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Abstract—The current technologies for achieving low sulfur in diesel fuel are based on hydrotreating, which requires
high temperature, high pressure and excessive supply of hydrogen. Oxidative desulfurization (ODS) is considered one
of the promising new methods for super deep desulfurization, which could be carried out under very mild conditions
(atmospheric pressure, <100 °C) without consumption of hydrogen. In this paper, development status of ODS process
by major licensors are described as well as general concepts of ODS reaction. In addition, the ODS process has been
categorized into single phasic and biphasic system according to the oxidants involved. Recent trends in both systems
are reviewed in detail and future work is also proposed.
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INTRODUCTION

Although the demand for petroleum-based light oil products such
as LPG naphtha, gasoline, kerosene, and diesel are greatly increas-
ing as base materials in the petrochemical and transportation indus-
tries, sour heavy crude oil of poor quality (high sulfur and nitrogen
content, high TAN (total acid number)) are frequently found due to
crude oil reserves, mining conditions and other factors [1]. It is well-
known that a large variety of sulfur compounds (thiols, sulfides,
disulfides and thiophenes) contained in liquid fuels generate sulfur
oxides (mainly SO,) and airborne particulate emissions during com-
bustion, which has been recognized as a precursor of acid rain and
air pollution [2]. The presence of sulfur also results in the corrosion
of parts of combustion engines and refinery equipment because of
the formation of oxyacids [3]. Furthermore, sulfur compounds in
transportation fuels as a poison for the catalysts in catalytic con-
verters. Therefore, stringent environmental regulations on the spec-
ifications of sulfur level in fuel oil have been imposed globally. By
2010, the sulfur content tolerated in many countries, both in gaso-
line and diesel, was less than 10 ppm [4,5]. Considering the grow-
ing trend of fuel consumption and exploiting petroleum resources,
the remaining part of petroleum is more viscous and has a high sulfur
content whose desulfurization will make the final desulfurized fuel
product even more expensive [2,6]. As a consequence, the removal
of sulfur of transportation fuel derived from heavy sour crude oil is
extremely important in the petrochemical industry and development
of deep desulfurization technology for the production of ultra-low
sulfur fuel oil has become the target of worldwide researchers [1].

The most important and commercial route for desulfurization of
light oil is the hydrodesulfurization (HDS) process. HDS process is
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operated under high temperatures (above 300 °C) and high hydro-
gen pressures ranging between 20-100 atm. over CoMo/ALO; or
NiMo/ALO, as the catalysts [3,4,6,7]. One can refer to important
review papers on this topic for more detailed information [5,6,8,9].
Even though the HDS is still considered as highly efficient for remov-
ing sulfur compounds in light oil and is preserving long lifetime of
the catalyst (approximately two years of on-stream operation), ex-
treme reaction conditions such as high temperature and high hydro-
gen pressure including the possibility of vaporization of light oil
have to be considered for economic evaluation of process. The most
considerable characteristic of HDS is that this common technology
is limited to fulfilling the strict sulfur content regulations depending
on the type of sulfur compounds to be converted. The HDS process
can effectively remove aliphatic and acrylic sulfur-containing com-
pounds (thiols, sulfides, and disulfides), while it is difficult to des-
ulfurize refractory bulky polyaromatic sulfur compounds such as
benzothiophene (BT), dibenzothiophene (DBT) and their alkyl deriv-
atives, especially 4,6-dimethyldibenzothiophene (4,6-DMDBT) [10].
This limitation is attributed to not only steric hindrance of the bulky
aromatic sulfur species restricting access to the catalyst active sites,
but also the high electron density around the sulfur atom [11,12].
The removal of these refractory sulfur compounds using the deep
HDS process is expensive and inevitably requires the application of
extreme operating conditions: very low space velocities, high tem-
peratures, high pressures and large hydrogen consumption, com-
pared with conventional HDS of light oil [4,7,13]. Therefore, tech-
nology licensors and catalyst manufactures have continued to develop
conventional HDS technology to reduce the capital and operating
expense required, but not commercialized up to now.

There are alternatives to producing petroleum products with ultra-
low sulfur content from the treatment of heavy sour feedstock con-
taining large concentration of refractory sulfur compounds, in which
they are developed as complementary (or secondary) desulfuriza-
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tion routes to conventional HDS technology [4,7,14]. For example,
non-HDS technologies such as selective adsorption of sulfur, selec-
tive oxidation of sulfur, and biodesulfurization have been proposed.
Song [5] reported that Pennsylvania State University has been explor-
ing a new desulfurization process by selective adsorption for remov-
ing sulfur (PSU-SARS) at ambient temperature without using hy-
drogen or any other reactive gas [8]. In developing the PSU-SARS
concept, the key consideration is to design the adsorbent materials
to selectively interact with sulfur in the presence of large excess of
aromatic compounds. More recently, Yang et al. [15,16] reported
on adsorption separation of thiophenic sulfur compounds from aro-
matic compounds based on 7~complexation using Cu- and Ag-ex-
changed Y zeolites. But, selective adsorption for removing sulfur
has not successfully developed for liquid fuels due to the presence
of many other compounds such as aromatics and polar species in
refinery streams [5]. Biological method is another alternative option
to remove sulfur from fossil fuel. Campos-Martin et al. [2] reported
that some microorganisms can consume the sulfur in thiophenic
compounds such as DBT and reduce the sulfur content in fuel. In
this paper, two main pathways have been reported: ring-destructive
(degradation) and sulfur-specific (desulfurization) pathways in terms
of DBT utilization. To date, two ring-destructive pathways for metab-
olism of DBT have been recognized. They concluded that in order
to make the biodesulfurization process competitive with deep HDS,
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a five-step process is needed: (i) production of active resting cells
(biocatalysts) with a high specific activity; (ii) preparation of a bipha-
sic system containing oil fraction, aqueous phase and biocatalyst;
(iii) biodesulfurization of a wide range of organic sulfur compounds
at a suitable rate; (iv) separation of desulfurized oil fraction, recovery
of the biocatalyst and its return to the bioreactor; and (v) efficient
wastewater treatment. Each step is affected by a number of factors
[2]. However, selective adsorption and biodesulfurization methods
are still not economically viable at a commercial scale [4,7]. Mean-
while, selective oxidative desulfurization (ODS) processes have
been attracting much attention due to their progress to a state where
nearing commercialization. Compared to deep HDS process, ODS
process could be operated under very mild conditions (atmospheric
pressure and low reaction temperatures) and provide much more
advantage that does not use hydrogen because hydrogen balance is
generally tightened in the refinery field. Furthermore, refractory
organic sulfur compounds such as dibenzothiophene and 4,6-dim-
ethyldibenzothiophene are easily removed by ODS process where
high electron density on the sulfur atom renders aromatic organic
sulfides more susceptible to the electrophilic attack of the oxidizing
agent, resulting ultimately in the corresponding sulfones [12,17].
Therefore, integration of ODS with a conventional HDS is consid-
ered as a promising way to achieve an ultra-low level of sulfur in
petroleum products [3,4,7,14]. In this paper, we focus on the recent
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advancements in the ODS process among the alternatives of the
HDS process and some results obtained by the authors’ laborato-
ries will also be discussed.

GENERAL CONCEPTS OF ODS PROCESS

The ODS process generally consists of two consecutive steps,
the first step of which is selective oxidation of non-polar organic
sulfides into highly polar sulfones (see Fig. 1), followed by a sec-
ond step of subsequent separation of the polar sulfone compounds
by extraction with a polar solvent or by adsorption. The sulfur atoms
have d orbital, which enables oxidation of organic sulfur species
into sulfone and sulfoxide [1]. In addition, the ODS reactivity of
sulfur compounds is increased with the increase of electron density
of sulfur atoms. The reactivity of DBT (Dibenzothiophene) deriva-
tives is influenced by the electron donation of substituted methyl
groups, reversing the order of reactivity of HDS [12]. Electron den-
sity data of sulfur compounds are listed in Table 1.

The ODS process has been developed by a variety of major licen-
sors since 1996 and five pilot plants have been operated in the world,
while not being commercialized up to now. PetroStar developed
the CED (conversion/extraction desulfurization) process in pilot
plant scale of 5,000 bbl/day at the end of 2000, in which sulfur con-
centration of feedstock (4,200 ppm) was reduced to below 10 ppm
[18]. In the first oxidation step, sulfur compounds were oxidized to
sulfone by using peroxyacetic acid under 75-90 °C and atmospheric
pressure within residence time of 30 min. Hydrogen peroxide con-
sumption to make peroxyacetic acid corresponds to half of the total
operating cost. After the oxidation step, sulfone separation was con-
ducted through liquid/liquid extraction to raffinate fraction with lower
sulfur amount and extract fraction with high sulfur concentration.
Raffinate was treated with adsorbents such as clay, silica gel, and
alumina to remove residual sulfur species. After the recovery of
solvent, extract was converted to sulfate, sulfite and sulfonate prod-
ucts by chemical treatment or mixed with raffinate after biological
treatment in order to improve the economics. However, this pro-
cess contains several disadvantages, of which HCOOH as oxida-
tion catalyst is hard to separate and residual acid in the product might
make trouble in color and phase separation.

The ASR-2 process, which was developed by Unipure in 2001,
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Fig. 2. Scheme of CED process [18].
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Fig. 3. Scheme of ASR-2 process [19].

is based on the oxidation catalyzed by hydrogen peroxide in the
presence of formic acid or acetic acid [19]. In this process, the diesel
feed of up to 500 ppm sulfur is reduced to 5 ppm sulfur content at
120 °C and atmospheric pressure. Used catalyst and sulfone con-
taining liquid stream are transferred to a catalyst recovery unit to
sulfone removal and catalyst regeneration. Oil stream is moved into
the extraction unit using methanol and solid adsorbent to remove
residual sulfone species. Similar to the CED process, ASR-2 also
has the problem of separation of liquid catalyst.

SulphCo reported that oxidation efficiency was improved by apply-
ing ultrasound process (Sinclare), which is the core of SulphCo’s
reactor [20]. It generates tiny bubbles by cavitation in the range of
200 pum followed by sudden collapse. Through this process, violent
micro mixing of different phases occurs and generates free radicals
or excited oxygenates like hydroperoxide. The mixture of straight-
run diesel and FCC LCO (light cycle oil) with the ratio of 7/3 was
treated by Sinclare process and initial sulfur content of 3,000 ppm
decreased to below 15 ppm of sulfur content and its yield was almost
100%. Ultrasonic oxidative desulfurization has high desulfurization
efficiency, but still applied H,O, as oxidant, and at the same time
ultrasound device was used, which enhanced the cost and limited
the scale of production [1].

Lyondell developed ODS process which was confirmed by the
operation of pilot plant unit during 3,000 hours [21]. The fuel is oxi-
dized with organic hydroperoxide in the presence of a heterogeneous
oxidation catalyst (Ti/SiO,) to form a sulfone product, followed by
extraction of the sulfone by solid-liquid or liquid-liquid extraction.
The fuel is then contacted with a decomposition catalyst to remove
the residual organic hydroperoxide from the fuel. They found that
the alcohol removal step prior to sulfone extraction resulted in greater
adsorption capacity for the adsorbent.

The UOP/Eni oxidative desulfurization process consists of three
process steps: an oxidant supply section, a sulfur reaction section,
and finally a sulfone separation section [4,22]. This technology uses
organic peroxide as an oxidant. The oxidant supply section can con-
sist either of the handling equipment associated with purchase organic
peroxide, or the peroxide can be generated internally via direct oxida-
tion of a hydrocarbon with air. The use of an organic peroxide as
the oxidant avoids the need to recycle corrosive organic acid cata-
lysts that are needed when hydrogen peroxide is used. UOP/Eni
has evaluated both extraction and adsorption separation, and con-
cluded that the adsorption route is more cost-effective.

Korean J. Chem. Eng.(Vol. 30, No. 3)
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Fig. 4. UOP/Eni oxidative desulfurization process [4].

RECENT STUDIES OF ODS PROCESS

In the oxidation step, two types of oxidation systems are usually
implemented, depending on the reaction conditions, that is, accord-
ing to the type of oxidant and reaction phase [1,2,14]. The type of
oxidant and catalyst is closely related to the reaction phase.

1. Biphasic ODS System

Oxidants such as hydrogen peroxide (H,O,) and organic carbox-
ylic acids, soluble in polar solvents, are used to form a liquid biphasic
system with the oil phase and the polar phase containing the oxidizing
agents [10]. Nitric oxides and nitric acids were used for ODS reac-
tion in initial studies, but were discarded due to their inevitable high
amounts of residual products [23].

Afterward, the most well-known biphasic ODS process was devel-
oped by using organic peracids and hydrogen peroxide. The peracids,
which are used for their powerful oxidation ability, are produced in
situ by reaction of hydrogen peroxide and carboxylic acids due to
their higher reactivity and corrosiveness. And hydrogen peroxide
with a high amount of active oxygen (47 wt%) as an oxidizing agent
is a commercial product and gives no pollutants [24]. After the earlier

/5\

studies on the use of peracids in the oxidation of sulfur compounds
[12,25], H,0,-organic acid systems have also been reported [26-
301, but the applicability of these studies at an industrial level is re-
stricted due to excessive consumption of oxidant and mass transfer
limitations leading to very long reaction time.

To overcome these problems, addition of catalysts has been con-
sidered to provide additional oxidizing ability for ODS reaction.
Transition metal salts have been used as a catalyst due to their high
oxidation state with Lewis acid sites. Among the transition metal
salts, tungsten salts are very active and selective in the oxidation of
sulfur compounds with peracids [31,32]. Other transition metal salts
such as Co [33,34] or Fe [35] are also used for ODS with peracids,
which enable forming of reactive radicals having high oxidation
capacity from peracids. Modified activated carbon with carboxylic
groups was also used as a catalyst for ODS reaction with peracids
[36-38].

In the H,0, oxidation system, biphasic ODS reaction has been
carried out using a variety of homogeneous metal catalysts: Co™,
Sn** and Pd** [39], polyoxometalate [40-42], an iron containing tet-
raamidomacrocyclic ligand (TAML) catalyst, Fe-TAML® [43], so-
dium tungstate and sodium hydrogen sulfate [44], etc. Among them,
polyoxometalates have long been studied for oxidation reactions,
particularly, the polyoxometalate/hydrogen peroxide system for or-
ganic substrate oxidations due to their good transmission and stor-
age capacity to electrons and protons, reactivity of lattice oxygen
and high proton acidity [1,40]. A series of polyoxometalate/H,O,
systems were evaluated for dibenzothiophene oxidation. The H,O,
solutions of phosphotungstic acid and its salt were very active cata-
lyst systems for the model compound oxidation, while their molyb-
denum counterpart systems were much less active. The H,0, solu-
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Fig. 5. Biphasic ODS reaction catalyzed by metallic peroxides [2].
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tions of silicotungstic and silicomolybdic compounds were the least
active catalyst systems for the reaction [41]. However, the surface
of polyoxometalates is so small and easily lost in the ODS process
that loaded-heteropolyoxometalate catalyst is considered to over-
come these shortcomings [45].

When using peracids or hydrogen peroxide in the ODS process,
these are not soluble in oil phase and form two immiscible liquid
phases (an oil phase with sulfur compound and a polar phase with
oxidant) in the reactor. For this reason, sulfur compounds are unable
to fully access to oxidants. Therefore, phase transfer compounds have
been significantly investigated [46-52]. The presence of the phase
transfer agent facilitates the transfer of products and reagents at the
polar-apolar interface, increasing mass transfer across the interface.
Reaction mechanism of biphasic ODS reaction including phase trans-
fer catalyst is proposed in Fig. 5 [2]. However, due to the insuffi-
cient mass transfer ability of above biphasic system, a special reactor
design for the reaction homogenization, e.g., a continuous stirred-
tank reactor (CSTR), microemulsion reactor, or microstructured reac-
tor, has been studied to avoid the mass transfer limitation [23,53-
55]. In addition, contamination of the oil by polar solvents such as
water or alcohols as well as the need of large amounts of solvent
may prevent industrial applications of the liquid biphasic system
[1,14,56-58]. Compared to homogeneous catalysts, a variety of het-
erogeneous catalysts such as solid redox catalysts (Ti, V, W, Mo,
Co/Mn, Ag, Au, Re) have been applied to the biphasic ODS system,
which is recyclable to minimize pollution levels and provide higher
atom utilization efficiency [2].

2. Single-phasic ODS System

The single liquid phase oxidation system can be operated by using
organic hydroperoxides which are soluble in oil compared to bipha-
sic ODS system using peracids or hydrogen peroxide as water-
soluble oxidants. This single phase system exhibits more process-
oriented characteristics from the following advantages: no emer-
gence of oil emulsion as a result of the existence of water, a shorter
time to mix organic peroxide with oil, enabling the application of a
simple fixed bed system [1,2].

Tert-butyl hypochlorite was used as an oil-soluble organic oxi-
dant for the oxidative removal of DBT at the beginning of single
phase ODS system [59]. The results indicated that the conversion
of DBT to DBT sulfone reached 90% at 50 °C under ambient pres-
sure for both the flow system and batch system. The gamma alu-
mina supported catalyst was necessary for this reaction system. The
most widely used organic oxidant is fer#-butyl hydroperoxide (TBHP).
In the development of pilot-scale or commercial ODS process, UOP
disclosed the continuous fixed-bed ODS system using ferz-butyl
hydroperoxide combined with adsorption for the separation of sul-
fone. They suggested the in-situ generation of the peroxide via direct
oxidation of a hydrocarbon with air to overcome the drawbacks of
high price and transportation problems of organic peroxide [22,60,
61]. More recently, Lyondell also disclosed the fixed-bed system
using zert-butyl hydroperoxide as a candidate of a pilot-scale process
[62,63]. Zhou et al. reported that cyclohexanone peroxide (CYHPO)
is more attractive as an oil soluble oxidant because it is compara-
tively cheap compared to other oil-soluble oxidants and large-scale
industrial supply, although the conversion of DBT oxidation is still
not enough to meet the need of deep desulfurization [64]. They also
showed that the activity of alkyl peroxides decreases in the order of

CYHPO>TAHP (tert-amyl hydroperoxide)>TBHP, reversing the
order of the peroxy oxygen electronic density [65]. In the US patent
8283498 B2, diesel containing DBT may be oxidized using a heteroge-
neous titanium (IV) catalyst and organohydroperoxide, such as cumyl
hydroperoxide (CHP) and ethylbenzene hydroperoxide (EBHP) as
well as TBHP, which proves effective for the selective oxidation
and removal of refractory sulfur compounds from diesel fuel [66].

The selective oxidation of the sulfur-containing compounds using
organic hydroperoxides can be operated in the presence of transi-
tion metal-based catalysts (Mo, Ti, Fe, V, W, etc.), exhibiting high
oxidation states with suitable Lewis acidity and redox properties
[56,67]. Molybdenum catalysts such as heterogeneous Mo/Al,O,
have been intensively studied [13,17,68-70]. Wang et al. [17] reported
that Mo/ALO; catalyst showed the optimum oxidation activity of
DBT at around 16 wt% of Mo loading, and addition of Co and Ni
onto the Mo/ALO; catalyst led to a significant decrease in ODS activ-
ity. The reactivity of sulfur compounds decreases in the order of
DBT>4-MDBT>4,6-DMDBT>>BT, which is very different from
the result of the biphasic oxidation [12]. It can be suggested that
the oxidation reactivities of DBTs over Mo catalyst varied depend-
ing on two factors: the electron density of the sulfur atom in DBTs
and the steric hindrance of methyl substitution when the sulfur in
DBTs adsorbed on the surface of catalyst [17,69]. They also pro-
posed a peroxidic oxidation mechanism of DBT on MoO, catalyst
with zert-butyl hydroperoxide as shown in Fig. 6. The coordination
of hydroperoxide to Mo-O is prompted by the polarization of Mo®*-
O° bond when Mo, is dispersed on Al,O;, and electrophilicity of
peroxy oxygen is prompted [17]. However, catalyst deactivation can
occur due to metal leaching and the Mo tendency to be leached into
the reaction medium in single phasic ODS reaction condition [56,71].

Chromium-containing catalysts have been investigated for the
single phasic ODS reaction and selective oxidation of tetralin [72,73].
Among the transition metal substituted HMA and AIPO-5 catalysts,
Cr-HMA showed higher activity than Co-HMA and Fe-HMA. How-
ever, the activity of chromium-containing catalyst is much lower
than that of titanium-containing catalyst. Caero et al. [74] carried
out oxidative desulfurization of synthetic diesel in the presence of
V,04/ALO; and V,04/TiO, catalysts. They reported that V,05/ALO,
catalyst showed higher ODS activity than V,04/TiO, catalyst, and
nitrogen compounds retarded the oxidation reaction due to their pre-
ferential reactivity compared to that of DBTS.

Titanium-containing catalysts have been known to be the most
effective catalysts for ODS both in biphasic and single liquid phase
operating systems [7,56,67,75-80]. Kim et al. [10] described the
characteristics of titanium-containing catalyst for ODS reaction that
these preceding studies showed that the activity and lifetime of the
ODS catalyst are influenced by several factors, including the nature
of the coordination environment around the titanium center, struc-
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Fig. 6. Proposed peroxidic oxidation mechanism of DBT with tert-
butyl hydroperoxide [17].
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tural and surface properties of the material, type of oxidizing agent,
reagent ratio, reaction temperature [56,75,81].

Microporous zeolitic TS-1 has been tested for this reaction be-
cause TS-1 is the commercial selective oxidation catalyst for epoxi-
dation of propylene using TBHP as an organic oxidant. TS-1 is able
to oxidize sulfur compounds, but its activity is not high enough to
oxidize the refractory bulky sulfur compounds due to its medium
pore structure [56,67], while thiophene, which is not easily removed
by ODS reaction, could be oxidized over framework Ti species.
Non-framework titanium in the catalyst is not the active site and a
steric obstacle was also observed by using different crystal size of
catalysts [80]. To overcome the steric hindrance of TS-1, mesoporous
TS-1 with enhanced accessibility of bulky molecule to allow the
active sites has been investigated [76,82]. Mesoporous TS-1 syn-
thesized via a hybrid SiO,-TiO, xerogel route combined with an
organosilane additive showed higher than conventional TS-1 cata-
lyst in single phasic ODS reaction [82]. Fang et al. [76] reported
that mesoporous TS-1, with additional mesopore system formed
by packing the TS-1 nanocrystals, was synthesized by nanocasting
route using nanoporous carbon (CMK-3) as template. Its catalytic
performance of mesoporous TS-1 in H,O, oxidation of aromatic
thiophene was improved compared with common TS-1 and is able
to catalyze oxidation of bulky sulfur containing molecules such as
DMDRBT. Other zeolitic titanosilicate catalysts such as Ti-£5[56,67],
Ti-MOR [83], Ti-ITQ-7 [84], and Ti-MWW [75,85] have been stud-
ied. Among them, Ti-MWW has received attention because it has
the unique sinusoidal 10 MR channels of the so-called within layers
of MWW zeolite together with the open reaction spaces of 12 MR
side cups and supercages than the tunnel type 10 MR channels of
TS-1. Ti-MWW exhibited higher activity than Ti-MCM-41 showing
low intrinsic activity due to its amorphous mesoporous walls and
the reactivity of model sulfur compounds decreased in the order of
DBT>4-MDBT>4,6-DMDBT>>BT [75]. Since mesostructured
molecular sieves of MCM-41 type have been suggested as good
support, mesoporous Ti-silica (Ti-MCM-41 [56,77], Ti-HMS [67,
79], Ti-SBA-15 [10,32]), and commercial amorphous titania-silica
(TiO,/SiO,) [21] were previously tested as selective oxidation cata-
lysts for ODS. Mesoporous Ti-silica (pore size>2 nm), was reported
to exhibit higher catalytic activity and longer lifetime than microporous
catalysts (pore size<2 nm) such as TS-1, in which organic sulfur
compounds have restricted access to the active site due to the small
zeolitic pore apertures. Chica et al. [56] reported that calcined Ti-
MCM-41 was more active, did not leach Ti, and deactivated more
slowly than MoO,/Al,O, catalyst for ODS reaction of model sulfur
compounds. Jeong et al. [77] synthesized the titanium-containing
MCM-41 like mesoporous silica catalysts (Ti-MMS) from fluoro-
silicon compounds (H,SiF;) and suggested that Ti-MMS with higher
concentration of framework Ti species and significantly small clus-
ter and primary particle size showed higher activity compared with
Ti-MCM-41. Recently, our laboratory synthesized a series of meso-
structured Ti-SBA-15 catalysts with the aging step conducted at dif-
ferent temperature (e.g., 35, 100, and 140 °C) in order to vary sub-
stantially the size of the mesopores and different Ti loading. Among
them, catalytic results revealed that Ti-SBA-15 catalysts exhibiting
the largest pore size (>7.3 nm) and high Ti content (>2.8 mol%)
act as highly active catalysts for ODS reactions [10]. These results
are in good agreement with the activity order of Ti/SiO, gel cata-
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lysts, showing good mechanical strength and thermal stability, in
which pore size in the range of 7-10 nm showed the maximum ODS
activity using TBHP as an oxidant.

The other most relevant parameters are the amount and nature
of the Ti sites dispersed on the silica support. In particular, the pres-
ence of tetrahedrally coordinated Ti sites is critical, as the selective
oxidation of the sulfur compounds proceeds through the initial addi-
tion of the peroxide (the source of oxygen) to the coordination-un-
saturated metal center [10]. The higher catalytic activity of TS-1
and Ti-MCM-41 in selective oxidation reactions is probably a con-
sequence of the formation of hydroperoxy species (Ti*-O-O-H) on
their surface during the catalytic reaction. On the contrary, extra-
framework Ti of ETS-4 and ETS-10 cannot form active titanium
hydroperoxy species [77,86]. Conventional co-condensation or im-
pregnation methods for the incorporation of Ti species into mesopo-
rous silicates generally lead to generating small amounts of highly
active tetrahedrally coordinated Ti*" species on the surface while
octahedrally coordinated anatase TiO, is formed in extra-framework
of silicates. To overcome these problems, Capel-Sanchez et al. [87]
employed various titanium precursors for the preparation of sup-
ported titanium catalysts, and their results showed that chemical graft-
ing of titanium is produced by reaction between alkoxide precursor
and surface OH groups, and samples prepared with titanium iso-
proproxide yield polymeric titanium species in tetrahedral coordi-
nation, which gives rise to a low-efficiency oxidation catalyst. How-
ever, when an antane is used (titanium (triethanolamiante)) isopro-
poxide), the isolated active titanium species is obtained due to the
protective effect of the triethanolaminate. When this catalyst was
used, the remaining sulfur concentration in the kerosene (1,219 ppm
S) was below 240 ppm after 5 min, and below 10 ppm after 15 min
[81]. Specifically designed Ti-SBA-15 catalysts were synthesized
according to a post-grafting route based on the controlled insertion
of titanium chelate species, as recently reported [88,89]. The syn-
thesis of the Ti-SBA-15 catalysts is based on the use of a titanium
alkoxide as the Ti source modified with acetylacetone (acac), which
acts as a chelating agent in the post-grafting process (See Fig. 7).
This specific synthesis method ensures high dispersion of Ti** sites
in tetrahedral coordination placed on the mesopore surface, while
enabling a facile tailoring of Ti loading and material porosity, result-
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Fig. 7. Chemical modification of titanium alkoxide with acetylace-
tone (acac) [89].
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ing in highly efficient removal of refractory sulfur compounds in a
fixed-bed reactor with organic hydroperoxide [10].

Even with the impressive development of single phasic ODS cata-
lyst and process, maintaining an extended lifetime under industrially
relevant conditions is still difficult. Deactivation of ODS catalyst could
be attributed to adsorption of nitrogen and sulfone compounds on
the catalyst surface. Caero et al. [90] carried out ODS reaction of a
synthetic diesel containing nitrogen compounds, and in the presence
of nitrogen compounds the ODS activity decreased in the order:
quinolone>indole>carbazole. The results show that DBT is displaced
by quinolone, occupying the adsorption sites of catalyst. Nitrogen
compound effect could be explained by strong adsorption of nitro-
gen compounds on catalytic sites. Furthermore, catalyst deactivation
can occur due to adsorption of the highly polar sulfones produced
in the reaction on the catalyst hydrophilic surface. In single phasic
ODS reaction using TBHP as oxidant, sulfone compounds are present
in the reaction mixture, and this species is responsible for the de-
activation. However, in case of biphasic ODS system, sulfones are
removed continuously from the liquid fuel by the polar solvent as
is produced [81]. Hydrophilic surface characteristic has been mod-
ified by silylation of surface of titanium catalyst to increase the hy-
drophobicity of the surface [10,56,81]. Adsorption of highly polar
sulfones on hydroxylated surfaces on the Ti-MCM-41 and Ti-SBA-
15 catalysts is strongly suppressed by silylating the catalyst, generat-
ing a more hydrophobic surface and significantly increasing cata-
lyst life [10,56]. Silylating reagents such as chlorosilanes, alkoxy-
silanes, and silylamines have found widespread application, and
their reaction with surface silanol functionalities has been reported
in detail [91-95]. Hexamethylenedisilazane (HMDS) is mostly used
as silylating agent for epoxidation and ODS reaction. HMDS has
organic silanes with three methyl groups (-Si-(CH;),) while tetram-
ethyldisilazane (TMDS) contains organic siliane with two methyl
groups and one hydrogen (-Si-(CH,),H). Therefore, TMDS affords
the highest surface coverage, which makes this reagent superior to
the commonly used standard silylation reagent HMDS. This higher
silylation efficiency of TMDS might have important implications
for the tuning of the catalytic properties of heterogeneously acting
ODS catalysts. Sterically bulkier disilazane reagents such as tetraphe-
nyldimethyldisilazane produce a surface morphology with a consid-
erable number of uniformly distributed silanol sites left, which, how-
ever, are accessible for further modification reactions [96]. Our labora-
tory disclosed the effect of silylating agents (HMDS, TMDS, TMCS
(trimethylchlorosilane) on ODS activity, indicating that TMDS is the
best silylating agent for the activity and stability of Ti-acac-SBA-15
catalyst [97].

The effect of the amount of oxidant on the oxidation activity has
been investigated because oxidant/sulfur ratio (O/S) is one of the
critical factors for determining the potential of the ODS process for
a commercial unit due to high price of oxidant. Two moles of oxidant
are required to oxidize one mole of sulfur compound for stoichio-
metric oxidation reaction. Wang et al. [17] carried out the oxida-
tion of simulated sulfur compounds over Mo/ALO; catalyst using
tert-butyl hydroperoxide with different O/S ratios. ODS activity of
each sulfur compound increased with the increasing O/S molar up
to 3 and then leveled off beyond this value. This higher value may
be attributed to the decrease in the concentration of oxidant due to
its low thermostability at reaction temperature of 80 °C. Ishihara et

al. [68] reported that oxidation activity of the sulfur compounds in
the light gas oil (LGO) increased with the O/S molar ratio up to 15
and slightly decreased beyond this value, which was due to side
reactions involving the oxidation of other major compounds of LGO,
such as olefins and nitrogen compounds, which consume zer-butyl
hydroperoxide. Similar behaviors of the effect of O/S ratio on ODS
activity are also reported in other studies [32,69,77,98].

In spite of significant improvement in the design of ODS cata-
lytic system, new insights into the role of the different structural
and compositional parameters will be critical to design adequate
and optimized catalysts and provide a deep understanding of the
structure-reactivity relationship in this system.

FUTURE WORK

Oxidative desulfurization has proved to be a promising technol-
ogy for the removal of refractory sulfur compounds which cannot
be treated by the conventional hydrodesulfurization process. It can
be operated under very mild reaction conditions and no consump-
tion of expensive hydrogen, which can serve as a complementary
option with conventional HDS. Even though there has been con-
siderable progress recently in the development of the ODS pro-
cess, a number of problems have not yet been solved to make the
ODS process competitive with deep HDS.

This single phase ODS system exhibits more process-oriented
characteristics, but organic peroxide as oxidant is too expensive and
cannot be produced in refinery section for securing safety. So, some
approaches should be considered for in-situ generation of organic
peroxide from the feed mixtures containing appropriate benzylic
carbon compounds. Clearly, it is highly desirable to oxidize sulfur
compounds in fuels with oxygen or air, enabling avoiding the use
of expensive organic oxidants or hydrogen peroxide. In addition,
economic sulfone separation units (extraction or adsorption) are
needed to commercialize the whole process. Most previous studies
have mentioned that sulfone compounds can be easily separated
by conventional extraction/adsorption method. Unfortunately, the
operating and construction cost of a sulfone separation unit is much
higher than that of an oxidation unit. Furthermore, it is very difficult
to find an efficient and economic solvent combined with the gener-
ation of catalyst and adsorbent. In case of biphasic ODS system,
intrinsic activity of the catalyst should be greatly improved at lower
oxidant/S ratios as well as the development of reactor design to in-
crease the mass transfer between polar and apolar phase.

Sulfone compounds generated through ODS process are actu-
ally low valuable products compared to feedstocks such as LCO
(light cycle oil), HCN (heavy cracked naphtha), etc. Firstly, oxi-
dized sulfur compounds can be returned into a mild hydrotreating
unit because sulfone compounds are easily converted to S-free fuel,
which is different from refractory sulfur compounds. Catalytic decom-
position of sulfones has also been investigated by using basic cata-
lysts like MgO and hydrotalcites. However, upgrading of sulfone
compounds has to be greatly improved in the future.
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