytic
oxidative desulfurization reactions as a new method to
optimize factors. The ODS mechanism was discussed
and reusing tests were performed.
2. Experimental
2.1. Materials
All materials, which were of commercial reagent
grade, were obtained from Merck, Aldrich and Fluka
and used without further purification. X-ray diffraction
(XRD) patterns were recorded with a Philips X-ray
diffractometer (Model PW1840). FT-IR spectra were
obtained as potassium bromide pellets in the range of
400–4000 cm-1 with Nicollet Impact 400 D
spectrometer. Field emission scanning electron
micrographs (FESEM) of the catalyst and
reinforcement were taken using SEM Philips XL 30.
Cyclic voltummetry (CV) were taken on Metrohm
(model 797 VA) Processor instrument. Design expert
version 7.0.0 (Stat Ease, USA) was applied for
optimization of the process variables, and to evaluate
the effects and complex interactions of each process
variable. NMR spectra were recorded in CDCl3 on a
Bruker 250 MHz spectrometer. Gas chromatography
experiments (GC) were performed on a Shimadzu GC16A instrument using a 2 m column packed with
silicon DC-200 or Carbowax 20 m utilizing n-decane
as the internal standard. The mass spectra were
recorded by the GSMS-QP 5050 Shimadzu. Magnetic
properties of the supported catalyst were assessed with
a vibrating-sample magnetometer (VSM, Homade 2
tesla). A magnet (Φ 17.5×20 mm, 5500 Oe) was used
for collection of magnetic particles.
2.2. Preparation of Keggin type polyoxometalate
(denoted as PMoV)
Keggin type polyoxometalate (PMoV) was synthesized
by a technique reported beforehand. In this technique,
18.0 g of Na2HPO4.12H2O was dissolved in 250 ml
distilled water and 11.5 g of V2O5 was dissolved in 100
ml of 2 mol /L Na2CO3 solution. They were then mixed
and heated until boiling. After thirty minutes, a 400 ml
solution containing 121.0 g of Na2MoO4.2H2O was
added into the above solution, the temperature was
kept at 90°C for 30 min. Then, 1:1 H2SO4 was
added (dropwise and with stirring) to the solution until
pH= 2. The mixture was cooled to room temperature
under stirring, and 50 ml ether was added [29].
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2.3. Preparation of NiFe2O4 nanoparticles (denoted as
NiFe)
For synthesize of NiFe2O4 nanoparticles, a 0.4 M (20
mL) solution of iron nitrate (Fe(NO3)3ꞏ9H2O) and a 0.2
M (20 mL) solution of nickel nitrate (Ni(NO3)2ꞏ6H2O)
were mixed in deionized water. A specified amount of
polyvinyl propylene (PVP) was added to the solution
as a surfactant and coating material. A 5 ml solution of
hydrazine hydrate (NH2.NH2.H2O) was slowly added
to the above solution. The reactants were vigorously
stirred using a magnetic stirrer. The liquid precipitate
was then brought to a reaction temperature of 80°C and
stirred for 2 h. The product was then cooled to room
temperature. The precipitate was subsequently
centrifuged with ethanol and deionized water three
times. Finally, the product was dried in a hot air oven
at 100°C for 4 h [30].
2.4. Preparation of modified NiFe nanoparticles
(denoted as modified NiFe)
The modified NiFe nanoparticles were synthesized by
the ultrasonic irradiation method; in this method,
0.04 g NiFe nanoparticles were dispersed in
ethanol/H2O (1:1) and placed under ultrasonic
irradiation for 30 min (solution 1). After that, the
solution of tetraethylorto silica (1 mL) and 20 mL
water (solution 2) were added to this slurry. The
mixture was stirred for 10 min, then the 5 mL of
ammonia solution (25% w/w) was added slowly. This
mixture was stirred for 24 h under magnetic stirring
after that centrifuged, washed by water and dried in air.
The obtained material was abbreviated as modified
NiFe.
2.5. Preparation of supported catalyst (denoted as
PMoV@ modified NiFe)
The polyoxometalate supported on the surface of
modified NiFe nanocomposite was synthesized through
bond formation between hydroxyl groups on the
surface of modified NiFe and metal ions in Keggin
type polyoxometal. The synthesis of PMoV supported
on modified NiFe was carried out by dissolving PMoV
(0.5 g) in ethanol (5 mL). This solution was added
drop-wise to a synthesized modified NiFe (0.5 g in 20
mL ethanol) with dispersion by sonication for 1h at
25°C. The mixture was stirred to obtain PMoV @
modified NiFe magnetic nanoparticles. The catalyst
was collected using a permanent magnet and dried
under vacuum for 24 h at 25°C.
2.6. Catalytic activity
Since heterogeneous catalysts are recoverable,
heterogenization of catalysts is of incredible interest.

Therefore, we decided to immobilize PMoV on
NiFe2O4 nanoparticles, and investigate its catalytic
activity in the oxidation of dibenzothiophene (denoted
as DBT) with H2O2 under magnetic stirring.
3. Results and Discussion
3.1. Catalyst characterization
The FT-IR spectra of NiFe2O4, PMoV, modified NiFe
and PMoV@ modified NiFe are shown in Fig. 1. All
samples showed two intense and broad peaks at around
3448 and 1622 cm−1, which were associated with the
stretching vibrations of free or adsorbed water
remaining in the sample. Two mainboard metal-oxygen
bands were found in the IR spectrum of NiFe
spinel and ferrites in particular. The highest one, ̅ ,
(Fig. 1a) is for the most visible part in the range of
500-600 cm-1, corresponding to intrinsic stretching
vibrations of the metal at the tetrahedral site, Mtetra →O,
whereas the ̅ , lowest band, which is generally
watched in the range of 385-450 cm-1, is given to
octahedral metal stretching vibration, Mocta →O [30]. It
is known that Ni2+ ions have octahedral-site preference.
Fe2+ and Fe3+ ions can occupy both octahedral and
tetrahedral sites. The bands at 1087 cm−1 along with
the shoulder at 1200 cm−1 correspond to the stretching
mode of the Si–O–Si bond in silica, and the band at
464 cm−1 is assigned to Si–O–Si or O–Si–O bending
modes (Fig. 1b). FT-IR spectrum of the Keggin type
polyoxometalate (PMoV) showed absorption bands at
1059 cm-1, 961 cm-1, 842 cm-1 and 775 cm-1
corresponding to the four typical skeletal vibrations of
the Keggin type polyoxoanions (Fig. 1c). FT-IR
spectrum of the prepared catalyst showed absorption
bands at 1054 cm-1, 955 cm-1, 846 cm-1 and 775 cm-1
corresponding to the four typical skeletal vibrations of
the Keggin type polyoxoanions (Fig. 1d) [29] with the
shift due to the immobilization of Keggin type
polyoxometalate on the surface of modified NiFe
magnetic nanoparticles. This indicated that PMoV was
supported on modified NiFe. These peaks could be
attributed to, ̅ (P=Oa), ̅ (Mo=Ot), ̅ (Mo-Ob-Mo) and
̅ (Mo-Oc-Mo), respectively (Ot= terminal oxygen,
Ob= bridged oxygen of two octahedral sharing a corner
and Oc= bridged oxygen sharing an edge). The
presence of Ni–O and Fe–O bonds in NiFe2O4 was
confirmed by the peaks at 416 cm-1 and 594 cm−1
which were shifted to 464 cm-1, 596 cm−1 after coating
with silica. In addition, the peak related to OH groups
in adsorbed water shifted to lower peak, which could
be due to the immobilization of Keggin type
polyoxometalate on the modified NiFe nanoparticles,
and confirmed that the Keggin type polyoxometalate
was successfully immobilized on the modified NiFe.
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The electronic properties of PMoV@ modified NiFe
was studied using DR UV-vis spectroscopy. The DR
UV-vis spectrum of PMoV showed absorption bands at
250 and 306 nm [29], which are associated with
octahedrally coordinated Mo6+ and arise due to the
Mo–O and V–O charge-transfer absorptions in the
skeleton of Keggin type polyoxometalate. These two
absorption bands appeared in the DRS spectrum of the
prepared catalyst with shift due to immobilization of
PMoV on the surface of modified NiFe, and in
supported catalyst, the peaks in 245 nm and 303 nm
could be related to structure of Keggin type
polyoxometal (Fig. 2).

Therefore, these results indicated that primary structure
of Keggin type POM has been immobilized on the
surface of modified magnetic nanoparticles and
showed strong interaction with catalysts. In addition
the visible region with high resolution was observed
and confirmed d-d transition in metal for spinel
structure.
Fig. 3 shows XRD patterns of NiFe, modified NiFe and
PMoV @ modified NiFe. These patterns indicated that
PMoV was immobilized on the surface position of
modified NiFe. In addition, characteristic peaks of
PMoV in the supported catalyst confirmed that PMoV
was deposited on the surface of the supported catalyst.
The pattern in Fig. 3a shows that the NiFe2O4 phase
crystallinity and structure of the NiFe2O4 nanocrystals
were also confirmed by powder XRD. The XRD
pattern of the NiFe2O4 in Fig. 3a agrees well with the
powder diffraction file of JCPDS file No. 10-0325. The
space group of the NiFe2O4 is Fd3m and it has an
inverse spinel structure. All the characteristic peaks for
NiFe2O4 were observed at 30.47° (220), 35.81° (311),
37.47° (222), 43.42° (400), 53.87° (422), 57.37° (511),
63.06° (440), 74.57° (533) [30].
After modification of NiFe nanoparticles, there
are no peaks from crystalline SiO2 because it
remains amorphous due to employing the
low-temperature synthetic method (Fig. 3b). When
PMoV is immobilized on the surfaces of the modified
NiFe magnetic particles, the characteristic peaks for
PMoV are observed in modified NiFe@PMoV, which
implies retention of the crystalline character of
PMoV (Fig. 3c). The average particle size of
PMoV@ modified NiFe powder was calculated from
XRD line broadening using the Debye–Scherer
equation, D= (0.89λ)/(β ½ cosθ), where k
is the wavelength of Cu λa radiation, β1/2 is the
full width at half maximum (FWHM) and θ is the
Bragg angle.

Fig. 2. DR UV-Vis spectrum of supported catalyst.

Fig. 3. XRD patterns of a) NiFe, b) modified NiFe, c)
PMoV@ modified NiFe, NiFe represented by NF and
polyoxometal represented by P.

Fig. 1. FT-IR spectra of a) NiFe b) modified NiFe, c) PMoV,
d) PMoV@ modified NiFe.
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The average particle size was calculated to be about
67.5 nm, which was in accordance with the FESEM
and observations. The powder XRD patterns
(10<θ<70) obtained from the supported catalyst are
shown in Fig. 3c. The peaks related to polyoxometalate
skeleton were observed at 2θ =28.2 and 28.9 and below
2θ=10 at 2θ=8.2, 8.9, 9.2 and 9.2 [29]. This result
showed that the Keggin type polyoxometalate was
successfully immobilized on the surface of modified
NiFe nanoparticles.
The morphologies of NiFe, modified NiFe and
PMoV@ modified NiFe, supported catalyst, were
examined using FESEM. Fig. 4a shows the
morphology of NiFe nanoparticles. The particle sizes
of NiFe nanoparticles were estimated to be in 19-23
nm range. After the immobilization of Keggin type
polyoxometalate on the modified surface of magnetic
nanoparticles, clear changes in the morphology of
magnetic nanoparticles and particles sizes in FESEM
were observed. These results showed the
immobilization of Keggin type polyoxometalate on the
surface of magnetic nanoparticles. Fig. 4b shows that
the FESEM image of modified NiFe and the particle
size of modified NiFe nanoparticles were estimated to
be in 20-25 nm range. The obtained particles were
agglomerated as a consequence of strong
magnetization and highest particle surface energy,
using the supported catalyst. The morphologies and
nanostructures of the nanoparticles were approximately
spherical. Some nanoparticles were aggregated. By
assuming that a nanoparticle is spherical, the average
diameter of nanoparticles were estimated to be 68.4 nm
which was measured in several directions in the
FESEM images. The larger size could be due to the
aggregation of particles (Fig. 4c).
Energy dispersive X-ray image of NiFe, modified NiFe
and the supported catalyst are shown in Fig. 5. EDX

(a)

image of NiFe nanoparticles showed Ni, Fe and O
elements in Fig. 5a. EDX image of modified NiFe
nanoparticles showed Ni, Fe, O and Si elements in
Fig. 5b. For the supported catalyst, Mo, Si, V, Ni, Fe
and O elements are presented in the EDX image of
synthesized catalyst. The analysis revealed the
excellent uniform distribution of PMoV on modified
NiFe structure.
Polyoxometalates can be immobilized on electrode
surfaces by various methods such as modification,
immobilization as a dopant in conductive polymeric
matrices, adsorption, layer-by-layer approaches and
immobilization in inorganic matrices. Among these
approaches, entrapment of polyoxometalate into
inorganic matrix was considered as an attractive
methodology for sensor fabrication due to stability and
simplicity. To investigate the electrochemical behavior
of PMoV supported on modified NiFe, which is
insoluble in water, a three dimensional bulk modified
carbon paste electrode (CPE) employing the supported
catalyst was fabricated. The electrode was prepared by
mixing the graphite powder as the conductive material,
silicon oil as the pasting liquidand also PMoV and
supported PMoV as the electro active species. The
electrochemical studies were carried out in 0.2 M HCl
aqueous solution, because PMoV is unstable in neutral
and basic aqueous solutions. Fig. 5 shows the cyclic
voltammograms in 0.2 M HCl aqueous solution at a
bare CPE, and CPE modified with PMoV – modified
NiFe. It can be seen from Fig. 6 that in the potential
range of -1 to 2 V (vs. Ag/AgCl) there is no redox peak
at the bare CPE, while some consecutive redox
processes are observed at the modified CPE. The above
experimental results showed that PMoV can be
supported on the surface of modified NiFe. According
to Fig. 6, curves a and b represent the CVs of
polyoxometalate and supported catalyst respectively.

(b)

Fig. 4. FESEM images of a) NiFe, b) modified NiFe, c) PMoV @ modified NiFe.

(c)
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(a)

(b)

(c)
Fig. 5. EDX images of a) NiFe, b) modified NiFe, c) modified NiFe@PMoV.

(a)

(b)

Fig. 6. Cyclic voltammograms of a) PMoV-CPE, b) PMoV@modified NiFe-CPE (x% PMoV, y% modified NiFe). The
concentration of each species is 1.0 × 10-3 M.
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It should be noted that electron-transfer rate of
supported
catalyst
should
be
faster
than
polyoxometalate. The above results reveal that PMoV
–modified NiFe exhibit significantly improved
electrochemical performance in comparison to PMoV.
The relatively good capacitive performance of the
PMoV-modified NiFe has some reasons: (1) the
presence of the hydroxyl groups can possess a high
concentration of surface functional groups for linkage
of polyoxometalate, which can enhance the electro
active surface area for double-layer charge storage; (2)
good dispersion of PMoV on the surface of modified
NiFe would increase the accessibility of the available
active sites in the supported catalyst. In addition, with
increasing percentage of polyoxometalate for
immobilization on the surface of modified NiFe,
current in cyclic voltummetry was increased; this
suggests that polyoxometalate has an important role in
electron transfer and in the supported catalyst,
polyoxometalate accelerates the electron transfer
compared to intact polyoxometalate.
The magnetic properties of the supported catalyst were
studied using a VSM. As shown in Fig. 7, the
PMoV@modified NiFe catalyst was ferromagnetic.
The Ms Value was lower than that reported for bulk
samples. This decrease in the Ms could be mainly
attributed to the small particle surface effect, which
became more dominant as the particle size was
decreased. It could arise from the greater disorder of
surface spins and the presence of SiO2 (which formed
diamagnetic matrix, diluting the magnetization of the
otherwise compacted ferrite particles).

Fig. 7. Magnetic hysteresis loops for PMoV@ modified
NiFe.

3.2. Oxidation reactions with hydrogen peroxide
The reactions were typically performed using H2O2 at
42°C in a stirred solution of the substrate (sub),
catalyst (cat) and 30% (w/w) aqueous hydrogen
peroxide (ox) in n-octane/ acetonitrile. The oxidation
of dibenzothiophene was carried out in various
conditions and the optimized conditions were obtained.
The amounts of the several components used in the
reactions were dependent on the substrate and are
presented in the results and discussion section. The
conversion and percentages of each compound in the
reaction mixtures were analyzed using gas
chromatography. The dibenzothiophene was selected
as a model substrate. The total sulfur content of the
samples was determined by microcoulometry
(detection limit: 0.1 ng mL-1). The compounds
containing sulfur present in diesel were analyzed using
a gas chromatograph coupled to a flame photometric
detector (GCFPD). Gas chromatography conditions
used in this work are Agilent 6890 N equipped with a
capillary column (PONA, 50 m ¥ 0.2 mm, id ¥ 0.5
mm) and flame photometric detector (FPD): Agilent
H9261. The analysis conditions were as follows:
injection
port
temperature:
280°C,
detector
temperature: 250°C, oven temperature program: 100°C
(hold for 1 min), 100–150°C at a 10°C min-1 gradient
(hold for 1 min), 150–280°C at a 5°C min-1 gradient
(hold for 12 min), split ratio: 1/100, carrier gas: ultrapure nitrogen, column flow: 0.9 mLmin-1, reagent
gases air flow: 100 mLmin-1, hydrogen flow: 75 mL
min-1, the injection volume of the sample was 1 mL.
3.3. Statistical analysis and the model fitting
The influence of various factors on the catalytic
oxidation of DBT was investigated and we examined
effects of temperature, oxidant amount and time on the
catalytic oxidation of DBT selected as a model sulfur
compound for optimization. The design expert 7.0.0
software was used for regression analysis of the data
and for estimation of the coefficient of the regression
equation. The equations were validated by the
statistical tests called ANOVA to determine the
significance of each term in the fitted equations and to
estimate the goodness of fit of each case. Response
surfaces were drawn for the experimental results,
obtained from the effect of different variables on the
percentage oxidation of DBT, in order to determine the
individual and cumulative effects of these variables
and the mutual interactions between them. The Fisher’s
F value with a low probability (p < 0.0001) showed
that the model was significant. The multiple correlation
coefficient (R2) demonstrated the suitability of the
model. Moreover, R2 value is 0.975 which could be
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explained by the developed quadratic model, and the
predicted R2 values were in agreement with adjusted
R2, which means all the terms depicted in the model
were significant. In this case, the non-significant lackof-fit (0.6) confirmed that the quadratic model was
valid for this process. For this research, the
effectiveness of three essential operating parameters
including reaction temperature (A), reaction time (B)
and H2O2 amount (C) was systematically evaluated
using the central composite design procedure. The
selected variables are summarized in Table 1.
3.4. Comparison between theoretical and experimental
data
The CCD equation of actual factors was solved by
partial differential calculus to obtain the optimum
value of A, B, C. For this research, the effectiveness of
three parameters including reaction temperature (A),
reaction time (B), H2O2 mmol (C) was systematically
optimized using central composite design software. In
this technique, the total number of experimental runs
can be calculated by Eq. (1):
N=2n+2n+ nc

(1)

Where, n and nc represented the variable number and
the replicated number of the central point, respectively.
For statistical analyses and optimization of each cycle,
a quadratic model was selected as the best model and
fitted to the results subjected to Eq. (2):
∑
∑

x

ε

(2)

Where, Ym is the predicated response, n is the number
of variables, i and j are coded variable and 0, i, ii,
ij and ε are constant term, liner, square, effects of
interaction between variables and the residual value,
respectively. The design expert (DX7) software was
applied for statistical calculations to optimize the
process and determine the response model. The

optimized values for theoretical and experimental
study is shown below:
Theoretical: Temp.= 50.6°C, Time= 47.5 min,
Oxidant= 2.8 mmol, catalyst amount= 100 mg,
R (% degradation)= 89.8%.
Experimental: Temp.= 42.3°C, Time= 57 min,
Oxidant= 2.8 mmol, catalyst amount= 100 mg,
R (% degradation)= 85.9%
Based on the obtained conversion and optimized
condition, the experimental results of CCD are listed in
Table 2. This results show the significant influence of
the selected operating variables, their actual values and
the corresponding response (predicted values).
The experimental results of CCD showed the
significant influence of the selected operating
variables. The effect of three process factors including
the reaction temperature (A), reaction time (B) and
amount of H2O2 (C), and also interaction between these
variables were analyzed by means of RSM
methodology to obtain an empirical model for the best
response. The final quadratic equation was attained to
illustrate the relationship between the independent
variables and the dependent responses which is
displayed in Eq. (3):
4.40 AB
8.31

99.18 5.27
6.50 B 7.52
5.45 AC 2.65 BC 3.53

6.64
(3)

The importance degree of the tested factors based on
the coefficient in the above equations on conversion
was H2O2 amount > time > temperature. The regression
plot of the trained network is shown in Fig. 8. The
trained network gave a correlation coefficient of 0.975.
A high correlation coefficient of this plot signified the
reliability of the neural model based on the
experimental data.
Statistics results of the model summary showed that
the predicted R-squared= 0.868 is close to the adjusted
R-squared= 0.947.

Table 1. The range of the independent variables applied in the central composite design.

Factor

Name

Units

Type

-Level

+Level

-α

+α

A

temp

centigrade

Numeric

40

70

29.7731

80.2269

B

time

min

Numeric

30

90

9.54622

110.454

C

oxidant

mmol

Numeric

2

4

1.31821

4.68179
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Table 2. CCD experiment design and response result for oxidative desulfurization of DBT.

std

Runs

Temp. (°C)

Time (min)

H2O2 (mmol)

Experimental R%

12

1

55

110

3

94.1

14

2

55

60

4.6

89.6

1

3

40

30

2

55

17

4

55

60

3

99.2

6

5

70

30

4

89

8

6

70

90

4

82

9

7

29

60

3

78.9

3

8

40

90

2

76.2

19

9

55

60

3

99.2

5

10

40

30

4

78.2

11

11

55

9

3

65.8

2

12

70

30

2

81.2

10

13

80

60

3

98.6

18

14

55

60

3

99.2

13

15

55

60

1.3

60.9

4

16

70

90

2

91.2

20

17

55

60

3

99.2

16

18

55

60

3

99.2

7

19

40

90
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Fig. 8. Regression plot (experimentally vs. predicted) using
three input variables.

This confirmed that the model is acceptable. In
addition, adequate precision is a measure of the range
in the anticipated response relative to its related errors.
A ratio larger than four is favorable. The high ratio of
88.023 indicated an adequate ratio and this model can
be utilized to navigate the design space. The small
values of coefficient of variation (C. V. %) of 0.89 and
standard deviation (Std. Dev.) of 0.61 indicated
reliability. The small predicted residual sum of squares
(PRESS) of 26.99 is a criterion of how good the model
fits each point in the model. The smaller the PRESS
statistic, the better the model fits the data points. The
above results indicated that the proposed quadratic
model guarantees an precise demonstration of the
experimental data and also showed high validity and
adequacy of the model in predicting the conversion
percentage of DBT.
The effect of different levels of oxidant and time on
oxidation of DBT using the Keggin type
polyoxometalate supported on modified NiFe can be
predicted from the contour plot as shown in Fig. 8.
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The contour plot shows that oxidation percentage
increased when oxidant amount and time enhanced.
This could be due to the increase in the exposed
surface area of the catalyst. However, it must be noted
that after a certain limit, if the amount of oxidant had
been increased further, there would have been a
saturation point in which the conversion was decreased
because the oxidant probably decomposed. It was
observed that a maximum removal efficiency of
89.86% was achieved at 2.8 mmol oxidant, and 57 min
of time. The combined effect of temperature and time
on oxidation of DBT was shown in the contour plot of
Fig. 8. The percentage of oxidation was enhanced with
increased time due to an increase in number of
molecules of sulfur compounds which were converted
to sulfone. Higher temperature enhanced the catalytic
active sites force and increased the oxidation of sulfur
compounds. From the results it was observed that a
maximum removal efficiency of 89.86% was achieved
at 42°C, and in 57 min. The combined effect of
temperature and oxidant amount on oxidation of DBT
was observed in the contour plot of Fig. 9. It was
shown that conversion increased with increasing
oxidant and temperature. The maximum conversion of
89.86% was obtained from 2.8 mmol oxidant and the
temperature of 42°C. As can be seen in Fig. 8 (a-f), the
importance degree of the tested factors on conversion
was: H2O2 amount > time > temperature.
It should be noted that when the catalyst was replaced
by NiFe as a catalyst, no oxidation product was
observed with longer reaction times up to 2 h (Fig. 1S).
3.5. Analysis of oxidation product
After the completion of the reaction, the catalyst was
separated from the reaction solution using an external
magnet. It should be noted that the sulfur-containing
materials in oil are polar in nature because of the
electronegativity sulfur atoms. Oxidation of
organosulfur compounds changes their polarity to
sulfoxides (DBTO) and sulfone (DBTO2). They can
then be easily extracted into solvent phase; the
extraction-oxidation process consists of three phases:
the oil phase, an extraction solvent and a solid catalyst.
When these three phases are present in the reaction
media, the DBT in oil phase is extracted into solvent
and the oxidant reagent produces the corresponding
sulfoxide and sulfone products in an oxidation
reaction. In this investigation, acetonitrile was chosen
as extractant solvent. In GC analysis, the oil phase
demonstrated that during oxidative process the
dibenzothiophene reduced while the peaks attributed to
sulfoxide and sulfone were at trace levels since time
increased. By acetonitrile evaporation at room

temperature, solid products were observed on the wall
of vessel. Mass analysis (Fig. 2S) which recorded M+ at
m/z 216 confirmed that the sulfone of
dibenzothiophene was found. The intense m/z peaks of
the mentioned crystals at 187, 168 and 160 could be
ascribed to C11H7SO, C12H8O and C10H8S ions moieties
of dibenzothiophene S and S- dioxide, respectively
[48]. An examination between FT-IR spectra of the
formed crystal and dibenzothiophene is shown in Fig.
3S. Both compounds indicated almost similar bands
except that in the spectrum of the mentioned crystal,
two new bands with strong intensity appeared at 1286
and 1161 cm−1, which could be given to the
asymmetrical and symmetrical stretching vibration
modes of O ← S → O, respectively [48]. Therefore,
under
applied
experimental
conditions,
the
dibenzothiophene compound was oxidized selectively
to corresponding sulfone, and was removed from the
mixture by adsorption on the surface of the synthesized
catalyst. In 1HNMR of dibenzothiophene, the peaks in
range of 7-8 ppm determined aromatic hydrogens of
phenyl ring (Fig. 4S). The conversion and percentages
of each compound in the reaction mixtures were
analyzed using gas chromatography (Fig. 5S).
To establish the applicability of the process, various
sulfur compounds were subjected to the oxidation
system using the synthesized catalyst (Table 3). The
reactivity of the sulfur compounds were influenced by
two main factors, i.e., the electron density on the sulfur
atom band and the steric hindrance of the sulfur
compound. Compared to BT, DBT shows higher
reactivity, which can be explained by the higher
electron density on sulfur atom of DBT. For DBT and
4,6-DMDBT, the difference in the electron density on
the sulfur is very small. Therefore, the lower reactivity
of 4,6-DMDBT is due to the steric hindrance of the
methyl groups that limit the accessibility of the sulfur
atoms to the catalytic active sites.
To investigate the effect of oxidant nature on the
conversion of DBT, a series of experiments with
various oxidants was applied in the oxidation reaction.
The results shown in Fig. 6S indicate that the
conversion of DBT in the presence of different
oxidants changed from 16% to 85.5%. Sufficient
catalytic sites were available to drive the reaction to
completion in the presence of H2O2 as oxidant, and was
chosen for further experiments. The highest conversion
of DBT in the presence of H2O2 could be due to higher
yield of superoxo in the oxidation reaction. In addition,
blank reactions, with H2O2 but without catalyst and
with catalyst but without H2O2, were performed in all
conditions. Conversion values attained in the blank
reaction were in the range of 5 – 32.5%.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9. Three dimensional response surface graph and counter plots for the oxidation of DBT, % dye degradation versus time
and temperature, counter plots for time and temperature, % oxidation versus time and oxidant, counter plots for time and
oxidant, % oxidation versus temp and oxidant, counter plots for time and oxidant, respectively with 100 mg catalyst.
Table 3. Oxidation of sulfur compound to sulfone product with H2O2 catalyzed by synthesized catalyst.a

Sulfur compounds

1

DBT

85.9

2

BT

75.2

3

4,6-DMDBT

80.2

aReaction
b

Structure

Yield (%)b

Entry

conditions: Temperature (42 °C), time (57 min), H2O2 amount (2.8 mmol), 100 mg catalyst.
GC yields based on the toluene as the internal standard.
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3.6. Consideration of acid catalyst properties of
synthesized catalyst
The density and strength of acid sites and the rate of
catalytic reactions on metal salts catalysts were
increased with the slight oxidation of the M centers,
which often occurs during catalytic reactions in
oxidation media environments. In addition, the more
effective dispersion of metal salt species on high
surface area supports the introduction of a heteroatom
in order to create a permanent charge imbalance in the
metal oxide structure, thereby increasing the density
and strength of the acid sites. According to the
definitions offered by Bronsted and Lewis acidity, a
solid acid shows a tendency to donate a proton or
accept an electron pair, respectively. A solid acid can
also be defined as a solid on which the color of a basic
indicator changes, or as a solid on which a base is
chemically adsorbed [19-22]. Thus, the acidic
properties of the catalysts should be considered. The
proposed mechanism for acid catalyst properties of
supported catalyst is shown below; immobilized ion
metal in polyoxometalate reacted with H2O2 to
generate peroxo species. This species facilitated the
transfer of the electrophilic oxygen to the sulfur,
yielding the corresponding epoxide. The epoxide
product could be easily removed by extraction. Many
investigators have suggested various mechanisms for
oxidation of sulfur compounds. Scheme 1 suggests the
catalytic oxidation pathways.
3.7. Catalytic behavior, separation, and recyclability
The stability of the supported catalyst was monitored
using multiple sequential oxidation of DBT with
synthesized catalyst under optimized conditions. For
each of the repeated reactions, the catalyst was
recovered, washed thoroughly with water to remove
the H2O2 and dried before being used with fresh DBT
solution. The data showed that the catalysts were
recovered for five runs without the loss of activity. The
yields were 85.9, 85.6, 85.3, 84.2 and 84%,
respectively.

Scheme 1. Proposed mechanism for oxidation of DBT by
supported catalyst.

The assessment of the stability of catalyst was
performed as follows: FT-IR spectrum of the catalyst
was taken and the results showed the peaks
corresponding to synthesized catalyst stucture were
shown at 772 cm-1, (840 cm-1, 950 cm-1), 1081 cm-1,
(1200 cm-1 and 3319 cm-1) relating to M=O, O-M-O,
Si-O and O-H groups, respectively with shift due to the
adsorption procedure (Fig. 7S).
Table 4 compares the catalytic activity of the supported
catalyst with those of other reported catalysts for
oxidation of sulfur compounds.
4. Conclusions
PMoV@ modified NiFe were prepared by anchoring
PMoV on the surface of modified NiFe2O4 magnetic
nanoparticles. The catalyst showed excellent catalytic
activity in oxidation of DBT selected as a model sulfur
compound. This catalyst could be easily separated at
the end of the reaction using the magnetic field.
Therefore, it could be reused at least five times, with
only a slight decrease in catalytic activity.
Electrochemical characterization showed that electrontransfer rate of the supported catalyst should be faster
than polyoxometalate. The results showed that
supported catalyst could accelerate electron transfer in
catalytic procedures due to good dispersion of PMoV
on the surface of modified NiFe nanoparticles.

Table 4. Comparison of reaction data for the present method in oxidation of sulfur compound and other reported methods.

Catalyst

Reaction condition

Conversion%

Ref.

PMoV@ modified NiFe

H2O2/42°C/57 (min)

85.9%

This work

(Bu4N)4H[PMo10V2O40]–TiO2

H2O2/80°C/120 (min)

98%

[31]

(n-(Bu4N)3[PMo12O40]

H2O2/70°C/180 (min)

40%

[32]

(Bu4N)[PMo12O40]/UHP

4°C/72 h

85%

[33]

Silica-Based Ammonium Tungstate/H2O2 (30%)

CH2Cl2/MeOH, r.t., 1.5 h

82%

[34]
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