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ABSTRACT

The oxidation of dibenzothiophene (DBT) and benzothiophene (BT) from a model diesel fuel,
using hydrogen peroxide (H,O,) as an oxidant, was carried out in the presence of phospho-
tungstic acid and phase transfer agent (PTA) at 50-80°C. The desulfurization efficiency and
selectivity for the various compounds were examined and compared on the basis of the
amount of sulfur converted to polar sulfone. The effect of process parameters (temperature,
amount of catalyst, amount of PTA, and H,O, concentration) were investigated to determine
the highest reaction rate on the conversion of BT and DBT. The results indicate that using
[PW1,041° as a catalyst accelerates the reaction rate on the conversion of BT and DBT to
their corresponding polar sulfones. High conversion (>99%) was achieved as the temperature
was increased from 50 to 80°C. The activity of BT also increased markedly when the amount
of oxidant increased. For DBT, as low as 0.02M of H,O, was enough to lower the concentra-
tion from 500 to 10ppm at 80°C. The Arrhenius equation was appropriately applied to
describe the data by using the pseudo-first-order reaction kinetic equation. The apparent acti-
vation energies for BT and DBT were determined to be 60.52 and 45.01 kJ/mol, respectively.

Keywords: Phase transfer agent; Phosphotungstic acid; Ultrasound-assisted oxidative desulfur-
ization

1. Introduction increasing in the refining industry. With stringent envi-

The importance of deep desulfurization technolo- ronmental regulations and fuel specifications for envi-
gies to be adopted in the referring processes is ever ronmental purposes, the refiners are tasked to bring
down sulfur concentrations to the prescribed levels [1].
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In most of the countries, such as Taiwan, the sulfur
content had been gradually shifted from 500 to 50 ppm
in 2007. By 2011, the sulfur limit in any fuel was
reduced to 10 ppm [2]. But in some countries a more
stringent regulations were implemented. Refineries in
the US were required to produce only 20% low sulfur
diesel (500 ppm) in 2007, while 80% of their annual out-
put is devoted to producing ultra low sulfur diesel
(<15ppm). Then in 2010, the United States Environ-
mental Protection Agency (USEPA) issued a revised
requirement for producing diesel fuel, mandating only
the production of an ultra low sulfur diesel [3].

To produce a low-sulfur diesel fuel, the conven-
tional technology that is being adopted in industries is
hydrodesulfurization (HDS). This process involves
mixing the heated oil with hydrogen in a reactor
packed with a catalyst such as Co-Mo/AlLO; or Ni-
Mo/AlL,Os [4,5]. When the C-S bond breaks down,
hydrogen sulfide (H,S) and sulfur-free hydrocarbons
are generated in the reactor. The generated H,S is
removed and the hydrogen and desulfurized products
are recovered at the end of the process [6].

Although the HDS is capable of producing an ultra
low sulfur diesel, there are several disadvantages con-
nected to its usage. First, the HDS method is limited
to treating refractory sulfur compounds only, namely
the benzothiophenes (BTs) and dibenzothiophenes
(DBTs), and alkyl-DBT with alkyl substitutions at
four- and/or six positions due to steric hindrance [7].
The C-S bond energy of these compounds is almost
equal to that of the C-H bond energy, which makes it
difficult for them to be desulfurized by the hydrotreat-
ment. Second, to achieve ultra low levels the HDS
needs to be operated at a higher temperature (300-
400°C) and higher hydrogen pressure (13-30atm). The
use of highly active catalysts is also required to
enhance the process [8]. Consequently, it is not pre-
ferred to utilize the HDS for achieving an ultra low
fuel owing to the high operational cost connected to
its usage. Therefore, the necessity of introducing
newer and effective technologies for producing an
ultra low fuel has become inevitable to complement
the conventional technique [9,10].

In the past few decades, alternative desulfuriza-
tion techniques were extensively developed. The var-
ious techniques include extractive desulfurization
[11], oxidative desulfurization [9], adsorptive desul-
furization [12], biodesulfurization [13], and a combi-
nation of these technologies [14]. Among the various
desulfurization methods employed, oxidative desul-
furization is the most extensively used as it can be
operated at low temperature and pressure, is a non-
hydrogen consuming technology, and is very effec-

tive in the removal of refractory sulfur [15-17]. Fur-
thermore, the system can be enhanced with the use
of an ultrasonicator to minimize the mass transfer
resistance [18].

To date, there are various oxidative desulfurization
technologies that are available. A typical process con-
sists of making the hydrocarbon streams containing
the refractory sulfur compounds to come into contact
with an oxidant such as hydrogen peroxide [9,18,19],
ferrate [20], Fenton’s reagent [21], and other reagents
as oxidizers. Among those mentioned above, the most
promising is hydrogen peroxide (H,O,) due to its low
cost, high removal rates, and formation of water only
as the by-product [22].

In recent studies, selective oxidation of sulfur
compounds to sulfoxides and sulfones was achieved
with the use of a H,O,—catalyst system in conjunc-
tion with a phase transfer agent (PTA) to enhance
the mass transfer [18]. Various transition-metal-based
catalysts such as Mo, Ti, W, V, and Cu were found
to meet substantially these requirements in the pres-
ence of H,O,. Giuseppe et al. [23] reported on the
homogeneous and heterogenous oxidation of diben-
zothiophene by heteropoly compounds to their cor-
responding sulfoxides and sulfones in the presence
of hydrogen peroxide. In their study, a high yield
of sulfones was achieved. Jose et al. [24]reported on
the oxidation of thiophene catalyzed by transition
metal substituted silicates like titanium silicates in
the presence of hydrogen peroxide. At an optimized
condition, as high as 93% conversion of thiophene
was attained in their study. However, among the
different types of catalysts the use of tungstate
catalyst was found to be effective in achieving polar
sulfur compounds with H,O, as an oxidant
[8,22,23].

Despite of all the above-mentioned studies on the
desulfurization techniques adopted, much less infor-
mation is available on the influence of process param-
eters on the conversion of sulfur compounds, namely
BT and DBT, to polar sulfones utilizing an ultrasonic
processor. Furthermore, differences in the reaction
kinetics for DBT and BT over phosphotungstic acid
have not been reported.

Consequently, the objective of the present study
was to determine the effects of process parameters on
desulfurization efficiency that include the concentra-
tions of hydrogen peroxide, a catalyst, and the PTA.
Moreover, the aim of the present paper is to investi-
gate both the reactivity and selectivity of BT and DBT
at various reaction temperatures which are observed
in the reaction medium. A kinetic model will also be
proposed and its relative importance evaluated.
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2. Materials and method
2.1. Materials

All the reagents used were of analytical grade and
were used as received without further purification.
Tetraoctylammonium bromide and phosphotungstic
acid were purchased from Sigma Aldrich with quoted
purities of 0.99 mass fractions. Dibenzothiophene and
benzothiophene were supplied from Alfa Aesar and
Acro, respectively. The toluene, as a solvent, was pur-
chased from Merck with quoted purities of 0.99 mass
fractions. Hydrogen peroxide (30 wt.% H,O,, Merck)
was used in excess amount as an oxidant. Its utiliza-
tion was not monitored during the reaction process.

The initial concentrations of the stock solutions for
model fuels (BT and DBT) were regulated to a concen-
tration of approximately 500 pg/mL. This solution was
prepared by mixing an appropriate amount of BT and
DBT in toluene.

2.2. Experimental and analytical method

In a glass reactor, the experiments were conducted
in batch with a 20kHz ultrasonic processor (Sonic)
equipped with a tapered titanium probe transducer. A
specific amount of model fuel (BT or DBT) with an ini-
tial concentration of 500 ng/mL was added to the reac-
tor. Hydrogen peroxide (30%) was then added along
with tetraoctylammonium bromide and phosphotung-
stic acid. To maintain the reactors at the required tem-
perature, a water bath was employed. After the
selected temperature had stabilized, the mixture was
irradiated with an ultrasonicator for 15min. The reactor
was removed from the water bath and allowed to cool
down. On cooling, the emulsified mixture was centri-
fuged for 10min to break down the emulsion. The
organic phase was separated by decantation and the
samples were taken for further analysis. The results of
the above-mentioned analysis were recorded to deter-
mine the percentage conversion of the sulfur com-
pounds.

To determine the amount of sulfur in an oxidized
solution, the Agilent Technologies 7890A gas chroma-
tography (GC) System equipped with a fused-silica
capillary HP-5ms column (30 m) having a thickness of
0.25mm film (J&W Scientific, Folsom, CA, USA) was
employed. The GC was connected to a Sulfur Chemi-
luminescence Detector (SCD) for higher selectivity
and sensitivity toward an ultralow sulfur concentra-
tion [12] The GC temperature was initially set at 100°
C for 3min and ramped to 300°C at an increasing rate
of 20°C/min.

3. Result and discussion
3.1. Catalytic oxidation in the UAOD process

Catalytic oxidation of the sulfur compounds with
H,0; in the UAOD system can be explained by the fol-
lowing steps (refer to Fig. 1). Step (1): in the presence of
excess amount of H,O,, the catalyst was peroxidized to
polyperoxometalate {POLIWO(O,),1,13, a peroxometal
complex bearing an active oxygen. Step (2): the result-
ing peroxo-compound underwent an ion exchange with
the PTA and subsequently transferred to an organic
phase. Step (3): the sulfur compounds were oxidized by
the peroxometal complex in the organic phase to their
corresponding sulfones. Step (4): the reduced peroxo-
compound exchanged an ion with the PTA and trans-
ferred back to the aqueous phase where it was regener-
ated with the H,O,. Step (5): ultrasound increased
desulfurization efficiency by allowing for an effective
mass transfer between the biphasic layers.

After catalytic oxidation, the total ion chromato-
gram generated from the analysis showed dibenzo-
thiophene sulfone (DBTO) as the only product
formed. For benzothiophene also, a similar result was
observed. The oxidation reaction was monitored min-
ute wise for 15min and the result showed that only
polar sulfones were detected. Generally, the oxidation
of sulfur compounds is considered to be a chain reac-
tion (i.e. sulfur-containing compounds sulfoxides and
sulfones). Therefore, in the present study, no sulfoxide
was detected, and the sulfone formation was consid-
ered to dominate the reaction rate.

3.2. Selectivity and reactivity of the sulfur compounds

Owing to water insolubility property of the sulfur
compounds, the aqueous-organic biphasic catalysis for
oxidation of the sulfur compounds was successfully
established. In this way, biphasic operation minimizes
the production of intermediates, for example into
dihydroxydibenzothiophene [25], by reducing the
opportunity of contact between BT and DBT in the
bulk organic phase and the oxidant in the aqueous
phase. As such, H,O, from the aqueous phase and
sulfur compounds from the organic phase may inter-
act with the catalyst to generate the product benzo-
thiophene sulfone (BTO) and DBTO. These more polar
sulfur compounds were produced rapidly and dif-
fused into the bulk of the organic phase, as such com-
pounds are more soluble in organic phase than in
water. This resulted in a highly selective oxidation of
BT and DBT to polar sulfones.

For a UAOD system, as high as 99 and 96%
selectivity was achieved toward DBTO and BTO,
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Fig. 1. The reaction mechanism for catalytic oxidation in a UAOD process.

respectively. This is equally important to ensure that
no adverse effects on the composition of the diesel
fuel would result post-treatment. Attaining a high
selectivity value is ideal to ensure a higher percentage
removal of the sulfur compounds from the fuel
through extraction or adsorption at the end of the pro-
cess. As presented in Fig. 2, almost all of the DBTs
were converted to DBTO. The same result was also
obtained for BT. Thus, it clearly indicate the effective-
ness of the UAOD system for desulfurization of the
sulfur compounds.

With regard to the reactivity of sulfur compounds,
the use of phosphotungstic acid and PTA demon-
strated high catalytic activity as presented in Table 1.
The UAOD system exhibited a nearly 100 and 50%
conversion for DBT and BT, respectively. The conver-
sion of model sulfur compounds was determined by
conducting an experiment under the same reaction
condition (30% H,O,, 0.2g catalyst, 0.1g PTA, 50°C,
and 15min). Based on the result, oxidation reactivity
decreased in the order of DBT >BT. This reaction pro-
cess is explained in the study conducted by Otsuki
et al. [26]. In their study, difference in the reactivity of
a sulfur compound to an oxidant can be attributed to
electron density. The higher the electron density, the
easier it can be oxidized [26]. For this study, dibenzo-
thiophene having an electron density of 5.756 exhib-
ited the highest reactivity. While BT having an
electron density value of 5.739 resulted in low oxida-

tion reactivity. Therefore, reactivity of the UAOD sys-
tem was governed by the electron density value. The
results obtained in this work correspond to those
reported for a formic acid/H,O, system [27].

3.3. Effect of amount of oxidant

The amount of H,O, used in this system is an
important factor influencing the oxidation of the sulfur
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Fig. 2. The conversion of BT and DBT and selectivity to
BTO and DBTO at fixed reaction temperatures. Reaction
conditions: 15min, 80°C, 0.65M H,O,, catalyst 0.2g, and
0.1g PTA.
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Table 1
Reactivity of refractory sulfur compounds

Sulfur compound  Sonication time (min)

DBT 15 50
BT 15 50

Temperature (°C)

Sulfur concentration (ppm) Sulfur conversion (%)

Original ~ After oxidation
489 6.41 98.69
467 241.86 48.23

compounds. To investigate the effect of the oxidant,
three different initial concentrations of the oxidant (i.e.
0.02, 0.33, and 0.65 M) were tested, keeping the remain-
ing operating parameters, such as catalyst concentra-
tion, PTA, and temperature, constant at 0.2g, 0.1g,
and 80°C, respectively. Table 2 shows the desulfuriza-
tion efficiency in terms of percentage conversion of the
sulfur compounds using H,O, as an oxidant. Based on
the table, the conversion increased with an increasing
molar concentration of the oxidant. As high as 99.9%
conversion of DBT and yield of DBTO were obtained
for as low as 0.02M of H,O,. For BT, the desulfuriza-
tion efficiency of 99% was reached only when the con-
centration of H,O, was increased to 0.65 M.

In the oxidation of sulfur compounds, the high
percentage conversion of BT and DBT to correspond-
ing sulfones can be explained as follows: in the pres-
ence of a catalyst, the sulfur compound reacts with a
peroxometal intermediate formed by the reaction of
the catalyst with the oxidant. With an increase in
H,0O, concentration in the mixture, more active oxy-
gen is available in the system to produce {PO,WO
(0p),14)>" as presented in Fig. 1. This compound is a
more active oxidant leading to a faster conversion of
the sulfur compounds. Therefore, desulfurization (%)
increased as the concentration of H,O, increased from
0.02 to 0.65M. Furthermore, the conversion levels of
DBT were very high for all H,O, concentrations, as
compared to BT. As previously discussed, the electron
density of the sulfur compounds dictates how fast it
can be oxidized. This finding clearly indicates that the
hydrogen peroxide concentration affects the conver-
sion of sulfur compounds to polar sulfones to a large
extent.

Table 2
Desulfurization efficiency of refractory sulfur compounds
with varying concentrations of an oxidant

Concentration (M) Desulfurization
efficiency (%)
DBT BT
0.02 99.1 55.5
0.33 99.3 75.6
0.65 99.9 99.0

3.4. Effect of amount of catalyst

The desulfurization efficiency of the UAOD system
was significantly influenced by the amount of catalyst.
The effect of the amount of catalyst on the oxidation
of BT and DBT was studied by varying its amount
from 0.05 to 0.20 g, as presented in Table 3. The results
indicated that the conversion of the sulfur compounds
increased with increasing the amount of catalyst. Max-
imum conversion (99%) was obtained when using
0.2g of catalyst at 50°C. Increasing the amount of the
catalyst resulted in an increase in the amount of the
peroxometal complex, which was being transferred by
the PTA from the aqueous to the organic phase and
acted as an oxidant. In addition, the use of phospho-
tungic acid minimizes the decomposition of H,O,
[28]. Thus, this leads to a higher conversion of the sul-
fur compounds.

The conversion of BT and DBT, as well as the
selectivity, toward polar sulfones using phosphotung-
stic acid as a catalyst at different reaction times is
shown in Fig. 2. From the figure, initial conversion
of the refractory sulfur compounds increased as the
reaction progressed and reached maximal conversion
of 99.9% (DBT) and 99.0% (BT) after 15min. In addi-
tion, the selectivity toward BTO and DBTO within
the reaction span of 15min remained in the range of
96-99%.

3.5. Effect of amount of PTA

The effect of the amount of PTA on desulfurization
efficiency is presented in Fig. 3. One notable conclusion

Table 3
Desulfurization efficiency of refractory sulfur compounds
with varying concentrations of PTA

Catalyst (g) Desulfurization efficiency

(%)

DBT BT
0 62.1 0
0.05 97.1 63.0
0.12 98.0 88.5
0.20 98.9 90.6
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Fig. 3. The effect of tetraoctylammonium bromide on the
conversion of sulfur compounds to polar sulfones.
Reaction conditions: 15min, 80°C, 0.656M H,0,, and
catalyst 0.2 g.

that can be drawn from the figure is that an increase in
the amount of PTA from 0.05 to 0.10 g led to a remark-
able increase in the conversion of BT. For DBT, the
amount of 0.05g was adequate enough to achieve 99%
conversion at shorter treatment time. As mentioned
previously, DBT was easier to oxidize than BT; thus,
the system only required a small amount of PTA to
allow the transfer of oxidant from the polar to the
organic phase. Moreover, in the absence of PTA the
maximum conversion of 6 and 62% was attained for
BT and DBT, respectively. This clearly indicates the
importance of PTA.

The mechanisms involved in the oxidation of
DBT and BT by PTA can be explained in two steps.
In the first step, the peroxometal complex forms a
complex with the PTA. This resulted in a decrease
in the polarity of the peroxometal complex, which
enabled it to transfer from the polar phase to the
organic phase. In principle, diffusional resistance
(during the transfer of reactant and catalyst from
one phase to the other) may be involved and
requires an efficient stirring (>300rpm) for an effi-
cient mass transfer of the peroxometal complex [29].
But in the present study, diffusional resistance is
negligible due to a highly effective mixing produced
by the ultrasonicator. The main reaction of the
transferred peroxometal complex with the organic
substrate takes place in the organic phase. The sec-
ond step is the oxidation of the sulfur compounds.
In this step, the BT and DBT were oxidized to sulf-
ones then the PTA disassociated and transferred
back to the aqueous phase. The cycle continues until
all the sulfur compounds have been converted.

3.6. Effect of temperature

It has been reported that the reaction temperature
has a strong influence on the process of sulfur oxida-
tion. The effect of temperature on the process of oxi-
dation of the model fuel, specifically BT, was studied
in the temperature range of 50-80°C and the results
are presented in Fig. 4. The results suggested that
increasing the reaction temperature increases the sys-
tem’s desulfurization efficiency. As high as 99% con-
version (<1ppm) of the sulfur compounds, after
15min of treatment, was achieved when the tempera-
ture was regulated at 80°C. This process is due to an
increase in the reaction rate as the temperature
increases, leading to a higher percentage conversion
of the sulfur compounds.

Zhao et al’s study reported using coordinated IL
(C4Hg)sNBr 2C¢H14NO as a catalyst and H,O,, the
highest sulfur conversion of up to 98.8% for 30 min of
treatment was achieved at 40°C [30]. When the tem-
perature was increased to 50°C, desulfurization (%)
consequently decreased to 85.7%. According to their
study, the reason attributed to this reaction process
was the presence of an amide compound that caused
a large decomposition of H,O, at a high temperature.
However, in the present study the use of phosphotun-
gic acid minimizes the decomposition of H,O, [28].
Therefore, temperature as high as 80°C was viable for
the system. Furthermore, the reaction time became
shorter due to the use of an ultrasonicator, wherein
15min of treatment was enough to achieve 99% con-
version as compared to the 30min of mixing in the
study by Zhao et al. [30].

In addition, the effect of temperature on the selec-
tivity of the system is presented in Fig. 4. The selectiv-
ity for the model sulfur compounds was almost
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Fig. 4. Sulfur concentration as a function of the reaction
time in a HyO,/catalyst system at varying temperatures.
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unchanged, preserving as high as 96% in the whole
range of reaction temperatures. This finding shows
that increasing temperature can accelerate the reaction
and has almost no impact on the selectivity toward
BTO in the temperature range from 50 to 80°C. More-
over, the catalytic oxidation reaction is dominant
when the reaction is conducted at a higher tempera-
ture, resulting in a high conversion of BT and a high
selectivity for the polar compounds. The same result
was observed for DBT.

3.7. Chemical reaction kinetics of the oxidation of BT and
DBT over phosphotungstic acid

In determining the rate of reaction for a biphasic
system using BT and DBT as model compounds, the
same process as a single-phase system applies. The
only difference was the fact that the concentration
taken into consideration was not the total concentra-
tion of the whole system but the concentration of the
reactants and products in the phase where the reac-
tion took place [31]. For simplification, the amount of
H,0O, was taken in excess that the change in concen-
tration of H,O, compared to BT or DBT was negligi-
ble. The catalytic oxidation of the sulfur compounds is
a pseudo-first-order reaction, yielding

ac
T K'C (1)
where C is the concentration of the sulfur compounds
and k' is the apparent rate constant of BT and DBT
under catalytic oxidation.
In terms of conversion of BT and DBT (X, X=
(Cin—0)/Cip), Eq. (1) becomes

dXx d(C/Cw)

E__T_k(l_x) (2)
[ustrated in Fig. 5(a) is the plot of In(1—X) vs. t at
various reaction temperatures for the catalytic oxida-
tion of DBT with the correlation coefficient, R2, in the
range of 0.988-0.991. As the data presented here are
average values, R? is thus estimated according to these
values. The results indicate a straight-line relationship
between In(1 — X) and ¢, supporting the assumption of
pseudo-first-order reaction. Table 4 summarizes the
kinetic parameters obtained from the analysis.

Fig. 5(b) presents the Arrhenius plots for the cata-
lytic oxidation of the sulfur compounds over the cata-
lyst. A linear plot was obtained with the correlation
coefficient (R?) of 0.996 for BT and 0.999 for DBT. The
activation energies were 45.01 and 60.52kJ/mol for
DBT and BT, respectively. Komitacharat and Tran-
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Fig. 5. (a) Pseudo-first-order oxidation reactions of DBT in
the UAOD system and (b) Arrhenius activation energies
for BT and DBT under catalytic oxidation.

Table 4
BT and DBT rate constants at various temperatures
Substrate Reaction Rate Correlation
temperature constant coefficient
(‘0 (min™)  (R?)
BT 50 0.0389 0.995
65 0.1106 0.982
80 0.2582 0.987
DBT 50 0.0905 0.991
65 0.1981 0.988
80 0.3750 0.992

karnpruk [32] pointed out that the activation energies
for BT and DBT were 62.73 and 52.83kJ/mol, respec-
tively. It is apparent that the oxidation of BT and DBT
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over the catalyst employed in this process is faster,
which is attributed to a decrease in the activation
energy brought about by the phosphotungstic acid.
Further studies will be helpful to develop the reaction
rates in terms of coverage, structure of the molecule,
and molecular weight.

4. Conclusion

Oxidative desulfurization of DBT and BT using
hydrogen peroxide, catalyst, and PTA was investigated.
It was found that the oxidation reaction proceeds very
rapidly to give the corresponding sulfones at low tem-
perature and atmospheric pressure. With regard to the
process parameters such as temperature, the increase in
reaction temperature led to a remarkable increase in
desulfurization efficiency. The reaction time to reach
99.0% conversion of BT was achieved in 15min as the
temperature was elevated to 80°C. For the amount of
catalyst, amount of PTA, and amount of hydrogen per-
oxide, they are directly proportional to the percentage
conversion of the refractory sulfur compounds.

The hydrogen peroxide concentration exerts a
strong influence on the rate of sulfur conversion.
Interestingly, in case of an amount of excess oxidant,
an almost complete conversion of BT and DBT occurs
at 15min of reaction time. Using the PTA and phos-
photungstic acid, a hydrophilic-liphophilic catalyst
was formed in the system which demonstrated high
reactivity and selectivity toward the oxidation of BT
and DBT. The results of the kinetic study indicate that
the Arrhenius equation can be applied to describe the
experimental data by using the pseudo-first-order
reaction kinetic equation. The activation energies of
45.01kJ/mol (DBT) and 60.52kJ/mol (BT) were
obtained. This work demonstrates that deep desulfur-
ization of DBT and BT was achieved under very mild
reaction conditions, namely atmospheric pressure and
temperatures close to ambient (50-80°C). Furthermore,
high reactivity and selectivity make the UAOD system
promising for a deep desulfurization of the fuel.

Acknowledgment

This research was supported by the National Sci-
ence Council, Taiwan (Grant No.: NSC 100-2221-E-
041-005).

References

[1] C. Song, An overview of new approaches to deep desulfur-
ization for ultra-clean gasoline, diesel fuel and jet fuel, Catal.
Today 87 (2003) 211-263.

[2] Asian Clean Fuels Association (ACFA). Vol. 8, 2010.

[3] US Environmental Protection Agency (US EPA), Emission
Standard Reference Guide Highway, Nonroad, Locomotive,
and Marine Diesel Fuel Sulfur Standards (2009). Available
from: http://www.epa.gov/otaq/standards/fuels/diesel-sul-
fur.html/.

[4] V. Berti, A. Iannibello, Hydrodesulfurization of Petroleum

Residues: Principles and Applications, Staz. Speriment, Com-

bust, Milan, 1975.

A. Seeberger, A. Jess, Desulfurization of diesel oil by selective

oxidation and extraction of sulfur compounds by ionic lig-

uids—a contribution to a competitive process design, Green

Chem. 12 (2010) 602-608.

[6] J. Speight, The Desulfurization of Heavy Oils and Residual,
Marcel Dekker Inc., New York, NY, 2000.

[7] C. Song, New approaches to deep desulfurization for ultra-
clean gasoline and diesel fuels: An overview, Fuel Chem.
Div. Prep. 47(2) (2002) 438-444.

[8] N.Y. Chan, T. Lin, T.F. Yen, Superoxides: alternative oxidants
for the oxidative desulfurization process, Energy Fuels 22

(2002) 3326-3328.

[9]1 H. Mei, BW. Mei, TF. Yen, A new method for obtaining
ultra-low sulfur diesel fuel via ultrasound assisted oxidative
desulfurization, Fuel 82 (2003) 405-414.

[10] S. Murata, K. Murata, K. Kidena, M. Nomura, Oxidative
desulfurization of diesel fuels by molecular oxygen, Prepr.
Pap.-Am. Chem. Soc. Div. Fuel Chem. 48(2) (2003) 531.

[11] D. Zhao, Y. Wang, E. Duan, Oxidative desulfurization of fuel
oil by pyridinium-based ionic liquids, Molecules 14 (2009)
4351-4357.

[12] O. Etemadi, T.F. Yen, Aspects of selective adsorption among
oxidized sulfur compounds in fossil fuels, Energy Fuels 21
(2007) 1622-1627.

[13] F. Li, Z. Zhang, J. Feng, X. Cai, P. Xu, Biodesulfurization of
DBT in tetradecane and crude oil by a facultative thermo-
philic bacterium Mycobacterium goodii X7B, ]J. Biotechnol. 127
(2) (2007) 222-228.

[14] H. Rang, ]J. Kann, V. Oja, Advances in desulfurization
research of liquid fuel, Oil Shale 23(2) (2006) 164-176.

[15] R. Gatan, P. Barger, V. Gembicki, Oxidative desulfurization: a
new technology for ULSD, Prepr. Pap.-Am. Chem. Soc., Div.
Fuel Chem. 49(2) (2004) 577-579.

[16] F. Liotta, Y. Han, Production of ultra-low sulfur fuels by
selective hydroperoxide oxidation, Lyondell Chemical Com-
pany, Newtown Square, PA, 2003.

[17] A. Stanislaus, A. Marafi, M. Rana, Recent advances in the sci-
ence and technology of ultra low sulfur diesel (ULSD) pro-
duction, Catal. Today 153(1-2) (2010) 1-68.

[18] M. Wan, T.F. Yen, Enhance efficiency of tetraoctylammonium
fluoride applied to ultrasound-assisted oxidative desulfuriza-
tion (UAOD) process, Appl. Catal. A: General 319 (2007)
237-245.

[19] X. Jiang, H. Li, W. Zhu, L. He, H. Shu, J. Lu, Deep desulfur-
ization of fuels catalyzed by surfactant-type decatungstates
using H,O, as oxidant, Fuel 88 (2009) 431-436.

[20] S. Liu, B. Wang, B. Cui, L. Sun, Deep desulfurization of diesel
oil oxidized by Fe (VI) systems, Fuel 87 (2008) 422-428.

[21] Y. Dai, Y. Qi, D. Zhao, H. Zhang, An oxidative desulfuriza-
tion method using ultrasound/fenton’s reagent for obtaining
low and/or ultra-low sulfur diesel fuel, Fuel Process. Tech-
nol. 89 (2008) 927-932.

[22] G. Zhang, F. Yu, R. Wang, Research advances in oxidative
desulfurization technologies for the production of low sulfur
fuel oils, Pet. Coal 51(3) (2009) 196-207.

[23] A. Giuseppe, M. Crucianelli, F. De Angelis, C. Crestini, R.
Saladino, Efficient oxidation of thiophene derivatives with
homogeneous and heterogeneous MTO/H,O, systems: a
novel approach for, oxidative desulfurization (ODS) of diesel
fuel, Appl. Catal. B: Environ. 89 (2009) 239-245.

[24] N. Jose, S. Sengupta, J.K. Basu, Optimization of oxidative
desulfurization of thiophene using Cu/titanium silicate-1 by
box-behnken design, Fuel 90 (2011) 626-632.

[5

—


http://www.epa.gov/otaq/standards/fuels/diesel-sulfur.html/
http://www.epa.gov/otaq/standards/fuels/diesel-sulfur.html/

104

[25]

[26]

[27]

[28]

M.-W. Wan et al. | Desalination and Water Treatment 47 (2012) 96-104

I. Kim, C. Huang, P. Chiu, Sonochemical decomposition of
dibenzothiophene in aqueous solution, Water Res. 25 (2001)
4370-4378.

S. Otsuki, T. Nonaka, N. Takashima, W. Qian, A. Ishihara, T.
Imai, T. Kabe, Oxidative desulfurization of light gas oil and
vacuum gas oil by oxidation and solvent extraction, Energy
Fuels 14 (2000) 1232-1239.

P. Filippis, M. Scarsella, Oxidative desulfurization: Oxidation
reactivity of sulfur compounds in different organic matrixes,
Energy Fuels 17 (2003) 1452-1455.

R. Noyori, M. Aoki, K. Sato, Green oxidation with aque-
ous hydrogen peroxide, Chem. Commun. (2003). 1977-1986
doi: 10.1039/B303160H.

[29] C.M. Starks, C.L. Liotta, M. Halpern, Phase-transfer catalysis:
fundamentals, applications, and industrial perspective, Chap-
man and Hall Inc., New York, NY, 1994.

[30] D. Zhao, Z. Sun, F. Li, R. Liu, H. Shan, Oxidative desulfuriza-
tion of thiophene catalyzed by (C4Hg)sNBr,-C¢H11NO coordi-
nated ionic liquid, Energy Fuels 22 (2008) 3065-3069.

[31] D. Adams, P. Dyson, S. Tavener, Chemistry in alternative
reaction media, Wiley, The Atrium, Southern Gate, Chiches-
ter, 2004.

[32] C. Komintarachat, W. Trakarnpruk, Oxidative desulfurization
using polyoxometalates, Ind. Eng. Chem. Res. 45 (2006)
1853-1856.





