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Abstract−A desulfurization process for model oil and real oil was investigated based on the chemical oxidation of
mixed sulfur containing compounds in the presence of nitrogen compounds (indole and quinoline) using hydrogen
peroxide as oxidizing agent and dodecamolibdophosphoric acid (H3PMo12O40) encapsulated in a kind of metal-organic
framework (HKUST-1) as PMo@HKUST-1. The effect of isopropanol, ethanol and acetonitrile as extractive solvent
and 1-ring (toluene, xylene and mesitylene) and 2-ring (naphthalene) aromatic hydrocarbons in desulfurization of
model oil was studied. The desulfurization of sulfur-containing compounds was accelerated in the presence of aro-
matic hydrocarbons. In fact, a higher desulfurization efficiency of the heterogeneous catalyst could be achieved with
system containing a polar solvent in contact with an aromatic hydrocarbon. Quinoline had no effect on oxidative
desulfurization (ODS) reaction, whereas indole had a slightly negative effect. Presence of aromatic compounds had
slightly positive effect on ODS reaction.

Keywords: Oxidative Desulfurization, Real Oil, Polyoxometalates, Metal-organic Frameworks

INTRODUCTION

The production of transportation fuels free from polluting com-
pounds is clearly required. It is well known that sulfur- and nitro-
gen-containing impurities are important sources of air pollution,
besides being potential agents in the formation of acid rain [1]. This
problem has placed pressure to limit the sulfur content in fuels to
ultralow levels in order to improve air quality [2]. Conventionally,
sulfur-containing compounds in fuels are removed via hydrode-
sulfurization (HDS) in a refinery. However, polyaromatic sulfur-
containing compounds, such as dibenzothiophene (DBT) and its
derivatives, show significantly low HDS activity [3]. It is necessary
to operate the HDS process under elevated temperature and pres-
sure to achieve deep desulfurization, leading to increased opera-
tion costs.

Oxidative desulfurization (ODS) operates at atmospheric pres-
sure, under eco-sustainable conditions, and without requiring hy-
drogen. This process conciliates the oxidation of the refractory sul-
fur compounds into more polar molecules [4]. In ODS reactions,
the divalent sulfur can be oxidized by the electrophilic addition
reaction of oxygen atoms to form the hexavalent sulfur of sulfones.
The chemical and physical properties of sulfones are significantly
different from those of hydrocarbons in fuel oil. Therefore, they
can easily be removed by separation operations such as distillation,
solvent extraction, adsorption, and decomposition [5]. The pres-
ence of an efficient catalyst in the oxidation step of the ODS proce-
dure is crucial for the success of this process [6]. ODS in the presence

of a solid catalyst and extraction solvent is defined in two consecu-
tive steps [7]: oxidation to the corresponding sulfones, followed by
removal of sulfur compounds by extraction from the treated fuel
to the extractive solvent. Thus the solvent is very important in the
process. Ishihara et al. [8], Prasad et al. [9], and García-Gutiérrez
et al. [10] reported that molybdenum oxide catalysts have shown
activity in ODS of the refractory sulfur compounds. However, molyb-
denum oxide catalysts have critical drawbacks of Mo-leaching in
the course of ODS. Chica et al. [11] reported that Ti-MCM-41 cat-
alyst was more active and stable in ODS than MoO3/Al2O3 catalyst
without Ti-leaching. Hulea et al. [12] and Corma et al. [13] found
that Ti-MCM-41 was more active than TS-1, proving that the ac-
cessibility of the S compounds to the active centers is important in
ODS of refractory sulfur compounds. Cedeno-Caero et al. [14] re-
ported that titanium oxide nanotube catalyst was more active in
ODS than TiO2 catalysts. More recently, Ti-SBA-15 catalysts were
reported to exhibit high activity in the ODS [15].

In ODS catalysis, only a few papers have investigated the influ-
ence of nitrogen-containing compounds [16-19]. Cedeño et al. found
that quinoline, indole, and carbazole poisoned the catalytic sites
and thus decreased the ODS activity in the V2O5/Al2O3-H2O2 sys-
tem [20]. Jia et al. compared the effect of oxidation denitrogena-
tion (ODN) reactivity of basic and non-basic nitrogen compounds
on the ODS of thiophene (T) and benzothiophene (BT) [21]. The
production of light oil, with low level of sulfur, therefore requires
inevitably the application of severe operating conditions and the
use of especially active catalysts.

Polyoxometalates (POMs) are a class of compounds constituted
by bulky clusters of transition metal oxide anions that have been
extensively investigated as homogeneous catalysts [22,23]. Although
the homogeneous POMs are remarkably efficient, they have a com-
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mon drawback: separation and reuse of the catalyst is extremely
difficult also, specific surface area of POMs is low. For these rea-
sons, future practical applications of POMs will also require meth-
ods for catalyst engineering.

One of the strategies to overcome these drawbacks consists of
their encapsulation within porous solid matrixes [24-29]. Metal-
organic frameworks (MOFs) have been shown to be effective sup-
ports to incorporate POMs to form efficient heterogeneous cata-
lysts [30-34]. MOFs generally exhibit high porosity, specific func-
tionality, selective interaction and many other desirable properties
and are currently applied in a large number of fields such as catal-
ysis [35-39]. As a well-known MOF, a stable host HKUST-1, can
encapsulate various Keggin-type POMs, and attractive catalytic per-
formance can be endowed by these POMs @HKUST-1 [23,29,38].

In the present work, a hybrid material dodecamolibdophosphoric
acid (H3PMo12O40, PMo) encapsulated in HKUST-1 (PMo@HKUST-
1) was evaluated in the oxidation of BT, T and DBT, and the effects
of different solvents, quinoline, indole as nitrogen compounds and
aromatic hydrocarbons on the ODS activity were also investigated.

EXPERIMENTAL

1. Materials and Methods
Model compounds and chemicals, including BT (Aldrich, 98%),

DBT (Aldrich, 98%), T (Aldrich, 96%), indole (Aldrich, 99%),
quinoline (Aldrich, 98%), toluene (Aldrich, 97%), xylene (Aldrich,
98%), mesitylene (Aldrich, 96%) naphthalene (Aldrich, 98%) were
used. The light cycle oil (LCO) feed was supplied from a refinery
in Iran with API 41.67. Copper(II) nitrate trihydrate (Cu(NO3)2·

3H2O) (99-104%), 1,3,5-benzen-tricarboxylic acid (BTC) (98%),
cetyltrimethylammonium bromide (CTAB) (99+%), PMo (99+%),
H2O2 (30%) and other reagents and solvents used in this work were
obtained from Merck, Aldrich or Fluka and used without further
purification. Both feed and products were analyzed by gas chro-
matographic-mass spectroscopy (GC-MS) Agilent Technologies
6890N Instrument, equipped with a capillary column 19019J-413
HP-5, and a flame ionization detector. Total sulfur contents were
determined by using an Analytic Jena AG- multi EA® 3100 Ele-
ment Analyzer. In all tests control experiments were performed.
2. Catalyst Preparation

PMo@HKUST-1 was synthesized according to the procedure
reported previously [41]. For the synthesis of PMo@HKUST-1 cata-
lyst, a mixture of BTC (0.21 g, 1 mmol) and 0.07 g of CTAB in ab-
solute ethanol (12 mL) was prepared and then 0.1 g of PMo and
1.45 g of copper(II) nitrate trihydrate (Cu(NO3)2·3H2O) were dis-
solved in distilled water (10 mL). Both solutions were combined
and mixed under vigorous stirring for approximately 30 min and
were aged without stirring for a further two days at room tempera-
ture. Light green precipitate was then collected, washed with dis-
tilled water three times, and dried at 60 oC for 24 h. CTAB was re-
moved by Soxhlet extraction with ethanol (laboratory use, Chem-
Lab) performed for 24 h. The product was dried in air at 60 oC.
3. Activity Test
3-1. Oxidative Desulfurization of Model Oil (Table 1, Entry 1) 

Model oil was prepared by dissolving DBT, BT and T in 10 mL
of n-heptane (see, Scheme 1), with corresponding S-content of 500,
250 and 250 ppmw, respectively. Model oil was combined by 0.08 g
of the catalyst. The ODS experiments were under air (atmospheric

Table 1. Composition of model feed oils

Entry Model feeds Extracting
solvents Notation

01

Dibenzothiphene (DBT) 500 ppmw S
Benzotiophene (BT) 250 ppmw S ----- F
Thiophene (T) 250 ppmw S
n-Heptane Balance

02 Feed+MeCN 1000 ppmw S MeCN F1

03 Feed+iPrOH 1000 ppmw S DMF F2

04 Feed+EtOH 1000 ppmw S EtOH F3

05 Feed+MeCN+indole 1000 ppmw S+100 ppmw indole MeCN F1I
06 Feed+iPrOH+indole 1000 ppmw S+100 ppmw indole DMF F2I
07 Feed+EtOH+indole 1000 ppmw S+100 ppmw indole EtOH F3I
08 Feed+MeCN+quinoline 1000 ppmw S+100 ppmw quinoline MeCN F1Q
09 Feed+iPrOH+quinoline 1000 ppmw S+100 ppmw quinoline DMF F2Q
10 Feed+EtOH+quinoline 1000 ppmw S+100 ppmw quinoline EtOH F3Q
11 DBT+EtOH+naphthalene 1000 ppmw DBT+100, 200 and 300 ppmw naphthalene DMF F4

12 Feed+EtOH+(toluene
+xylene+mesitylene)

1000 ppmw S+10-50 vol% toluene+xylene+mesitylene
(in similar vol% of each one) DMF F5

13 Feed+EtOH+indole+(toluene+xylene
+mesitylene)+naphthalene

1000 ppmw S+100 ppmw indole+30 vol% toluene+xylene+
mesitylene (in similar vol% of each one)+100 ppmw
naphthalene

DMF F6
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pressure) in a closed borosilicate reaction vessel, equipped with a
magnetic stirrer and immersed in a thermostatically controlled

Scheme 1. Chemical structures of refractory sulfur compounds.

Fig. 1. Effect of (a) catalyst amount (temperature 50 oC; O/S: 6), (b)
O/S molar ratio (temperature 50 oC, catalyst amount: 0.08 g)
(c) temperature (catalyst amount: 0.08g, O/S: 10) in the ODS
reaction of model oil containing n-heptane/ethanol (50/50
vol%) as solvents.

Fig. 2. Effect of different solvents on the ODS in a batch reactor: (F,
F1, F2 and F3). Reaction conditions: O/S, 10; PMo@HKUST-
1, 0.08 g; at 70 oC for 60 min.

liquid paraffin bath at 70 oC. The mixture was performed using
the model oil:solvent (EtOH or iPrOH or MeCN) (1 : 1 volume
ratio) (Table 1, entries 2-13). The catalytic reaction was initiated by
addition of H2O2 as oxidant (molar ratio of H2O2 to S-compounds
(O/S) was 10). After completion of the reaction, the catalyst was
separated by centrifugation for 15 min at 1,500 rpm. In this study,
the sulfur compounds were oxidized to their corresponding sul-
fones, and the products were removed by extraction.
3-2. Oxidative Desulfurization of Real Oil

In the ODS of real oil, 10 mL of oil (sulfur content: 530 ppmw)
was used. Catalyst (0.04 g) and aqueous solution of H2O2 (O/S mole
ratio, 10) were added. Vigorous stirring was maintained for 60 min
at 70 oC. After completion of the reaction, solid catalyst was sepa-
rated by centrifugation for 15 min at 1,500 rpm and products could
be separated from the polar phase by simple decantation. The sul-
fur content of the real oil was measured on a total sulfur analyzer.

RESULTS AND DISCUSSION

The influence of the catalyst amount, temperature and O/S on
the ODS conversion in model feed containing n-heptane/ethanol
(50/50 vol%) as solvents was studied using PMo@HKUST-1 (Fig.
1). These experimental results indicated that 0.08 g of the catalyst
and O/S=10 at 70 oC were the most appropriate for ODS conver-
sion. According to the optimized reaction conditions, oxidation of
other model feeds was investigated (Table 1, entries 2-13).
1. Effect of Various Solvents on the ODS 

Solvent has an important effect on the ODS process, although
this effect is strongly dependent on the type of the catalyst and nature
of the substrate. To examine the effect of various solvents on the
ODS, different solvents such as MeCN, iPrOH and EtOH were used
in the model feed oil (F), and their feed mixtures were denoted as
F1, F2 and F3, respectively (Table 1). These solvents are more attrac-
tive because of rather low price and no environmental problems.
ODS conversion is shown in Fig. 2, with only n-heptane as solvent.
In this case sulfur-containing compounds were removed on aver-
age 46.6% after 60 min. According to Fig. 2 the use of second sol-
vent led to an increase in the ODS activity, and the ODS conversion
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was found to be depend strongly on the type of second solvent.
The results show that higher amounts of sulfur can be removed
with EtOH and MeCN as second solvent (F1 and F3), whereas with
iPrOH, only 63% was attained. It seems that polarity of the second
solvent has a positive effect on ODS because the products have higher
polarity than the corresponding sulfides. Therefore, solvents with
higher polarity extracted the products effectively. Also, the affinity
of the solvent with the catalyst is also a parameter that must be taken
into account to optimize the ODS process [6]. The reason for this
enhancement in ODS reaction rate with MeCN and especially EtOH
may be that the formation of micro-droplets of the products was
prevented and the reaction rate was improved due to removal of
reaction products from the nonpolar phase [42].

Fig. 3 shows oxidation of different S-compounds in the feed sepa-
rately when using different solvents. All three solvents had the same
trend in removal of S-compound, which was in decreasing order,
DBT>T>BT.
2. Effect of Nitrogen Compounds on the ODS

The effect of different amounts of indole on DBT conversion in
a batch reactor (EtOH as second solvent) is shown in Fig. 4. The

Fig. 3. Oxidation of different S compounds obtained over several
solvents. Reaction conditions: O/S, 10; PMo@HKUST-1, 0.08
g; at 70 oC for 60 min.

Fig. 4. Effect of different amounts of indole on DBT desulfuriza-
tion in a batch reactor. Reaction conditions: O/S, 10; PMo@
HKUST-1, 0.08 g; ethanol and n-heptane as solvents with
1 : 1 volume ratio at 70 oC for 60 min.

Fig. 5. Effect of indole on the ODS in a batch reactor with differ-
ent solvents: (a) F1I, (b) F2I, (c) F3I. Reaction conditions: O/S,
10; PMo@HKUST-1, 0.08 g; at 70 oC for 60 min.

content varied from 20 to 100 ppmw. DBT gave over 85% conver-
sion at 100 ppmw indole content. When indole was added, greater
inhibition behavior was observed. Also, indole was converted prior
to the ODS of sulfur compounds. But, for up to 100 ppmw of indole
the catalytic activity was fairly stable and DBT oxidation was high. It
is apparent that the oxidation of DBT takes place in parallel to that of
indole in low and high amounts in the presence of PMo@HKUST-
1/H2O2. These results suggest that N-compounds are competitive
with the sulfur compounds in oxidation, as indole has a higher reac-
tivity than sulfur compounds in the oxidation reaction. Moreover,
indole or product of indole oxidation might not strongly adsorb
on the catalytic sites to poison the catalyst even in high concentra-
tion. The slight decrease in DBT oxidation is due to the competitive
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utilization of H2O2 by DBT and indole. Polar solvent could effec-
tively dissolve the oxidized compounds to be readily desorbed from
catalyst surface.

In next step, to examine the effect of nitrogen compounds (indole
and quinoline) on the ODS, activity tests were carried out for dif-
ferent model feed mixtures containing various solvents and two
types of nitrogen compounds. Fig. 5 shows the ODS and ODN con-
version for the model feeds with indole (F1I), (F2I) and (F3I) as a
function of reaction time. The effect of different solvents such as
MeCN, EtOH and iPrOH in ODS was investigated in the presence
of 100 ppmw of indole. It is apparent that the oxidation of sulfide
compounds takes place in parallel to oxidation of N-containing
compounds in the presence of EtOH as solvent. Fig. 5 (b) indicates
that with iPrOH as solvent, ODN decrease the ODS conversion.
Note that indole is in competition with sulfides, and the decrease
in sulfides oxidation is due to this competitive utilization of H2O2.
The higher conversion of sulfides to corresponding products may
be due to good solubility of ODS products in EtOH compared with
other solvents.

Fig. 6 shows the comparison between the conversion of DBT,
BT and T in the presence of indole obtained over EtOH as solvent.
Fig. 7 shows the ODS and ODN conversion for the model feeds
with quinoline (F1Q), (F2Q) and (F3Q) as a function of reaction
time. From the results, ODS was significantly more than ODN and
quinoline oxidation had lower effect on ODS than indole. The higher
activity of indole than quinoline was ascribed to the higher elec-
tron density on the nitrogen atom in indole [17]. Indole was reported
to be oxidized under mild reaction conditions [43]. But for the oxida-
tion of quinoline, many studies were focused at higher reaction
temperature (>200 oC) [44].
3. Effect of Aromatic Hydrocarbons on the DBT Conversion

Actual oils contain large quantities of aromatic hydrocarbons;
hence, it is necessary to identify the effect of these compounds during
the ODS process. The DBT removal rate with addition of 1-ring
aromatics (toluene, xylene and mesitylene) is shown in Fig. 8. Addi-
tion of these aromatic hydrocarbons from 10 to 50vol% indicates that
aromatic compounds had slightly positive effect on the oxidation of

DBT. This suggests that the desulfurization of DBT was accelerated
by the presence of 1-ring aromatic compounds. In the presence of 1-
ring aromatics in this experiment the aggregation of PMo@HKUST-
1 was decreased and the catalyst dispersed; thus, surface area was
increased.

Naphthalene was used as the model component to represent
the 2-ring aromatic in light oils in our research. The effect of naph-
thalene on the desulfurization of DBT was studied with respect to
desulfurization yield of DBT; as shown in Fig. 9, DBT removal was
slightly increased in the presence of naphthalene even at a high con-
centration of 300ppmw. It is reported that acceleration of the desul-
furization of DBT in the presence of aromatics is caused by R-oxy-

Fig. 6. Effect of indole on oxidation of different S compounds. Reac-
tion conditions: O/S, 10; PMo@HKUST-1, 0.08 g; ethanol
and n-heptane as solvents with 1 : 1 volume ratio at 70 oC
for 60 min.

Fig. 7. Effect of quinoline on the ODS in a batch reactor in differ-
ent solvents: (a) F1Q, (b) F2Q, (c) F3Q. Reaction conditions:
O/S, 10; PMo@HKUST-1, 0.08 g; at 70 oC for 60 min.
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hydroperoxide, which is formed via the reaction of the oxidation
products of aromatics with H2O2 [16]. The oxidation reactivity of
sulfur compounds to R-oxyhydroperoxide is reported to depend
on the net electron density on the S atom [45]. This suggests that
the desulfurization of sulfur compounds, of high electron density,
was accelerated by the presence of aromatics owing to the oxida-
tion by R-oxyhydroperoxide, whereas the desulfurization of com-
pounds, of low electron density was decelerated by the presence of
aromatics owing to competitive oxidation of the aromatics to that
of the sulfur compounds by the oxidizing agent. However, no naph-
thalene conversion was observed in our experiment. As shown in
Fig. 10, this study showed that the desulfurization yield for BT and
T silently decreased in the presence of 200 ppmw naphthalene, but
desulfurization yield for DBT was enhanced. Although the pres-
ence of naphthalene decreases the desulfurization of BT and T (Fig.
10) but increases DBT desulfurization, leading higher total sulfur

removal from actual light oils containing high aromatic compounds.
4. Effect of Aromatic Hydrocarbons and Indole on the ODS

To simulate the ODS activity in real oil, the ODS activity in the
presence of 1-ring and 2-ring aromatic compounds and indole in
feed oil (F6) (Fig. 11) was carried out. The ODS conversion of model
oil in the presence of aromatic compounds was not remarkably
affected by indole. The oxidized compounds were nearly insolu-
ble in n-heptane, while they could well dissolve in aromatics. The
results indicated that aromatics do not play a beneficial role in in-
creasing of oxidation of S or N-compounds (compare Fig. 11 with
Fig. 5(b)). When both aromatic compounds and N-compound
were added, decreasing in ODS conversion related to presence of
indole remained. It means that decreasing effect of indole is more im-
portant in the ODS conversion than effect of aromatic compounds.
Table 2 shows catalytic activity of PMo@HKUST-1 catalyst in com-
parison with some reported ODS reactions in the presence of other

Fig. 8. Effect of 1-ring aromatic compounds (toluene (T), xylene
(X), mesitylene (M)) (in similar vol% of each one) at vari-
ous volume percentages (vol%) on DBT desulfurization (F5).
Reaction conditions: O/S, 10; PMo@HKUST-1, 0.08 g; etha-
nol and n-heptane as solvents with 1 : 1 volume ratio at 70 oC
for 60 min.

Fig. 9. Effect of 2-ring aromatic compound (naphtalene) at various
amounts on DBT desulfurization (F4). Reaction conditions:
O/S, 10; PMo@HKUST-1, 0.08 g; ethanol and n-heptane as
solvents with 1 : 1 volume ratio at 70 oC for 60 min.

Fig. 11. Effect of ethanol+30 vol% (toluene+xylene+mesitylene, in
similar vol% of each one)+200ppmw naphtalene on the ODS
and ODN in a batch reactor (F6). Reaction conditions: O/S,
10; PMo@HKUST-1, 0.08 g; ethanol and n-heptane as sol-
vents with 1 : 1 volume ratio at 70 oC for 60 min.

Fig. 10. Effect of 2-ring aromatic compound (naphtalene) on oxi-
dation of different S compounds. Reaction conditions: O/S,
10; PMo@HKUST-1, 0.08 g; ethanol and n-heptane as sol-
vents with 1 : 1 volume ratio at 70 oC for 60 min.



138 E. Rafiee and N. Nobakht

January, 2016

catalysts.
5. Oxidative Desulfurization of LCO

The PMo@HKUST-1/H2O2 oxidation system was evaluated in
the ODS of light cycle oil with a sulfur content of 530 ppmw. 71.7%
of the sulfur in the real oil was removed in this oxidation system
at O/S of 10 and 70 oC after 60 min. The sulfur content of the real
oil after oxidation and extraction decreased to 150.5 ppmw. The
results confirm that the PMo@HKUST-1/H2O2 oxidation system
is effective in removing bulky sulfur compounds from light oil.

CONCLUSIONS

The PMo@HKUST-1 revealed to be a efficient catalyst for oxi-
dative desulfurization of oils containing refractory sulfur compounds
in the presence of an appropriate solvent: DBT, BT and T. This solvent
must be capable of efficiently extracting the sulfur compounds from
the oil phase. The best catalytic performance using PMo@HKUST-
1 and H2O2 as oxidant was achieved with EtOH. For all model feeds,
the results indicated that the oxidation reactivity of sulfur compounds
decreased in the order of DBT>T>BT. The effects of quinoline,
indole as nitrogen compounds in the presence of different solvents
on ODS activity were also investigated. Indole as nitrogen-containing
compound shows no negative effect in the oxidation of sulfur-con-
taining compounds except when iPrOH is used as solvent. The de-
sulfurization of the sulfur-containing compounds was accelerated
in the presence of aromatic hydrocarbons. In fact, a higher desul-
furization efficiency of the heterogeneous catalyst was achieved with
system containing a polar solvent in contact with an aromatic hydro-
carbon, such as n-heptane/(toluene+xylen+mesitylene)/naphtha-
lene/EtOH. The yield of S-removal of actual oil was 71.7%.
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