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Abstract—In this study, oxidation of a model fuel, benzothiophene (BT) in n-decane, using polyoxometalate 
catalyst with Keggin structure has been investigated. The solid product evaluation was performed using gel per-
meation chromatography (GPC), thermal gravimetric analysis (TGA)/(DSC) differential scanning calorimeter, 
FTIR, proton and carbon nuclear magnetic resonance (1H + 13C NMR) spectrums, elementary (C, H, N and S) 
analyses. The results showed that the solid product was a polymer with a weighted average molecular weight 
(Mw) of 183030. In addition, the polymer was found to be sticky, branched and cross-linked. Moreover, for the 
fi rst time, the role of the different solvents in the formation of the polymer was studied. It was revealed that the 
solvent intermolecular force plays an important role in polymerization so that the solvent with stronger molecular 
force did not participant in the polymerization. Ultimately gas chromatography–fl ame ionization detector (GC- 
FID) analysis showed the amount of desulfurization was about 81%. 

Keywords: oxidative desulfurization polymerization (OPD), polyoxometalate catalyst, cross-linked and network 
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INTRODUCTION

In recent decades, fossil fuel consumption has 
increased and consequently emission rate of the pollutants 
such as sulfur has also soared, leading to one of the most 
challenging environmental and human health problems 
[1, 2]. Therefore, in most countries in the world, laws 
and regulations have been introduced to reduce sulfur 
content of the fuels such as gasoil and diesel [3–5]. The 
traditional gasoil desulfurization technology, hydro-ы 
desulfurization (HDS), involves high consumption of 
hydrogen and is operated at high pressure and temperature 
[6, 7]. In addition, HDS is not suitable to eliminate 
refractory aromatic sulfur compounds of gasoil, especially 
thiophene family (such as benzothiophene (BT) and 
dibenzothiophene (DBT)). Therefore new methods are to 
be developed to replace or to complement HDS [8–12]. 

Among the new methods, oxidative desulfurization 
(ODS) has received more attention from the researchers 
since this method can be applied under a temperature of 
less than 100°C and at atmospheric pressure [13–16]. 
This method employs a strong oxidative catalyst such as 
organic acids or polyoxometalates [17–20]. Polyoxometa-
lates have many unique properties including their well-
defi ned structures, the ability to accept and lose electrons, 
high oxidation potential, high thermal resistance, creating 
ideal conditions for the polymerization process of some 
monomers, and high fl exibility of the structural modifi ca-
tion [21–26]. Shojaei et al. [27], showed that the Keggin 
structure was more suitable for oxidation of the organic 
substrates than other structures of the polyoxometalates 
[18, 27]. The great attention paid to this structure is due 
to its high acidity and its oxidative potential, which is 
due to super activity and high proton mobility. These 
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STEP 1: Blending different chemicals and preparation 
of H5PV2Mo10O40

STEP 8: Performing different analysis 
on the separated polymer 

STEP 7: Separating olymer of the catalyst 
by a centrifuge set

STEP 6: Sampling 4.5mL of the treated model fuel for more 
accurate detection of BT concentration by GC analysis 

STEP 5: Performing the oxidation polymerization process
for the desulfurization of the model fuel using the catalyst 

STEP 4: Addition of an appropriate amount of catalyst  
to  the model fuel in a flask

STEP 3:1000 ppm model fuel preparation by dissolving 
appropriate amount of BT in n-decane

STEP 2:  Preparation of the catalyst (H5PV2Mo10O40 & Sio2)

characteristics are due to the existence of two vanadium 
atoms and ten molybdenum atoms, leading to increase 
potential reduction to 0.7 (SHE – 0.7) [18, 28, 29]. In 
addition, due to the diffi culty of separating the catalyst in 
the homogeneous state, the researchers preferred to use 
this catalyst that is heterogeneous [17, 30, 31]. For instant, 
Zhu et al. [30], in 2013 used polyoxometalate catalyst 
with hydrogen peroxide and succeeded in desulfurization 
(98.4%) of a model fuel containing DBT. In the same 
year, Xiao et al. [32], used the tungsten compound of the 
polyoxometalate family for desulfurization of a model 
fuel containing BT (88.2%). Li et al. [33], also used 
silica-amino (SBA15) and molybdovanadophosphoric 
acid with hydrogen peroxide, which resulted in more 
than 98% sulfur removal of a DBT containing fuel. Yan 
et al. [34], used a binary combination of silica-titania for 
polyoxometalate catalyst with hydrogen peroxide that 
could remove more than 98% sulfur content of a DBT 
containing model fuel. In 2016, Choi et al. [35], could 
achieve more than 97% desulfurization, using this cata-
lyst, hydrogen peroxide and ultrasonic waves. 

Studies showed that the use of hydrogen peroxide or 
the combination of polyoxometalate catalyst with organic 
or inorganic materials created the challenge of separat-
ing them from the catalyst and caused the process to be 
economically or environmentally unviable [36]. Neumann 
et al. succeeded in desulfurization of the model fuel, con-
taining BT and DBT, using the Keggin structure of the 
polyoxometalate catalyst without any additional material 
[36]. Their results indicate that oxidative polymerization 
desulfurization (OPD) method could be used for desul-
furization of a model fuel containing BT or DBT. In other 
word, OPD process is a method of separating BT and DBT 
from a fuel by converting these monomers into a poly-
mer. However, they have not characterized the products 
obtained at the end of the desulfurization procedure, 
which means further investigations are required on this 
subject. Therefore, in this work, oxidative polymerization 
desulfurization process has been studied with more 
details, examining the characteristics of the produced 
polymer. In addition, the effect of the solvent of the model 
fuel on the polymerization process has been investigated, 
for which three different solvents have been used.

EXPERIMENTAL

Chemicals 

The chemicals used in this study such as BT (98.0%, 
BT), n-decane (94.0%), tetrahydrofuran (99.0%, THF), 
acetonitrile (99.0%), sulfuric acid (95–97%), diethyl 
ether (98.0%), silica gel 60 (10 g, Merck, 0.040–0.063 
mm, surface area 480–540 m2 g–1), sodium metavanadate, 
Na2HPO4, Na2MoO4·2H2O were prepared from Merck 
Co. (Germany). All of the listed chemicals were of 
analytical grades and were used without more purifi cation. 

Catalyst Synthesis and Characterization Methods 

Figure 1 shows an overview of all the laboratory steps 
performed in a step-by-step and accurate procedure for 
the desulfurization of BT model fuel using oxidation 
polymerization process. 

Preparation of H5PV2Mo10O40. Figure 2 shows the 
catalyst preparation steps as well as the desulfurization 
reactor. In step 1 of this fi gure H5PV2Mo10O40 is shown, 
which is obtained by combining the following materials. 
Sodium metavanadate (12.2 g, 100 mmol) was dissolved 
by boiling it in 50 mL of water and then mixing it with 
(3.55 g, 25 mmol) of Na2HP04. After the solution was 
cooled to ambient temperature, concentrated sulphuric 

Fig. 1. An overview of all the laboratory steps for the 
desulfurization of BT model fuel by oxidation polymerization 
process.

 p
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Preparation of H5PV2Mo10O40 
(step 1) H5PV2Mo10O40 (step 2) Catalyst (step 3)

Oxidative desulfurization 
process (step 4)

acid (5 mL, 17 M, 85 mmol) was added, where through 
a red color was developed. Then, Na2MoO4.2H2O (60.5 
g, 250 mmol), dissolved in 100 mL of water, was added 
to the red solution obtained in the previous stage. In this 
step, the mixture was severely shaken for a specifi c time. 
During vigorous mixing, the concentrated sulphuric acid 
(42 mL, 17 M, 714 mmol) was slowly added with a drop-
per. The hot mixture was given time to cool down to the 
room temperature. The 10-molybdo-2-vanadophosphoric 
acid was then extracted with 500 mL of diethyl ether. Air 
was transferred through the heteropoly etherate (bottom 
layer) to free it of ether. The solid residue was dissolved 
in water, concentrated to fi rst crystal formation, as already 
described, and then allowed to crystallize further. Finally 
as shown in step 2 of Fig. 2 the solid polyoxometalate 
catalyst was obtained by fi ltering the large red crystals, then 
washing it with water and drying it with air [24, 27, 36].

Preparation of H5PV2Mo10O40/SiO2 catalyst. The wet 
impregnation method was used to prepare the catalyst as 
shown in step 3 of Fig. 2 by applying the following pro-
cedure. The red crystals obtained in the previous section 
(H5PV2Mo10O40 (1 g)) was dissolved in deionized water 

(50 mL). Then the silica gel powder (with the specifi ca-
tions that are, 10 g, Merck, 0.040–0.063 mm, surface area 
480–540 m2 g–1) suspended in deionized water (50 mL) was 
added to the mixture. The resulting mixture was stirred at 
room temperature for 6 h and the water was then evaporated 
under vacuum at specifi c time. H5PV2Mo10O40/SiO2 was 
dried under reduced pressure for 4 h [36]. 

Phosphovanadomolybdate and the catalyst, prepared 
according to FTIR and EDX analysis, have been 
studied and characterized as follows: FTIR spectra were 
determined on a BrukerVector-22 infrared spectrometer 
using KBr disks. The number of scans was 32 and the 
resolution was 4 cm–1. All spectra were collected in 
the range of 400–4000 cm–1. In addition, the chemical 
composition of the sample was determined by EDX.

General Procedures for Oxidative 
Desulfurization Process

The model fuel was prepared by dissolving BT in 
n-decane, with a corresponding S-content of 1000 ppmw. 
As shown in step 4 of Fig. 2, in order to run the oxidative 

Fig. 2. (Color online) Catalyst preparation steps and the desulfurization process.
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desulfurization tests, 100 mg of the prepared catalyst 
(containing 9.1% H5PV2Mo10O40/SiO2) and the model 
fuel were placed into a 50 mL reactor equipped with an 
air pump and a refl ux condenser, on a heater, and stirred 
(with a magnetic stirring speed of 1000 rpm) at certain 
temperature for a determined time.  In order to control the 
temperature, an oil bath was used on the heater and then 
the fl ask was placed inside the oil bath. After the reaction 
was completed, the mixture was cooled down to the room 
temperature and the upper clear solution was withdrawn 
to determine its sulfur conversion. In addition, at the end 
of the experiment, the remaining solid at the bottom of 
the fl ask was separated to analysis the produced polymer. 
The sulfur conversion (BT conversion) can be calculated 
as the difference between the amount of sulfur before 
entering the reactor and after exiting the reactor. In order 
to study, the typical sample characterized by GC-FID 
analyses were performed. Gas chromatographic analysis 
was conducted using Shimadzu GC-2010 (Kyoto, Japan) 
equipped with a split/split less injection port and a fl ame 
ionization detector (FID). The GC capillary column with 
an internal diameter of 0.25 mm which were coated with 
a 0.22 μm thick fi lm of BP5 (5% phenyl siloxane, 95% 
methyl polyorganosiloxane; Supelco, Bellefonte, USA) 
was used. At the fi rst step, six samples of the model fuel 
as index (with concentrations including (a) 1100, (b) 800, 
(c) 500, (d) 200, (f) 100, and (g) 50 ppm) were prepared 
and along with the obtained result after desulfurization, 
were analyzed.

General Procedure for Separation of the Polymer 
from the Catalyst

Figure 3 shows the steps taken to separate the polymer 
from the catalyst. In order to produce a detectable 
amount of polymer a model fuel with sulphur content 
of 20 000 ppm was used. 0.5 g of the catalyst was added 

Separated polymer solution (including solvent and 
polymer) from the catalyst (step 1)

Polymer obtained after complete solvent 
evaporation  (step 2)

to the fuel and the reaction was carried out. At the end 
of the reaction, the solid, composed of the catalyst and 
the polymer (the polymer was stuck on the catalyst) was 
precipitated at the bottom of the fl ask. Then the remaining 
solvent was removed. In the next step, a new solvent 
tetrahydrofuran (THF) was added to the fl ask to solve the 
polymer. Then, the new solution including the solvent, the 
polymer and the catalyst were poured into a number of 
falcons (15cc). The falcons were centrifuged at 8 000 rpm 
for 60 min leading to deposition of the catalyst at the 
bottom of the falcons. The supernatant of the falcons was 
gathered in a beaker as shown in step 2 of Fig. 3, which 
includes only THF and the polymer. 

The remaining catalyst at the bottom of the falcons 
was weighted to be 0.5 g. The liquid in the beaker was 
allowed to evaporate for a few days tile all the solvent 
was evaporated so that only the dry polymer powder 
remained in the beaker. Step 2 of Fig. 3 shows the dark 
brown polymer powder. It should be noted that during 
the preparation of the polymer, its sticky physical state 
was observed.

In addition to the FTIR analysis, the analysis described 
below are used to identify and evaluate the polymer. 
Elementary (C, H, N, and S) analysis were performed with 
CHN–O–Rapid (Leeco Corporation – TruSpec model). 
Differential scanning calorimetry (DSC) measurement 
was performed on a METTLER TOLEDO instrument 
Switzerland) DSC1 Model, interfaced to a digital 
computer equipped with Star E 9.01 software (Sencor 
FRS5) and type of (Sample & reference) Pan: Aluminum 
Crucible Standard 40 μL. The samples were heated from 
100 to +340°C with a rate of 10°C min–1. The thermal 
gravimetric analysis of the polymer was determined 
by TGA/DSC (model DSC1). The sample (10–20 mg) 
was heated at the temperature range of 50–600°C under 
N2 under and atmosphere. H + CNMR spectrums were 
recorded on an AV-400 spectrometer (Bruker Corporation, 

Fig. 3. (Color online) A view of the procedure for separation of the polymer from the catalyst and the preparation of formed polymer. 
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Germany) and a content of the samples (0.4–0.5 mg) is 
dissolved in (0.5–0.7 mL) DMSO. Molecular weight 
distribution and molecular weight averages were 
determined by gel chromatography (GPC) (model 
Yl9100, YL Instrument Corporation, Korean) at 135°C 
in THF running with a fl ow rate of 1.0 mL min–1. The 
GPC was equipped with an automatic injection system, 
a dual-headed pump (model 9110) and a refractive index 
detector (model 9170). A set of four columns include 
styragel columns HT2, HT3, HT4, and HT5 include 
effective molecular weight ranges (100–10 k, 500–30 k, 
5–600 k, and 50–4000 k) was used. Polystyrene standards 
were used for the calibration. Analysis was carried out in 
THF running with a fl ow rate of 1.0 mL min–1 at 35°C. 
Polystyrene standards were used for the calibration. 

RESULTS  AND  DISCUSSION

The results are divided into three sections. (1) Catalyst 
preparation and characterization; (2) Desulfurization; 
(3) Characterization of the prepared polymer.

Step 1: The Characterization of the Keggin-Type 
Catalysts

Figure 4 shows the FTIR spectra of polyoxometalate 
(H5PV2Mo10O40) and the silica-supported catalyst. 
There are four characteristics infrared bands of the 

Keggin structure including 1057 cm–1 (νas P–O), 
958 cm–1 (νas M=O, with M: Mo and V), 866 cm–1 
(νas M–O–M inter-octahedral), 784 cm–1 (νas M–O–M 
intra-octahedral) in accordance with the literature 
[37, 38]. The band located at 1230 cm–1 presents a band 
of phosphonate (νas P=O). In addition, the bands placed 
at 3300–3500 cm–1 and 1610–1650 cm–1 confi rms the 
presence of water in the structure (secondary structure). 
The variation of these vibrations toward lower 
wavenumbers for V-POM (i.e., 4–5 cm–1) belongs to the 
reduced structure symmetry and confi rms the presence 
of V-atom in the Keggin unit [38].

To ensure the existence of two vanadium atoms in the 
structure of the catalyst, an EDX elemental analysis was 
provided based on the work of Tsigdinos and Hallada 
[37–39]. This analysis presented further evidence for 
formation of Keggin structure containing the appropriate 
number of vanadium atoms. Figures. 5a and 5b show 
the results of the EDX of POM and silica-supported 
POM, respectively. As can be seen in Fig  5, the 
chemical composition of the typical sample is; silicon, 
molybdenum, phosphorus, oxygen and vanadium. Then, 
according to Table 1, the molar ratio of the elements 
in the Keggin structure (H5PV2Mo10O40), based on 
software calculation of the EDX analysis, are shown. 

Table 1 shows molar ratios of the chemical elements 
of a typical H5PV2Mo10O40 sample, obtain using EDX 
analysis. Column (a) of this table gives the ratios obtained 

Fig. 4. (Color online) FTIR spectra of H5PV2Mo10O40 (1) polyoxometalate and (2) the silica-supported catalyst.
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Step 2: Oxidative Desulfurization Rate of BT 
in the Presence of the Catalysts

In order to study the catalyst performance, ODS 
process was performed on a typical model fuel under 
the mentioned experimental condition. GC–FID analysis 
was used to determine the exact amount of oxidative 
desulfurization. Figure 6 shows the results obtained from 
the GC-FID analysis. In this regard, six samples of the 
model fuel as indexed with concentrations of (a) 1100, 
(b) 800, (c) 500, (d) 200, (f) 100, and (g) 50 ppm along 
with tested sample (e) were analyzed. As can be seen in 
Fig. 6, the appeared peaks are in descending process and 
area of the dropping peaks.

In Fig. 7, the areas of the peaks are plotted against the 
sample concentrations. Equation (1) was then fi tted into 
the data of Fig. 7. 

in this work and column (b) gives the ratios reported by 
Tsigdinos and Hallada [39]. These results indicate that 
the molar ratios of this work are very close to those of 
the literature. 

Fig .  5 .  EDX pa t t e rn  o f  ( a )  H 5PV 2Mo 10O 40 and 
(b) H5PV2Mo10O40/SiO2 (catalyst).

Fig. 6. GC-FID chromatograms of model fuels indicators before oxidation, ppm: (a) 1100, (b) 800, (c) 500, (d) 200, (f) 100, (g) 50 ppm, 
and after oxidation of model fuel (oxidative desulfurization sample (e), oxidation conditions: time 12 h, reaction temperature 75°C).

Table 1. Molar ratios of chemical elements of a typical 
H5PV2Mo10O40 sample

Chemical element in 
H5PV2Mo10O40

Molar ratios 
(a)

Literature 
results (b) 

[39]

P 1.32 1.31

V 4.23 4.32

Mo 40.19 40.69

H and O 54.25 26.33
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y = 0.7.907x2 + 741.92x + 355019,               (1)

where y is area and x is concentration
Equation (2) can be used to calculate the desulfurization 

rate (80.15%) [15, 35]. 

                                             Sinitial – Sfi nalSt (%) = –––––––––––––– × 100,             (2)
                                                   Sinitial

where Sinitial (1000 ppm) is the initial sulfur concentration 
in the model fuel and Sfi nal (198.5 ppm) denotes the fi nal 
sulfur concentration of model fuel, after oxidation reaction.

Step 3: The Characterization of the Polymeric Product 
from the Oxidative Polymerization Process

Before characterizing the polymer product, it is 
necessary to explain how the process the polymer is 
formed. Figure 8 shows the overall view along with the 
details of the polymerization process. Due to the existence 
of an empty d orbital in the vanadium atom in the catalyst 
structure, it strongly requires an electron capture. Thus, by 
attacking the structure of BT in the model fuel, it absorbs 
electron and converts them into a BT radical. As shown in 
reaction (I) of Fig. 8, the electron is transferred from BT 
to the catalyst, which reduces the catalyst and converts 
BT to a positive radical. This reaction is the fi rst reaction 
(initiation of the polymerization process) and is shown 
as reaction (I) of Fig.8. 

In the next step, the positive radicals of BT formed 
in reaction (I) have an electrophilic property that can 

Fig. 7. The calibration diagram of the chromatogram analysis 
data (area of the peak and concentration of samples) and the 
equation fi tted from data.

Fig. 8. A scheme of the oxidative polymerization desulfurization of the model fuel containing BT.
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start an electrophilic aromatic substitution reaction in 
the presence of the other BT molecules. As shown in 
reaction (II) of Fig. 8, there is a binary radical of BT 
that it occurs by the electron donating property in an 
outer-sphere electron transfer mechanism [36, 40–42]. In 
reaction (III), the product of reaction (II) is re-attacked by 
the catalyst causing it to lose two electrons and become 
a dimmer of BT. The dimer obtained in reaction (III) 

converts to a trimmer through reactions (IV) to (VI). This 
process continues until all BT molecules or a part of BT 
molecules are converted into the polymer. According to 
reaction (VII), oxygen molecules, which are penetrated 
into the fuel from the ambient air, oxidize the catalyst 
and regenerate it. The catalyst capacity and the catalyst 
regeneration rate by oxygen are the main parameters, 
which determine how many of BT molecules can be 
converted into the polymer. 

After the oxidative polymerization process, a brown 
colored substance is deposited on the surface of the 
polyoxometalate catalyst. As Domb and Langer [43], 
have reported the acidic catalysts include intermediate 
metals such as titanium that can change the polymer 
color. After the separation of the brown precipitate from 
the catalyst, it was identifi ed by conventional analytical 
techniques.

GPC analysis. Molecular weight (MW) of a polymer 
plays an important role in its synthesis and application. 
One of the most accurate methods for determining MW 
of a polymer is GPC analysis. To assure the formation 
of any polymer beside the present catalyst, GPC analysis 
was used to obtain the MW of the prepared polymer. The 
results obtained from GPC analysis is shown in Table 2 
and Fig. 9. GPC curve is shown in Fig. 9. As it is observed 
from Fig. 9, there are two peaks for the solvent and a 
typical sample. The polymer formation can be confi rmed 
by observing peak of the typical sample. In Table 2, MW 
distribution obtained from a sample of 0.05 g is shown in 
GPC analysis. As shown in Table 2, MW distribution well 
represent the polymer formation. Therefore, the numerical 
average MW (Mn = 111911 Da) and the weighted average 
MW (Mw = 183030 Da) confi rm the polymer formation 
and also shows that the polymer has a narrow molecular 

Fig. 9. (Color online) GPC curves of the polymer and solvent.
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weight distribution [44]. The defi nition of the average 
MW shown in Table 2 is presented in the literature by 
Shortt [45]. In addition, the polydispersity index (PDI = 
1.635) is greater than 1 that indicates it is a polydisperse 
polymer [46]. The GPC data in Table 2 indicate that the 
polymerization has taken place. 

Thermal analysis. TGA and DSC analyses were 
performed to study the thermal properties of the 
polymer. TGA is a simple and accurate method to see 
the decomposition pattern and the thermal stability a 
polymer by determining the weight loss of the polymer 
as a function of time or temperature. DSC is the best way 
to determine the glass transition temperature (Tg), and 
crystalline melting temperature (Tm) [44, 47]. In Figs. 10 
and 11, the data obtained from TGA and DSC analyses 
are displayed. 

Figure 10 indicates fi ve different signal values. The 
main decomposition of the prepared polymer starts above 
150 °C. Then, due to the destruction of C–C, C–S or S–S 
bonds it goes up to 650°C. At the end of the heating TGA 
analysis indicates that a signifi cant amount of polymer 
(about 30%) remains at 650°C. It represents the ash 
content that can be due to aromatic compounds. 

In addition, DSC test (data is in Fig. 11) was carried 
out on the sample at a heating rate of 10°C min–1. In 
Figure 11, there are three different temperatures at –47.73, 
–17.31, and –5.35 °C that can be caused by Tβ, Tα and 
Tg transition temperatures. The reason for having this 
glass transition temperatures can be stated according 
to the literature [48–50]. The reasons for observing 
these temperatures are the factors such as rotation of the 
functional groups, rotation and movement of the parts of 

Fig. 10. TGA analysis of the prepared polymer.

Fig. 11. DSC analysis of the prepared polymer.
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the solvent that are attached to the polymer, or moving of 
the main polymer chains. In addition, for some polymers, 
Tg can be below 25°C or it has temperature range in 
which case the polymer is soft and fl exible at 25°C (for 
example rubbers). In the following, the two exothermic 
heat fl ows, the fi rst peak at 158.5°C and the second peak 
at 291.8°C observed in the DSC thermogram are shown 
in Fig. 11. It could be explained by a crystallization phase 
or transformation of this phase to another structure form 
followed by branching and/or crosslinking or the high 
degree of aromaticity with branching and/or crosslinking 
of the polymer sample [51–53]. The second peak was due 
to an endothermic reaction at 192.5°C which is related 
to Tm of the polymer sample. Due to the thermal results 
obtained from the polymer sample, it can be confi rmed 
that it is sticky and branched polymer with side groups 

including solvent, connected to the main chain, including 
solvent.

Structural analysis. The structure of the polymer 
sample including the type of the functional groups and 
the chemical structure as well as elemental analysis 
of the polymer structure were also studied. For this 
purpose, FTIR, 1H NMR, 13C NMR spectroscopies and 
elementary analysis have been investigated separately 
on the polymer sample. Initially, the effect of solvent in 
the polymerization process was investigated. In addition 
to the primary solvent (n-decane), two other solvents 
(THF and acetonitrile) were also used in the polymer 
synthesis, in accordance with the steps in the preparation 
of polymers in experimental section. After the preparation 
of three types polymers with three different solvents (a: 
n-decane, b: THF and c: acetonitrile) according to the 

Fig. 12. 1H NMR spectra of the polymer samples in three different solvents: (a) n-decane, (b) THF and (c) acetonitrile.
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procedure expressed in the experimental section, the 
structure of the synthesized samples was detected by two 
types of analyses. Based on the structure of the polymer 
suggested by Neumann [36], the presence of aromatic and 
aliphatic groups was investigated by 1H and 13C NMR 
spectroscopy afterward, by using FTIR spectra, the types 
of functional groups were assigned.

1H NMR and 13C NMR spectroscopy. The 1H NMR 
spectra (300 MHz) of the representative samples in 
three different solvents are shown in Fig. 12. There are 
three graphs in this diagram that Fig. 12a relating to 
the polymer prepared in n-decane, Fig. 12b in THF and 
Fig. 12c in acetonitrile. In 1HNMR spectrum of Fig. 12, 
three distinct regions are appeared, a region with peaks 
at 0.76–1.3 ppm (A in Fig. 12a), 0.78–1.31 ppm (A in 
Fig. 12b), 1.77–2.06 ppm (A in Fig. 12c), a region with 

a peak at 3.30 ppm (B in Fig. 12a), and at 3.4 ppm in two 
regions B in Fig. 12b and Fig. 12c and also a broad set of 
resonances at 7.0–9.0 ppm (A, B, and C in Figs. 12a–12c). 
The resonances in region A was demonstrated –CH2 and 
–CH3 and also –CH2 groups was detected at 3.3–3.4 ppm 
(B). Aromatic groups include sulfur and without sulfur is 
shown in region C at 7.3–7.6 ppm [54–58]. By observing 
the peaks development in all three graphs of Fig. 12, it is 
seen that the solvent completely affects the polymeriza-
tion process and the chemical structure of the polymer 
composition, as in Fig. 12a, the effect of the aliphatic 
groups is completely evident. This trend in the second 
and third graphs were less and less. It can be explained 
by intermolecular forces and chemical structure solvents.

In addition, 13C NMR has been provided to determine 
the structure details of the polymer samples. In Fig. 13, 

Fig. 13. (Color online) 13C NMR spectra of the polymer samples in three different solvents: (a) n-decane, (b) THF and (c) acetonitrile.
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as same as in Fig. 12, the classifi cation of the graphs is 
based on the solvents used in the polymer synthesis. The 
graphs in Fig. 13 are 13C NMR spectra of the polymer 
samples in n-decane (Fig. 13a), in THF (Fig. 13b), and in 
acetonitrile (Fig. 13c). In each instance, the resonances 
below 40 ppm (A) are assigned to the methyl carbons 
(aliphatic groups) in the repeating unit, and the number 
of resonances depends on the different solvents structures 
used. The resonances in the rage of 110–160 ppm (B) are 
assigned to the aromatic carbons in the polymer structure 
[59]. Interestingly, decreasing peak of the aliphatic 
groups and increasing peak of aromatic groups in the 
prepared polymer structure was observed from n-decane 
to acetonitrile.

FTIR spectra. To support the results of 1H and 
13C NMR spectroscopy analyses, FTIR spectra were also 
provided. Peak areas are also shown by English capital 
letters. As can be seen from Fig. 14, the IR spectra of 
the polymer samples as follows: A: C–S–S–C dihedral 
bend (dimethyl disulfide) (450–500 cm–1), B: C–S 

and few thiophene dications (600–750 cm–1), C and 
D: (aromatic group =CH2 and C=C and few thiophene 
dications) (790–980 cm–1), E and F: (C–C and C=S) 
(1050–1240 cm–1), G and H: (the thiophene symmetri-
cal C=C) (1370–1470 cm–1), I: (aromatic group C=C 
and phenyl group) (1620–1700 cm–1), J: (S–H (thiol)) 
(2350–2500 cm–1), K: aliphatic (alkanes) (–CH2– and 
–CH3 branching on the benzene ring) (2900–3000 cm–1), 
L: (aromatic =CH2 and =C–H) (3050–3100 cm–1), M: 
(O–H group) (3400–3700 cm–1) [60, 61]. However, in 
this fi gure, there is a decreasing and increasing trend in 
aliphatic and aromatic groups. For example, E, F and K 
points on Fig. 14a has the highest value and in Fig. 14c 
the lowest value. This indicates the intensity of the ali-
phatic group in various polymeric samples with different 
solvents. Also, stretch intensity the point of D can be seen 
equal in all three diagrams (Figs. 14a‒14c). This is due 
to the formation of the same number of polymer base 
(polymer monomer) in all three types of samples, which 
is a repeatable thiophene groups in the polymer structure 

Fig. 14. FTIR spectra of the polymer samples in three different solvents: (a) n-decane, (b) THF and (c) acetonitrile.
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and/or it can be deduced that the polymer chains is formed 
from the thiophenic ring [60, 61]. Another important point 
that is completely evident, the decrease in the intensity 
of the thiol group from Fig. 14a to Fig. 14c. Which can 
indicate the banding of aliphatic groups such as methyl 
to sulfur, which is evident at the point A of the Fig. 14a 
then Figs. 14b and 14c.

Elemental analysis. Elemental analysis was used 
to inspect the role of the reaction solvent on the 
polymerization process. As shown in Table 3, the 
percentage of the carbon reduction can be seen from 
sample 1 to sample 3. This could be another reason for 
the presence of solvent in the polymerization reaction. 
On the other hand, the smallest amount in the third 
sample indicates the strong intermolecular force of the 
acetonitrile in comparison with other solvents which did 
not has the tendency to participate in the polymerization 
reaction. Additionally, this lack of interest in the 
polymerization reaction can be observed in the absence 
of nitrogen in sample 3.

CONCLUSIONS

The purpose of this study was to identify and 
investigate desulfurization of BT in n-decane as a model 
fuel using SiO2-supported polyoxometalate catalyst with 
Keggin structure. In addition, the products of the OPD 
process were fully characterized. As sulfur dioxide from 
the liquid fuel after the process was about 81% and the 
solid product formed by polymer evaluations. GPC 
analysis revealed two important points about the polymer. 
First, this material separated from the catalyst was a 
polymer because it had a weighted average molecular 
weight (Mw) of 183030 Da. Second, the polymer was 
most likely a branched species so that the monomer 
concentration had an important role in reducing the 
polymerization time and formation of high molecular 

weight polymer. Thermal analysis results of the polymer 
showed that it could be considered as a crosslinked and 
sticky, branched with a network structure. The structural 
analysis such as NMR and FTIR spectroscopies and 
elemental analysis also indicated the polymer structure 
type, functional groups, and solvent effect on the polymer 
structure. The solvents with weaker intermolecular force 
could participate in the polymerization process and affect 
the polymer structure. On the other hand, a solvent with 
stronger intermolecular force such as acetonitrile was 
ineffective on the polymerization process and did not 
affect the polymer structure.
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