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a b s t r a c t

Hydrodesulfurization is a common but less effective technique to remove sulfur content of oils due to
severe operating conditions of temperature, pressure and cost. Oxidative desulfurization(ODS) is prefer-
able due to low cost and mild operating conditions. Coupling of the extractive catalytic desulfurization
with the ODS give rise to extractive catalytic oxidative desulfurization(ECODS), a more promising for
the elimination of sulfur contents of fuel oil. Herein we present by polyoxometalate based hybrids,
[H2TPP][K5BVW11O40]�2CH3CN�2H2O (1), [H2TPP]2[K3BVW11O40]�CH3CN�3H2O (2), and
[H2TPP]3[KBVW11O40]�2CH3CN (3) for efficient ECODS of hazardous model fuel. These were synthesized
by facile method and characterized by elemental analysis, inductive couple plasma, powder X-ray diffrac-
tion analysis, thermo-gravimetric/differential thermal analysis, fourier transform infrared, and UV–visi-
ble analysis. These polyoxometalate based hybrids contain cations [H2TPP]

2+(organic) and
[BVW11O40]7�(inorganic) with stoichiometric ratios(i.e., 1:1, 2:1, 3:1). The stoichiometry of these hybrids
was also established by Job’s analysis which agreed well with the results of TG-DTA and elemental anal-
yses. Interestingly, an increase in catalytic efficiency is observed with increase of organic cations. The
maximum �99.5 % conversion of dibenzothiophene at 60 �C after 2 h has been achieved with hybrid 3
which could be employed up to ten cycles without a significant decrease in efficiency.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Desulfurization is an important practice in oil refineries to
remove hazardous sulfur compounds from transportation fuel
because these compounds get converted into SOx during combus-
tion which contribute to air pollution, acid rain and also descends
the combustion efficiency of transportation fuel [1,2]. It is an
essential requirement to clean the fuel oils from sulfur to minimize
the sulfur contents (S-contents) up to the international standards
across the globe [3]. In order to minimize the S-contents in trans-
portation fuel oils, different strategies have been employed [4,5].
Hydrodesulfurization (HDS) technique is widely active in oil
refineries in which, the compounds containing sulfur are converted
into hydrogen sulphide (H2S) after reaction with hydrogen by
using catalysts (i.e., Ni-Mo/Al2O3 and Co-Mo/Al2O3) and resultant
H2S can easily be removed [6,7]. However, some limitations i.e.,
requirement of hydrogen supply at start and severe operation con-
ditions are associated with this technique which hindered to
obtain the zero % S-contents in oil [8,9]. More importantly, this
technique is not fruitful to remove heterocyclic S-compounds
(benzothiophene, dibenzothiophene and thiophene and their
derivatives) due to steric hindrance of surface-etched catalyst.
Therefore, more intense reaction conditions (�400 �C, �20 MPa
and active catalyst) are required which causes economic burden
as well as oil loss [10,11]. Consequently, alternative techniques
i.e., oxidation-/extraction-/adsorption- and bio-desulfurization
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[12–14], are studied among which the oxidative desulfurization
(ODS) is more preferable because it operates at mild and simple
conditions [4]. Recently, coupling of extractive desulfurization
(EDS) with ODS, has gained much attention due to its advantages
of operating protocol at low temperature and atmospheric pres-
sure. This method can be used to defeat the limitations of ODS
demanding multistep post treatment protocols such as extraction,
adsorption, or distillation to get rid of sulfur containing com-
pounds from oils and to avoid of EDS demanding numerous extrac-
tions leading to long duration process and expansive utilization of
extractants [15]. ECODS is beneficial due to severance of sulfur
containing components in a single unit and simultaneous reac-
tions. Furthermore, in ECODS method, sulfur containing compo-
nents are catalytically oxidized to sulfones under mild conditions
and the sulfones are extracted via extraction, adsorption, and dis-
tillation [16]. Various catalytic systems, i.e., polyoxometalate
(POMs), organic acid, solvents, and metal organic frameworks
(MOFs) such as Ti-based MOFs have been reported for ODS [17–
20]. Among them, POMs as an individual or POMs based catalytic
systems have attracted significant attention due to their high effi-
ciency of sulfur removal and their structural stability [8].

POMs, a specific class of discrete metal–oxygen anionic inor-
ganic clusters, can play a key function in various fields of science
and technology such as medicine, electro/photo-chemistry and
catalysis [17,21,22]. It is due to their structural versatility, greater
negative charges and physio-chemical properties [23,24]. The cat-
alytic applications of POM based materials are uprising incessantly
because of their stronger acidity and thermal stability [17,21].
However, low surface area (1–10 m2/g) confined their application
in industry [22]. Therefore, different approaches have been
adopted to increase the surface area such as immobilizing POMs
onto different neutral or acidic materials for instance c-Al2O3/
TiO2, encapsulation into zeolites, metallophthalocyanine, poly-
mers, ionic liquids, polyanilines, graphene composites [12,25–
30]. Moreover, the use of solvent-free system consisting of hetero-
geneous catalysts has also been found successful in oxidative diesel
desulfurization [31]. Despite of multiple advantages, some hin-
drances (such as leaching of POMs from supports and suffering
from structural rearrangements of POMs) have been noticed which
may decrease the catalytic activity of POMs [22].

On the other hand, porphyrin is found to be the most promising
candidate because of its highly conjugated system, stability, flexi-
bility of excited state properties, and versatile structural modifica-
tions [32]. This chromophore has been extensively applied in
photodynamic therapy, electro-catalysis, solar cells and non-
linear optics [11,33]. Recently, the catalytic application of por-
phyrin towards desulfurization has gained great interest in various
aspects of social benefits and is found to be economic based on its
attractive structural properties [34]. A lot of works have been made
to design different combinations of porphyrin(s) to study the struc-
ture–property relationship between catalytic activity and por-
phyrin(s) components [24,33]. However, some limitations
hindered their applications such as, solubility, structural stability
and inert sites of porphyrin. Therefore, the properties of porphyrin
can be modulated to achieve high efficiency in catalysis. In this
context, such kind of POM(s)-porphyrin(s) fabrications are
required which can resolve these issues: (1) solubility problems;
(2) to increase their structural stability; (3) to enhance their sur-
face area; (4) to create microenvironment to direct and enhance
the reactivity/selectivity. Therefore, in this manuscript,
porphyrin-POM hybrid system has been developed which is a first
example to study the ODS of model oil to the best of our knowl-
edge. In the current work, three new polyoxometalate (POM) based
hybrid compounds, [H2TPP][K5BVW11O40]�2CH3CN�2H2O (1), [H2-
TPP]2[K3BVW11O40]�CH3CN�3H2O (2), [H2TPP]3[KBVW11O40]�
2CH3CN (3) were synthesized by one pot reaction at room temper-
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ature. These compounds were composed of different ratios of
cation and anion. Thorough investigation of catalytic performance
in ODS of model fuel has been performed, involving a variety of fac-
tors such as amount of catalyst, reaction temperature, reaction
time, amount of H2O2 and regeneration of the catalyst.

To date, the catalytic application in desulfurization of model
fuel using ECODS method for such kind of porphyrin- POM
(H2TPP-POM) hybrids with special surroundings and bi-
functional active sites is not reported.
Experimental

Materials

[H2TPP][ClO4]2 (tetraphenylporphyrin perchlorate) and K7-
[BVW11O40]�nH2O (polyoxovanadotungstate denoted as BVW)
were prepared according to the reported methods [35]. Dibenzoth-
iophene (DBT) was purchased from Sigma Aldrich. Rest of the sol-
vents and chemicals were also of analytical grade and purchased
from Sigma Aldrich.

Synthesis of hybrids 1, 2 and 3

Three organic–inorganic hybrid compounds were prepared by
using same method but different mole ratios. Therefore, general
method is described here:

[H2TPP][ClO4]2 in 10 mL CH3CN (acetonitrile 99.8 %) and BVW in
10 mL CHCl3 (chloroform 99.5 %) were dissolved separately. The
both solutions were mixed with five minutes constant stirring
which produced green precipitates. The green powder was filtered
through vacuum filtration, washed thoroughly with CHCl3 and
CH3CN to remove the impurities and air dried. Hybrid 1: Molar
ratio (1:1), [H2TPP][ClO4]2 (0.0030 mmol, 23.3 mg); BVW
(0.0030 mmol, 91.4 mg). Hybrid 2: Molar ratio (2:1), [H2TPP]
[ClO4]2 (0.0060 mmol, 46.6 mg); BVW (0.0030 mmol, 91.4 mg).
Hyrbrid 3: Molar ratio (3:1), [H2TPP][ClO4]2 (0.0090 mmol,
69.9 mg); BVW (0.0030 mmol, 91.4 mg).

Characterization

Perkin-Elmer 240C was used for elemental analyses of H, C, N
and ICPS-7500 model of inductively coupled plasma-emission
spectrometer (ICP-ES) was used for to analyze the molar ratio of
K/V. In this technique, all the samples were dissolved in dilute
HCl prior to use. Thermo gravimetric analyses and differential ther-
mal analysis were performed at room temperature and heating @
of 10 �C�min�1 on a NETZSCH STA 449C unit. FT-IR data were
recorded through (Nicolet) MAGNA-IR 750 spectrophotometer.
KBr was used along with sample to make pellet and spectra range
400–4000 cm�1 was used. Shimadzu UV-2550 spectrophotometer
was used to measure UV–visible with the range of 200–800 nm.
The stoichiometry of compounds 1–3were measured through Job’s
plot analyses experiments. The different sample solutions were
prepared by varying molar rations of BVW/porphyrin but keeping
constant overall molarity of BVW and porphyrin (i.e., 5 � 10�6

mol.L�1). The S-contents were analyzed by Agilent 1100 Series
HPLC.

Extraction and catalytic oxidative desulfurization system (ECODS)

Oxidative desulfurization reactions of DBT were performed
using [H2TPP][K5BVW11O40]�2CH3CN�2H2O (1), [H2TPP]2[K3-
BVW11O40]�CH3CN�3H2O (2), and [H2TPP]3[KBVW11O40]�2CH3CN
(3) as catalysts to investigate their catalytic performance. Model
fuel was prepared by adding Dibenzothiophene (DBT) 0.00406 g
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in n-octane (20 g). The resultant clear solution contained 200
ppmw (elemental S/oil) sulfur concentration. This experiment
was conducted in 150 mL round-bottom flask with three-necks fit-
ted out with refluxing condenser, and magnetic stirrer with ther-
mometer. All the experiments were operated under controlled
temperatures (25, 40, 60 and 80 �C) and with constant 500 rpm
speed of vigorous stirring. The constant speed and temperature
was controlled by magnetic agitator and thermostatically con-
trolled heating jacket respectively. Then 20 mL acetonitrile was
added as an extracting agent. Oxidative desulfurization was started
on addition of a particular amount of 30 % H2O2 (4 mL, 6 mL, 8 mL,
10 mL, 12 mL and 14 mL respectively) with catalyst dose (20 mg,
40 mg, 60 mg and 80 mg, respectively). Agilent HPLC 1100 Series
with C-18 column, length 250 mm, with diameter 4.6 mm was
used to monitor the concentration of DBT in octane phase after
fixed time intervals. The following formula is used to calculate
the DBT removal;

% XDBT ¼ Ci � Ctð Þ=Ci � 100½ � ð1Þ

(Ci) = DBT initial concentration;(Ct) = DBT concentration after t min-
utes of reaction.

There was no considerable effect of mass and volume therefore
these were considered as constants. The catalysts were collected
after filtration at the end of the reaction and washed them with
extensive water and ethanol. Then the catalysts were kept for dry-
ing in oven at 50 �C for 2 h and reused.
Results and discussion

Hybrids 1, 2 and 3

[H2tPP][K5BVW11O40]�2CH3CN�2H2O (1)
Its yield was 73.37 mg, 73 % based on BVW. FT-IR (m/cm�1, KBr):

778 (s, W-Oc-W), 830 (m, W-Ob-W), 934 (s, W-Ot), 1185 (m, B-Oa),
1140 (sh, B-Oa), 1247 (w, d(Cb-H)asym), 1429 (w, Phenyl), 1464 (m, m
(Ca-C)sym), 3121 (w, m(Cb-H)p�asym), 3154 (w, m(Cb-H)p�asym), 3491
(m, m(NAH).) UV–vis (DMF): kmax (e, mM�1cm�1) = 415 (53.02),
510 (2.33), 546 (0.97), 590 (0.531), 648 nm (0.39). The molar ratio
of K/V determined by ICP elemental analysis was 4.97. Combustion
elemental analysis calculated for C24H24BK5N6O42VW11 (3348 gm):
C, 8.61; H, 0.72; N, 2.51 %. Found: C, 8.69; H, 0.77; N, 2.58 %.
[H2tPP]2[K3BVW11O40]�CH3CN�3H2O (2)
Its yield was 75.3 mg 79.8 % based on BVW. FT-IR (m/cm�1, KBr):

764 (s, W-Oc-W), 819 (m, W-Ob-W), 909 (s, W-Ot), 1076 (w, B-Oa),
1150 (w, B-Oa), 1250 (m, d(Cb-H)asym), 1239 (w, d(Cb-H) sym), 1433
(m, Phenyl), 1561 (m, m(Ca-C) p�asym), 3091 (w, m(Cb-H) p�asym),
2989 (w, m(Cb-H)), 3444 (m, m(NAH)). UV–vis (DMF): kmax (e,
mM�1cm�1) = 415 (54.82), 510 (2.35), 546 (0.99), 590 (0.533),
648 nm (0.42). The molar ratio of K/V determined by ICP elemental
analysis was 2.99. Anal. Calcd. for C42H37BK3N9O43VW11 (3557
gm): C, 14.18; H, 1.05; N, 3.54 %. Found: C, 14.23; H, 1.11; N, 3.58 %.
[H2tPP]3[KBVW11O40]�2CH3CN (3)
Its yield was 69.2 mg 80.2 % based on BVW. FT-IR (m/cm�1, KBr):

751 (s, W-Oc-W), 802 (s, W-Ob-W), 907 (s, W-Ot), 1072 (w, B-Oa),
1027 (m, B-Oa), 1339 (m, d(Cb-H)asym), 1290 (w, d(Cb-H)asym),
1430 (w, Phenyl), 1559 (m, m(Ca-C)sym), 3057 (w, m(Cb-H)p�asym),
2963(w, m(Cb-H)p�asym), 3428 (m, m(NAH)). UV–vis (DMF): kmax

(e, mM�1cm�1) = 415 (58.33), 510 (2.53), 546 (0.97), 590 (0.61),
648 nm (0.44). The molar ratio of K/V determined by ICP elemental
analysis was 0.97. Anal. Calcd. for C64H48BKN14O40VW11: C, 20.38;
H, 1.53; N, 5.40 %. Found: C, 20.35; H, 1.47; N, 5.38 %.
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FT-IR studies

The FT-IR spectra of [H2TPP][ClO4]2, BVW, and resultant por-
phyrin–BVW hybrids (1–3) are represented in Fig. 1. The mode
numbers and bond assignments are shown in Table 1. In the spec-
tra of hybrids 1–3, all the C@C, NAH and CAH stretching vibrations
related to the benzene ring fall in the range of 1200–1400 cm�1

while W–Ob–W, W–Oc–W, W–Ot and B–Oa vibrations in the band
region of 700–1200 cm�1 [36,37]. The results are indicated that
the structures of [BVW] anions and [H2TPP]2+ remain intact in
the resulting hybrids. The occurrence of [H2TPP]2+ in the resultant
hybrids was further confirmed by the presence of bands intensities
at 720–1650 cm�1 and near 3350, 3150 cm�1 (Fig. 1). By compar-
ing the FT-IR spectra of the resulting hybrids with virgin BVW,
the W–Ob–W, W–Oc–W, W–Ot and B–Oa vibrational bands show
red-shift in hybrids and show drastic interaction between BVW
anion and [H2TPP]2+ [36].

Annotation: symbols m and d denote stretching, in-plane bend-
ing modes, respectively. The subscripts sym and asym represent
the symmetric and asymmetric modes, respectively. Superscript
p denotes protonated pyrrole. The data in the parentheses are IR
data of the corresponding parent BVW.

UV–Visible spectroscopic studies

The UV–vis spectroscopic analysis was used to examine the
electronic behavior of the resulting hybrids 1–3. All three hybrids
showed the absorption peaks at 259, 415, 510, 546, 590 and
648 nm (Fig. 2). Two strong peaks at 259 nm, 415 nm and the four
weak peaks appeared at 510, 549, 590 and 648 nm were attributed
to tungsten-oxygen charge transfer, porphyrin Soret band and Q
band respectively [37]. The overall spectral studies showed the
presence of [H2TPP]2+ cation and BVW anions structures in the
porphyrin-BVW (�H2TPP-BVW) hybrids which is the indication
of successful synthesis. In the spectra, the quenching of peaks
intensities at 415 nm for all compounds compared to the precur-
sors clearly showed the strong electronic interaction between the
both individual reactants of resultant hybrids in the ground states
[38].

Job’s plot analysis

The Job’s plot analysis method was used to investigate the sto-
ichiometry of hybrids 1–3 by analyzing the absorption changes at
420 nm as shown in Supporting Information Fig. S1. In this per-
spective, the corrected value of absorbance, Y, is defined as [39]:

Y ¼ A� Cb ePorXPor þ ePOMXPOMð Þ ð2Þ
Where, A = absorbance (at 420 nm), C = total concentration [por-
phyrin + BVW], b = optical path length, XPor = (porphyrin)/C, XBVW =
[BVW]/C, ePor (2.9 � 105 L mol�1 cm�1), eBVW (5.42 � 102,
3.35 � 102 and 4.78 � 102 L mol�1 cm�1 for different ratio (i.e., 1,
2, and 3 respectively of BVW) and Y = absorbance deviation of the
solution for porphyrin and the different ratio of BVW (Fig. 3).
Fig. 3 shows that the formation of the 1:1, 2:1, 3:1 complexes
between [H2TPP]2+ and [BVW11O40]7� at three maximummole frac-
tions i.e., 0.5, 0.55, 0.6 respectively. These results are well matched
with the TG-DTA results and elemental analysis results [36].

TGA –DTA studies

The TG-DTA curves showed that hybrids 1–3 has lost all water
molecules, lattice solvent and organic part in a single step (Fig. 4).
From 28 �C to 500 �C, the hybrid 1 losses 12.8 % weight with
exothermal peaks at 357 �C and 436 �C in DTA curve respectively.
It is related to two lattice water, two lattice CH3CN and one



Fig. 1. FT-IR spectra (a) of BVW and [H2TPP][ClO4]2 and (b) of compounds 1, 2 and 3.

Table 1
FT-IR data of [H2TPP][ClO4]2, BVW, and compounds 1 – 3.

[H2TPP][ClO4]2 BVW Compound 1 Compound 2 Compound 3 Assignment

Wavenumber (cm�1) Wavenumber (cm�1) Wavenumber (cm�1) Wavenumber (cm�1) Wavenumber (cm�1) Wavenumber (cm�1)
3449 3427 3491 3444 3428 m(NAH)
3063, 2934, 2873 3130, 3057, 2917 3153, 3121, 3069 3091, 2989, 2923 3057, 2963, 2940 m(Cb-H)pasym
1483 1485 1465 1561 1559 m(Ca-C)sym

1450 1446 1429 1433 1430 Phenyl
1237 1227 1247 1250. 1239 1339, 1290 d(Cb-H)asym

- 1077, 1166 1185, 1140 1076, 1150 1072, 1027 B-Oa

- 947 934 909 907 W-Ot

- 869 830 819 802 W-Ob-W
- 791 778 764 751 W-Oc-W

Fig. 2. UV-spectra of BWV, [H2TPP][ClO4]2 and compounds 1, 2 and 3 in DMF with
concentration 4.5 � 10�5 molL�1.
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H2TPP (calculated value: 12.78 %). Hybrid 2 loses 20.1 % weight in
temperature range of 48 �C – 470 �C, related to loss of three CH3CN,
two H2TPP and one water (calculated value: 20.17 %) with two
exothermal peaks corresponding at 384 �C, 469 �C in DTA curve
respectively. Hybrid 3 loses 26.83 % weight in the temperature
range of 20 �C–480 �C, related to loss of two CH3CN and three
H2TPP (calculated value: 26.79 %) with exothermal peaks at 386,
470 �C in DTA curve respectively. All the molecular formulas of
hybrids 1–3 were matched with the results of element analysis.
Fig. 4 clearly shows that [H2TPP]2+ of hybrids (1–3) begin to
decompose at 265 �C, 287 �C and 322 �C respectively.
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Hybrids 1–3 thermo-stability increase in the order: 1＜ 2＜ 3,
which belong to the strong interaction between BVW anions and
the porphyrin cations. The more electrons the BVW anions of the
hybrid compounds have the more drastic interaction resulting
lower decomposed temperature of the organic part [H2TPP]2+ of
H2TPP-BVW hybrids.

ECOD activity of catalyst

Scheme 1 shows the comprehensive study had been carried out
for the S-oxidation of DBT which were dissolved in acetonitrile and
oxidizing agents H2O2 [40,41]. It is common phenomena previously
reported that DBT converts to sulfones through sulfoxides after
continuous oxidation in acetonitrile phase. The highly polar sul-
fones prefer to stay in polar phase. It causes an ease to remove
DBT from the nonpolar phase towards the polar phase [42]. It is
important to mention here that 55 % of the concentration of DBT
remains in n-octane phase by establishment of extraction equilib-
rium which comes from the HPLC testing results in the non-
catalyzed reaction (Fig. 5).

For the sake to get the optimal oxidative desulfurization effect
of DBT with the H2TPP-BVW hybrids (1–3) as catalysts, different
reaction conditions such as reaction time, catalyst dosage, reaction
temperature and H2O2/DBT molar ratio (represented as O/S) were
investigated. The performances of three hybrids (as catalysts) were
investigated to find out the best catalyst among them.

Mechanistic studies
The proposed mechanism is shown in the Fig. 6.
The oxidative desulfurization of model fuel was carried out in

the presence of hybrids 1–3. The hybrids are composed of organic
cation part [H2TPP]2+ and inorganic anion part [BVW11O40]7�. The
inert surrounding of organic cationic linker is reduced by the intro-



Fig. 3. The graphs for Job’s plots analysis of [H2TPP]2+[K5BVW11O40]2� (a), {[H2TPP]2+}2[K3BVW11O40]4� (b) and {[H2TPP]2+}3[KBVW11O40]6� (c) at k = 420 nm. The XPor is
shown by red colored dash lines.

Fig. 4. TG-DTA curves of hybrids 1–3.
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duction of inorganic anions [BVW11O40]7�. The resultant hybrids
caused the enhancement in desulfurization efficiency.

It infers that the [BVW11O40]7� actively takes part in the cat-
alytic efficiency in the oxidation of DBT. The outer layer of [BVW11-
O40]7� consists of bridging oxygen (W-Ob) and terminal oxygen
(W = Ot). In the presence of hydrogen peroxide, the W = Ot is con-
verted into tungsten-peroxo group (W = O2) Fig. 6. In the presence
of excess oxygen, W = O2 donates its oxygen moiety to DBT by first
converting it into DBT oxide and then to DBT sulfone. The
tungsten-peroxo groups regenerates in the presence of hydrogen
peroxide again [44]. Thus, DBT present in model fuel was con-
verted into DBT sulfone in the presence of prepared hybrid sys-
tems. By increasing the ratio of organic cationic linker
enhancement of the catalytic efficiency was observed due to fol-
lowing factors, I) the band gaps of resulting compounds were
decreased such as {[BVW11O40]7� = 4.27 eV, [H2TPP]2+ = 2.05 eV,
(1) = 2.03 eV, (2) = 2.00 eV, and (3) = 1.85 eV (Fig. S2 in Supporting
Information)}, II) the increase in the synergistic interaction
between two moieties (confirmed by Job’s plot) and III) due to
Scheme 1. The catalytic rea
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the electron-transfer from the electron-rich anions towards elec-
tron deficient cations [43].

Effect of catalyst dosage
Desulfurization efficiency was examined by using varyious

amounts of catalyst dosage. A direct relationship between catalyst
dosage and desulfurization efficiency was observed that is; desul-
furization increases progressively as catalyst dosage of all hybrids
1–3 increase as shown in Fig. S3 in Supporting Information. The
results showed that the desulfurization efficiency reached up to
70.3, 85.5 and 99.5 % for hynrids 1, 2 and 3, respectively, after
120 minutes reaction proceeding. After 120 minutes, the desulfur-
ization efficiency was not increased significantly. Fig. 7 shows the
comparative catalytic efficiencies for H2TPP- BVW hybrids which is
increased in the following order; 1 < 2 < 3. As the catalyst dosage
increased, the available surface area also increased thus providing
more active sites for the binding of sulfur components. The desul-
furization reached up to maximumwhen the dosage was increased
from 20 to 60 mg. However, on increasing catalyst’s dosage beyond
60 mg, the desulfurization efficiency remained constant and no
more sulfur is removed further even after increasing the dosage
up to 140 mg [45,46]. This implied that there were enough active
sites for oxidation of sulfur compounds in the case of 60 mg cata-
lyst’s dosage. It is also observed that as the number of porphyrin
group is increased in the hybrid the efficiency is also increased
which might be due to transformation of electron from porphyrin
to BVW. Thus, the optimal supposed catalyst dose is 60 mg which
is also beneficial economically and thus employed in rest of exper-
iments of ECOD processes.

Influence of H2O2/DBT ratio on removal of DBT
In previous literature, high catalytic activity was shown by var-

ious catalysts in ECOD scheme. e.g., Balula et al., [47] Liu Yunqi
et al., [48] and Zhang et al., [49] utilized PW9@MIL-101(Cr),
PTA@MIL-101 and Cobalt phthalocyanines (CoPc(Cl)n) as catalysts
with higher O/S ratios. Due to expensive price of hydrogen perox-
ide, the catalysts with high O/S were not suitable to use in indus-
trial application. Therefore, it is very important to get the
catalyst with low O/S (molar ratio, H2O2/DBT) and excellent desul-
ction mechanism [42].



Fig. 5. Liquid chromatograms before addition of the catalyst; {[H2TPP][K5BVW11-
O40]�2CH3CN �2H2O (1), [H2TPP]2[K3BVW11O40]�CH3CN�3H2O (2), and [H2TPP]3[-
KBVW11O40]�2CH3CN (3).

Fig. 6. Proposed mechanism of oxidative desulfurization process.

Fig. 7. Comparative studies of desulfurization efficiency with different amount of
catalyst dosages (20, 40, 60 80,100, 120 and 140 mg) for hybrids 1–3 under
experimental conditions: O/S = 6:1; temperature 60 �C; time 120 minutes.

Fig. 8. Desulfurization efficiency of hybrids 1–3 by varying the O/S molar ratios
(2:1, 4:1, 6:1 8:1, 10:1, 12:1 and 14:1) under experimental conditions: dosage,
60 mg; temperature 60 �C; time, 120 minutes.
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furization efficiency [47–50]. Therefore, different ratios of O/S are
used to study their influence on the oxidative properties (Fig. 8
and Fig. S4). It was observed that as the O/S increased from 2 to
8, desulfurization also increased drastically from 65 % to 69.3 %
for 1, 70.3 % to 85.5 % for 2 and 85.5 % to 99.5 % for 3, after 2 h
and after that no further degradation was found. Thus, the most
favorable O/S in this procedure is 6:1 and the correspondent effi-
ciency of desulfurization is 70.2 %, 85.2 % and 99.5 % for hybrids
1, 2 and 3 respectively.
Fig. 9. Effect of temperature on desulfurization efficiency of catalysts 1–3 under
experimental conditions: O/S = 6:1; dosage, 60 mg; time, 120 minutes.
Effect of temperature
The effect of various temperatures for S-removal of DBT in n-

octane is shown in Fig. 9 and Fig. S5. The results clearly showed
that desulfurization continuously increases with the increment of
reaction time. From temperature 25 to 80 �C, the DBT conversion
was also increased from 64.5 % to 71.13 %, 78.5 % to 86.6 % and
87.2 to 99.45 % for hybrids 1, 2 and 3 respectively. However, with
further increase in temperature, no considerable effect was
443



Table 2
Comparison of reported catalysts used in extractive oxidative desulfurization of DBT.

Catalyst DBT
removal

Reference

Ionic liquid [C4VIM]PMoV2 98.9 % [53]
Cu-SPOM@PbO@PVA composite 98 % [54]
Amine-functionalized PW9V3/APTES-CeM-50 99.26 % [55]
Cobalt tetraphenylporphyrin (CoTPP) 91 % [56]
N-methyl-pyrrolidone C5H9NO�SnCl2 coordinated

ionic liquid
94.8 % [57]

phosphonium-based ionic liquid (PIL) trihexyl
tetradecyl phosphonium chloride ([THTDP]Cl)

74.98 % [58]

POM-based 3DOM ZrO2 88.7 % [59]
Quaternary ammonium salt of copper II- 98 % [60]
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observed. This can be assumed that when the temperature of the
system was elevated above 80 �C, the self-decomposition of H2O2

turned to be more consequential thereby lowering desulfurization
efficiency [51,52]. Thus the optimal conditions can be concluded
as: (1) reaction time is 120 min, (2) reaction temperature is
80 �C, (3) O/S ration is 6:1 and (4) catalyst dosage is 60 mg. Under
these conditions the desulfurization efficiencies were 71.13 %,
86.6 % and 99.45 % for 1, 2 and 3 respectively. The 200 ppmw
model fuel decreased to 1.03 ppmw and came in between the
range set by the EU standard that is less than 10 ppmw S-
content. The catalytic behavior shown by the three catalysts is as
follows: hybrid 3 > hybrid 2 > hybrid 1.
monosubstituted phosphomolybdate [(n-C4H9)4N]
[PMo11CuO39] (TBAPMo11Cu) and copper oxide
(CuO)

Hybrid (POM@Porphyrin) �99.5 % This
study
Comparison of catalyst effect of reactant with hybrids 1 – 3
The extractive and catalytic oxidation desulfurization (ECODS)

reaction of DBT in model fuel was carried out using [H2TPP]
[ClO4]2, BVW and three hybrids 1–3 for comparison. ECODS reac-
tions were performed at optimal conditions mentioned in previous
section and results clearly showed that there is big difference
between the desulfurization of virgin [H2TPP][ClO4]2, BVW and
hybrids 1–3 (Fig. 10). By comparing the hybrids, it is found that
desulfurization rate of hybrid 3 (99.5 %) is higher than 2 (85.5 %)
than that of hybrid 1 (70.3 %). As a matter of fact, the hybrid 3
exhibited maximum desulfurization i.e., 99.5 % which is rational
in comparison to recently reported modified POM novel systems
[53–60]. Further Table 2 shows a brief comparison of hybrid 3 with
different reported catalysts used in extractive oxidative desulfur-
ization of DBT.
Fig. 11. The reusing ability of compound 3 under experimental condition 60 mg of
compound 3, O/S molar ratio = 6:1, time = 120 min and temperature = 60 �C.
Recycling of used catalysts
Catalyst stability and reusability is another extremely impor-

tant factor which makes catalyst distinguish and effective in term
of industrial utilization. Fig. 11 represents the reusability of hybrid
3 after ten times under selected conditions in which desulfuriza-
tion efficiencies decrease from 99.5 % to 98 % after ten recycles.
This indicates the high stability of catalyst and capability after
many cycles to sustain its catalytic activity towards ECODS. Sur-
prisingly, hybrid 3 did not show any considerable change in the
IR spectrum before and after 10 time’s use of the catalyst
(Fig. S6). Very small decrease in the catalytic activity can be
ascribed to the small loss/dissolution of BVW entities in the ECODS
process. The excellent reusability is due to electrovalent bond
formed between [H2TPP]2+ cation and [BVW11O40]7� anion that
stops the solubilization of resulting hybrids through the catalytic
process. In addition besides the stability and better reusability,
Fig. 10. Comparison of desulfurization efficiency (experimental conditions: dosage,
60 mg, temperature, 60 �C, O/S = 6:1) with loading of reactants and compounds 1–3.
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the catalytic recyclability through decantation method is con-
nected to its millimeter size and elevated mechanical strength.
Conclusion

In this work, the essential requirement to clean the fuel by min-
imizing the S-contents within the international standard range has
been successfully achieved via ECODS process. Firstly, three new
polyoxometalate based hybrid compounds 1–3 were successfully
synthesized by one pot reaction of [H2TPP]2+ cation (organic) and
anion [BVW11O40 ]7� (inorganic) at room temperature and further
used as catalysts in the ECODS process. Series of tests were per-
formed to determine the influence of catalyst dosage, time and
temperature. The most interesting feature was observed that as
the number of organic cations was increased in the synthesized
hybrid compounds, the catalytic efficiency was also increased
accordingly. Furthermore, the reusability of randomly selected
hybrid 3 displayed tremendous catalytic performance over the
attained optimal conditions after many cycles. Consequently, the
superior performance of simple system composed of H2TPP-BVW,
acetonitrile and H2O2 delineates great catalytic potential for oxida-
tive desulfurization practices. Accordingly, a great mechanism for
oxidative desulfurization that has the ability to produce less haz-
ardous and eco-friendly fuels was proposed which may initiate
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more insights that could be functional at ordinary conditions for
catalytic oxidative desulfurization in order to resolve environmen-
tal issues.
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