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Ultra-deep desulfurization technologies are critical for cleaner oils and consequent better air quality. Earlier

efforts in this field focused on specific catalysts and their catalytic efficiencies, while current interest has

shifted to the differences between homogenous and heterogeneous catalysis systems applied in

catalytic oxidation desulfurization (ODS) as well as their advantages and disadvantages. In this review,

catalysts using various supports were described and their catalytic activities in total oxidation of sulfur

compounds were evaluated and commented meanwhile, taking hydroperoxide as oxidant. Then, the

effects of reaction parameters on catalyst activities and the kinetics and mechanisms that were used for

ODS from oils were reviewed. Under the same conditions, heterogeneous catalysts performed better

than homogeneous catalysts. Leaching of active components, existence of N-containing compounds

and excessive reaction temperature would deactivate catalysts in ODS. Besides, power-law kinetics

equations, Langmuir–Hinshelwood mechanism, and “nucleophilic attack” reaction mechanism” will

provide in-depth analysis of desulfurization process and catalysts deactivation. Future research needs on

ODS are proposed including the development of novel carrier materials, the optimization of acid sites

distribution and the better understanding of deep reaction mechanisms.
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1. Introduction

Sulfur (S) is abundantly present in oils, and the average total S
content in oils ranges from 100 ppmw to 33 000 ppmw.1–3 The
main types of S-containing organic compounds present in oils
are large molecular thiophene including dibenzothiophenes
(DBT), alkyl DBT without substitution at 4 and 6 position
(�20%), alkyl benzothiophenes (�39%) and alkyl DBT with
substitution at 4 or 6 position (�26%).4 Emissions of sulfur
oxides (SOx, x ¼ 2, 3) from combustion of fuels are known to be
a main source of air pollution, leading in particular to the
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formation of acid rain and acid smog.5–7 For instance, SO2 in the
lower atmosphere can easily react with moisture in the air, and
then acid formed which may accelerate the erosion of historical
buildings, damage the foliage,8,9 or lower the pH of lakes with
low buffer capacities and consequently endanger the eco-
system.10–15 Moreover, inhaling toxic air pollutants could
endanger human health severely via damaging the lungs and
respiratory systems. In 2012, 19.48% of death from respiratory
system diseases could be attributed to SOx in Malaysia.16

In order to minimize the negative environmental and health
effects, governments worldwide are adopting more stringent
regulations to reduce sulfur emissions via enforcing applica-
tions of ultra-low sulfur concentration of fuels. Sulfur limitation
in diesel has been decreased from 500 to 15 ppmw in average
since June 2006 by the United States Environmental Protection
Agency (EPA).17 Japan and EU have established permissible
sulfur content in diesel fuel as low as 10 ppmw.18,19 More and
more stringent regulations on sulfur emissions could be ex-
pected worldwide in the near future.20–22 Therefore, investiga-
tions on more effective desulfurization technologies have been
paid close attention.23
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The desulfurization technologies can be mainly categorized
into two types:24,25 traditional HDS technologies and alternative
desulfurization technologies including extraction,26–28 adsorp-
tion,29–33 chemical desulfurization,34–36 oxidation37–40 and bio-
desulfurization.41–44 The traditional HDS technology is the most
widely used method to convert organic sulfur into hydrogen
sulde. However, it is hard to meet the very stringent environ-
mental regulations due to the severe hydrotreating operating
conditions such as high pressures, high temperatures, and high
hydrogen consumptions. Moreover, it is especially expensive
and ineffective for the treatment of DBT, BT and their deriva-
tives.18,28 Meanwhile, the alternative desulfurization technolo-
gies have recently emerged as commercially competitive
processes, of which the catalytic oxidation desulfurization
(ODS), has been proved to be one of the most promising
processes for deep desulfurization from oils due to its highly
selective conversion of organic sulfur to corresponding sulfone
under mild reaction conditions.30,35

ODS that can meet the sulfur regulations provides several
advantages over other desulfurization technology, such as
milder reaction conditions (usually 1–2 atm and 40–100 �C),
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higher selectivity, lower capital cost, and less hydrogen
consumption. The refractory sulfur compounds can be trans-
formed into water-soluble products in ODS, i.e. thiophene and
its lower polarity compounds can be converted to the corre-
sponding sulfoxides/sulfones with higher polarity by strong
oxidants, then the sulfones can easily be absorbed or extracted
by polar solvents (methanol, acetonitrile, N,N-dimethylforma-
mide, etc.) to attain high desulfurization efficiency.

Potential catalytic oxidative desulfurization methods to
produce low sulfur fuel oils involved various types of oxidants
and catalysts, such as H2O2/formic acid,45 H2O2/acetic acid,46

H2O2/inorganic solid acids,47 H2O2/heteropolyacids,39,48 ozone/
heterogeneous catalysts,49 NO2/heterogeneous catalysts,50 O2/
aldehyde/cobalt catalysts51 and tert-butylperoxides/heterogeneous
catalysts.52 Among the stoichiometric reagents, H2O2 is consid-
ered the most promising oxidizing agent in terms of selectivity,
safety, product quality, process economics and environmental
benign properties.53 When H2O2 is used in this process, it occa-
sionally needs to be promoted by the catalyst and the corre-
sponding carboxylic acid, for example, acetic or formic acid, to
form a peroxyacid.54,55 Further benets can be achieved using an
efficient catalyst to activate the H–O–O–H bonds through forming
active oxygen species.56 V. Hulea et al.57 used H2O2 as oxidant in
several catalysis systems, obtained the catalytic oxidation efficiency
exceeding 95% for all tests. Therefore, the importance of hydro-
peroxide as a “green” oxidant in ODS has grown considerably.

Besides, numerous studies have proved that potential ODS
process are operated under either homogenous or heteroge-
neous catalytic conditions. The homogenous catalysis systems
are remarkably efficient, however, the common drawback they
share is difficult to separate and reuse the catalysts. Therefore,
the application of heterogeneous catalysts in catalytic oxidation
desulfurization process is of particular relevance from the
environmental point of view, because it can reduce the leaching
of metal in residues as well as favour the reuse and recovery of
the catalyst itself for continuing transformations.

Up to now, researchers have successfully developed virtually-
diversied and highly-selective heterogeneous catalysts, such as
WOx/ZrO2,58 WO3–SBA-15,59 titanosilicate57 etc., and utilized
them for decontamination of sewage, detoxication of waste
waters in chemical reneries,60,61 and purication of air. There
exist strong interests on the studies about heterogeneous cata-
lysts that capable of producing the future “zero sulfur” fuels and
the high-value chemicals.62,63 The fundamental properties of
specic catalysis systems and their catalytic efficiencies have
been covered in the latest review articles. However, the review
that could systematically analyze and compare homogenous
and heterogeneous catalysis systems applied in catalytic
oxidative desulfurization of fuel oils is not available in the
literatures, as far as we know.

This review paper provides the insightful and systematiza-
tion analysis of the catalysts that were prepared by different
carriers and their performances with hydroperoxide as oxidant
at mild conditions. The effects of reaction parameters on cata-
lyst activity and the developed kinetics and mechanism have
also been discussed. The following contents are covered in
detail: (i) the performances of different homogeneous and
This journal is © The Royal Society of Chemistry 2016
heterogeneous catalysis systems, (ii) the effects of different
reaction conditions, (iii) the kinetics model of ODS, and (iv) the
mechanism of ODS using different oxidants. The aim of this
review is help better understanding the application of various
homogeneous and heterogeneous catalysis systems and future
research needs.
2. Catalysts

To our knowledge, most studies on ODS have focused on the
development of oxidant and catalysts for selective oxida-
tion.56,64–66 The ODS catalysts have been investigated without
carriers or using active carbon, Al2O3, TiO2, SiO2, mesoporous
silicates, and SBA as the carriers. Taking into consideration the
efficiency of catalysts, the inuence of active components and
nitrogen-containing compounds (N-containing compounds) on
the formation of by-products during reaction process, the main
goal of these researches is to develop new ODS catalysts with
high stability, excellent selectivity, good activity and an easy
catalysts recycle method, which make it possible to place
traditional HDS catalysts applied in industrial desulfurization.
However, since most of the ODS catalysts were just studied in
the laboratory, more researches into practical application are
needed.
2.1. Homogeneous catalysts without carriers

2.1.1. Formic acid. Formic acid is one of the main organic
acids used in ODS. More recently, Otsuki et al.49 have reported
that the reactivity of S-containing compounds for oxidation
seemed to correlate well with the electron density on sulfur
atom except for the 4-methyldibenzothiophene (4-MDBT) and
4,6-methyldibenzothiophene (4,6-MDBT). The electron densi-
ties on sulfur atoms were estimated by molecular orbital (MO)
calculations (Table 1), and their rate constants would enhance
with the increase of electron density (Fig. 1).

The author proposed an electronic theory about the oxida-
tion of organic S-containing compounds: the thiophene deriv-
atives with electron density ranging from 5.696 to 5.739 could
not be oxidized at 50 �C. A vital factor that could not be ignored
was the ultimate yields of low sulfur fuel oils, therefore, solvent
extraction to separate the oxidation products was not the best
way in this system. G. X. Yu et al.67 modied H2O2/formic acid
with activated carbon, investigating the catalytic and absorptive
performance of activated carbon as well as the effects of reac-
tion conditions. The results showed that the catalytic oxidation
performances of H2O2/formic acid modied with activated
carbon were signicantly better than that of H2O2/formic acid.
Mure et al.42 proved that the catalysts' molecular size would play
an important role in determining reactivity ordering of DBTs
oxidation, leading to a better understanding of the reaction
mechanisms for researchers.

2.1.2. Acetic acid. Petro Star Inc.68 rst introduced
conversion/extraction desulfurization (CED) technology to
remove sulfur from diesel fuel in 1996 (Fig. 2). Acetic acid that
can react with H2O2 to form the peracetic acid, another organic
acid commonly used in ODS. F. Zannikos et al.69 desulfurized
RSC Adv., 2016, 6, 103253–103269 | 103255



Table 1 Electron densities on sulfur atoms and their rate constants

Sulfur compound Structure Formula Molecular weight Electron density k/L mol�1 min�1

Thiophenol C6H6S 110.18 5.902 0.270

Diphenyl sulde C12H10S 186.28 5.860 0.156

4,6-DMDBT C14H12S 212.31 5.760 0.767 � 10�1

4-MDBT C13H10S 198.28 5.759 0.627 � 10�1

DBT C12H8S 184.26 5.758 0.460 � 10�1

BT C8H6S 134.20 5.739 0.574 � 10�2

2,5-DMT C6H8S 112.19 5.716 —

2-MT C5H6S 98.17 5.706 —

Thiophene C4H4S 84.14 5.696 —

Fig. 1 Relationship between the rate constant k of the model
compounds and their electron densities. The black dots represent the
model S-containing compounds in oils.49

Fig. 2 Simplified diagram of the CED technology.68

RSC Advances Review
diesel with H2O2/acetic acid system, dissolving the relevant gas
oil in acetic acid and heating the mixtures to 90 �C. A solution of
30% aqueous H2O2 was then added dropwise and with contin-
uous stirring over a period of about 30 min. The molar ratio of
103256 | RSC Adv., 2016, 6, 103253–103269
H2O2 to each sulfur equivalent in the oil was 3 : 1. The effects of
different solvents on oxidative desulfurization were also
studied. When oxidation with simultaneous extraction, results
of the test did not show a signicant difference in extraction
efficiency. The ultimate desulfurization efficiency of diesel in
this system was 90% and the quality of diesel in this system
would not be damaged.

K. Yazu et al.70 added strong acid H2SO4 in H2O2/acetic acid
system. The introduction of H2SO4 accelerated the oxidation
speed of DBTs. The author speculated that the reason might be
H2SO4 played a promoting role in oxidation of acetic acid into
This journal is © The Royal Society of Chemistry 2016



Fig. 4 Oxidation activities of DBT in kerosene on Mo/Al3O2 catalysts
with various Mo contents at 110 �C.72

Review RSC Advances
peracetic acid with H2O2. Besides, the experiment of simulta-
neous removal of sulfur and nitrogen from fuel oils was inves-
tigated by Yasuhiro et al.26 And results showed that the sulfur
and nitrogen contents of fuel oils were decreased to <0.05 wt%
and <22 wt%, respectively, while keeping a high oil recovery
yield.

2.1.3. Heteropolyacid. Heteropolyacid is also a type of
homogeneous catalyst commonly used in oxidative desulfur-
ization. Related literatures about heteropolyacid catalysis are
numerous. F. M. Collins et al.48 used phosphotungstic acid as
catalyst and tetraoctylammonium bromide as phase transfer
agent to treat diesel, founding that all sulfur-containing
compounds could be oxidized and the highly substituted
dibenzothiophenes which containing a thiophene nucleus were
easier to be oxidized. D. Huang et al.71 showed that a complete
DBT conversion with its concentration of 3000 ppm can be
shortened to 10 min at 70 �C when using octadecyl-
trimethylammonium bromide (STAB) as phase transfer agent in
H2O2/phosphotungstic acid system. K. Yazu et al.39 proved that
4,6-DMDBT, themost refractory sulfur-containing compound in
HDS, can be oxidized with H2O2/12-phosphotungstic acid as
catalyst in n-octane/acetonitrile biphasic system.

Researchers found that the decomposition of H2O2

competed with the catalytic oxidation of DBT. Therefore, the
main cost involved in treating fuel oils by above-mentioned
catalytic oxidative desulfurization systems is the huge
amounts of H2O2 consumption. Maybe this oxidative desulfur-
ization process can be a complement for conventional HDS
process. Researchers also demonstrated that complex interme-
diates would form with heteropolyacid as catalyst while peroxy
acid would form with formic or acetic acid as catalyst (Fig. 3).

2.2. Heterogeneous catalysts using different carriers

Heterogeneous catalysts have become the research focus for the
solid catalysts bridge the catalysts separation gap. And the
catalytic activity that really matters is the solid active compo-
nents, which are usually precious metals or rare-earth metals,
such as nickel, iridium, tungsten, palladium, cobalt, scandium,
yttrium and lanthanum etc. But little attentions and studies are
given to these single solid active components due to the
following common aws: unequally distributed components,
Fig. 3 Oxidation steps in H2O2–formic/acetic acid system. R represent
group in H2O2/acetic acid system, the symbol containing “S” represents

This journal is © The Royal Society of Chemistry 2016
low mechanical strength and weak thermal conductivity.
Consequently, these active metals are unstable and losing
activity easily in catalytic reaction for they are susceptible to
external conditions. To solve the above-mentioned problem and
achieve the ultra-desulfurization requirements, numerous
studies have been done and conrmed that deposition of active
metals on suitable supports is a important one.

2.2.1. Metal oxide as the carrier
2.2.1.1. Al2O3 as the carrier. Al2O3 as an atomic crystal with

a surface area below 200 m2 g�1 is easy to shape into a xed
shape which can resist high temperature and withstand wear
and tear, so it has attracted numbers of researchers' attention.
The performance of removing S-containing compounds with
this metal oxide and the preparation of the catalysts by different
methods have been studied. The similar reactionmechanism by
un-promoted and promoted catalysts could be obtained in
previous studies.

A series of Mo/Al3O2 catalysts with various Mo contents were
prepared and tested for the oxidation of sulfur compounds
using tert-butyl hydroperoxide (t-BuOOH) as the oxidant in
kerosene. There was remarkable (benecial or otherwise) on the
oxidation activity of DBT seen from Fig. 4, the loading amounts
s hydrogen group in H2O2/formic acid system and represents methyl
model sulfur compound in oils.

RSC Adv., 2016, 6, 103253–103269 | 103257



RSC Advances Review
of Mo ranging from 10 wt% to 15 wt% were perceived as the
optimal content for this reaction, however, the very low oxida-
tion activity was observed when too little or too much Mo were
dispersed on Al2O3. It was attributed to insufficient active sites
were supplied when Mo concentration was too low, and accu-
mulation of Mo oxides were happened on catalyst surface when
Mo concentration was too high.72 Wan NWA et al.73 investigated
the catalyst of Fe/MoO3–PO4/Al2O3 calcined at 500 �C, almost
96% sulfur was transformed to sulfone in commercial diesel.
Jeyagowry et al.66 prepared g-Al2O3 supported manganese and
cobalt oxide by an incipient wetness method to study the
oxidation of the sulfur impurities by air in diesel. The catalysts
prepared by this method were highly effective for the selective
oxidation of S-containing compounds with sulfur level can be
easily reduced to as low as 40–60 ppm. Luis74 researched a series
of V2O5 metal oxides supported on different carriers, founding
that the oxidation activity of DBTs largely depends on the
support used following the next order: alumina > titania >
niobia > Al–Ti mixed oxide > SBA-15. A strong boosting effect on
sulfone conversion was recorded when vanadia was added to
the supports. Luis also found that the feed concentration of N-
compounds had a signicant inuence on sulfone conversion,
whichmight because the nitrogen compounds could occupy the
adsorption sites of V2O5/Al2O3 catalyst.

2.2.1.2. SiO2 as the carrier. Silica has stable physical and
chemical properties, it is a high surface area support with
controlled pore size.75,76 Silica supported Mo, W and V-based
catalysts are the most prevalent commercial catalysts which
exhibit excellent activity, but they are easy to sinter and
agglomerate. Maybe this shortcoming could be made up for by
modifying related carriers and catalysts.

Prasad et al.77 modied the MoO3/Al2O3–SiO2 catalysts by Bi,
and these combination metal oxide catalysts exhibited not only
high catalytic activities but also high stability in the oxidation of
4,6-DMDBT. According to other researches, addition of Ca and
Ba in MoO3/SiO2 catalysts could efficiently improving the
dispersion of MoO3 on support and thus improving the
performance of sulfur removal. Bazyari et al.78 prepared amor-
phous microporous TiO2–SiO2 nanocomposites by sol–gel
method. Under the optimal circumstances, the efficiency of
sulfur removal could exceed 98% aer 20 min. It was found that
the amount of titanium in the microporous TiO2–SiO2 catalysts
had signicant effects on the catalytic oxidation activity. The
efficiency increased from 54% to 98% by raising the reaction
temperature from 323 K to 353 K. At the same time, a series of P
modied MoO3/SiO2 catalysts revealed that sulfur conversion
could be improved from 47.3% to 92.6% at 50 �C.79 Fraile et al.80

prepared the catalyst of Ti/SiO2 by graing method with
aqueous H2O2 as oxidizing agent, removing sulfur by oxidation
under different parameters, such as catalyst amounts, sulfur
concentration, O/S molar ratio and oxidant adding methods.
Results suggested that the number of Ti sites could be opti-
mized by tuning the silanization conditions of the catalysts.
Caero et al.74 found that the lower oxidation activity on SiO2

support attributed to the lower polarity of V–O bond on SiO2

compared to Al3O2. Chang et al.65 observed that a dramatic
improvement was achieved through the addition of Ca when
103258 | RSC Adv., 2016, 6, 103253–103269
MoO3/SiO2 was used as catalyst. The idea of using alkaline earth
metals to modify supports may open a new way to remove sulfur
from oils Zhang et al.81 conrmed this point, and indicated that
DBT could almost be removed completely under atmospheric
pressure and a reaction temperature as low as 50 �C.

Different methods can produce different catalysts that have
different performances on catalytic activity and sulfur removal
efficiency. Chang et al.65 reported that the optimal preparation
condition of MoO3/SiO2 was the 0.05 Ca/Mo molar ratio with
WHSV 30 h�1. Moreover, MoO3/SiO2 modied with P could
exhibit extremely high activity in desulfurization reaction, data
showed that 92.6% DBT conversions were obtained at atmo-
spheric pressure, 50 �C. The silica support-based catalysts can
be prepared by sol–gel and impregnation methods. Xun et al.82

prepared the catalyst of SiO2 supported SiW12O40-based ionic
liquid (SiW-IL) by sol–gel method, the removal rate of diben-
zothiophene (DBT) with this supported catalyst reached 99.9%.
Through the incipient wetness impregnation method, the
catalyst of MoP1.0/SiO2 was prepared and could achieve 92.6%
DBT removal. Li et al.83 successfully synthesized [C4mim]3-
PW12O40/SiO2 catalyst by a facile hydrothermal process and the
best performance could reach 100% DBT removal. Therefore, it
can be seen that sol–gel and hydrothermal methods present
slight advantages over IWI method.

2.2.2. Molecular sieve as the carrier
2.2.2.1. Mesoporous silicates as the carrier. There are

different types of mesoporous silicates which have been widely
used because of their good thermostability, high surface area,
large pore volume, uniform pore size and regular structure.
However, the industrialization of the homogeneous silica MCM-
41 mesoporous molecular sieves was limited for the defects
including poor heat endurance, weak surface acidity and low
catalytic activity. And the incorporation of various heteroatoms
into the framework can effectively overcome some disadvan-
tages and improve catalytic oxidation activity.

Li et al.84 veried that the Fe–MCM-41-based catalysts were
very promising for the desulfurization reaction with H2O2.
Especially, the optimal catalyst activity could be achieved with
the iron content at 11.75%. The rst time of using Ti–MCM-41
catalyst to catalyze the desulfurization of DBT and its derivatives
was in 1996.85 Antonio Chica et al.64 researched the Ti–MCM-41
catalyst on which Ti acted as the additive to improve its desul-
furization activity and durability in ODS of transportation fuels.
The author pointed out that the removal of sulfur with Ti–MCM-
41S catalyst could be improved by calcination, compared to that
with CoAPO-5 catalyst or Ti-Beta catalyst. Other catalysts have
been researched as well. For instance, D. Nedumaran et al.86

used hydrothermal sol–gel method to synthesize Si–Sn–MCM-
41 (molar ratio of Si/Sn: 110) mesoporous molecular sieve,
which exhibited high catalytic activity at 325 �C. Xie et al.87 used
impregnation method to prepare the MCM-41/Q4-H2Se

IV
3W6

and MCM-41-NH2/Q4-H2Se
IV
3W6 and the research team showed

that the mesoporous material was not the decisive factor in
determining catalytic activity. The available data indicated that
the inactivation of some active sites might be the cause for the
low catalytic activity of MCM-41/Q4-H2Se

IV
3W6 catalyst. MCM-41

modied with cesium oxide have been developed by Hyeonjoo
This journal is © The Royal Society of Chemistry 2016



Fig. 5 Sulfur removal and the leaching percent of PW12 along with the
repetition of dissolving experiment. Dissolution experiment condi-
tions: catalyst dosage 0.3 g, T ¼ 60 �C, t ¼ 60 min, water 100 mL. ODS
conditions: catalyst dosage 0.3 g, H2O2/S ¼ 8 : 1 (molar ratio), T ¼
60 �C, t ¼ 60 min, pre-oxidation time 6 min, model fuel and aceto-
nitrile 20 mL.100

Review RSC Advances
Kim et al.88 The results displayed that Cs was located inside the
pores of MCM-41 and also indicated that the maximum number
of basic sites were obtained in Cs (3 wt%)/MCM-41 catalyst,
which agrees with the basicity enhancement of MCM-41 when
cesium act as additive.

2.2.2.2. SBA as the carrier. SBA is a mesoporous molecular
sieve composed of SiO2 and has no intrinsic catalytic activity.
However, special attention should be paid to this material due
to its high porosity, large specic surface area, ordered hexag-
onally mesopores and good mechanical stability.89,90 So surface
modication of this kind of molecular sieve by adding transi-
tion metal oxide is of great interest. SBA can be used as carrier
and adsorbent, has exchangeable cations and sufficient acid
centers (with Brönsted acid) on the surface. Now the study
application focuses on the utilization of its surface acidity. And
incorporation of various kinds of impurity atoms can be used to
regulate the amount of acid and the surface acidity. Various
transition metals were introduced into SBA support and these
modied SBA-based catalyst had been studied, which demon-
strated that titanium could improve the activity and life of the
molecular sieve support with great potential for industrial
application. Shi et al.91 showed that hierarchically porous Ti–
SBA-2 with 5 wt% Ti exhibited excellent performance in desul-
furizing diesel fuel at low temperature (40 �C and 25 �C). Kim
et al.92 studied the effect of Ti content in SBA-15 on sulfur
selective catalytic oxidation. The synthesis procedure affected
the dispersion of the 4-coordinate titanium tetrahedral Ti4+

specie. Besides, the content of active sites and the size of mes-
opore also would affect the activities of various Ti-modied SBA-
15 catalysts. Although SBA-15 is a potential support to be
modied in removing sulfur, it needs further attention in terms
of synthesis procedure, synthesis cost and reasonable modi-
cation which includes tunable mesopore size, high stability and
ordered arrangement.

In conclusion, many researches have comprehensively
explored the carriers and these modied catalysts could achieve
high sulfur conversion. But it needs more intensive exploration
for industrial applications.93,94 Hydroperoxide, as the main
oxidizing agent, has been researched utilizing different kinds of
catalysts. Zhuang et al.95 suggested that the initial step was
extraction of DBT into the acid sites with the presence of H2O2,
and subsequently it further reacted with polyoxoperoxo species
to form according sulfone. Thus the number of acid sites is
signicant in catalytic activity of catalysts. It is known that the
pure SBA-15 exhibits specic bands at approximately 799 and
1083 cm�1. And many researchers59,96,97 studied the variation
caused by the introduction of impure atoms.

Sum up the analysis above, the homogeneous catalysts can
offer high yields attribute to their uniform active center and
independent molecular or ion, and without the problem of
surface heterogeneity and internal diffusion on solid catalysts.
Thus homogeneous catalysts allow highly selective conversion
of substrates at mild reaction conditions, which have received
much attention and have already acquired some achievements.
However, homogeneous systems are always regarded as ill-
dened with many problems, including easy decomposition
and deactivation, and separation problem as well, which
This journal is © The Royal Society of Chemistry 2016
determine the economic feasibility of production processes. On
the other hand, heterogeneous systems may light up the catal-
ysis area with sparkling rewards as catalyst recovery from the
homogeneous systems is typically stroppy. The properties of
high pore volumes, high specic surface areas, and narrow pore
size distributions can allow support deposit and stabilize active
components, which opens up new reaction pathways for the
catalysis industry. Numerous efforts have been made to incor-
porate homogeneous catalysts or active metals on solid
supports, such as active carbon, Al2O3, TiO2, SiO2, mesoporous
silicates, and SBA etc.

3. Effects of reaction conditions

With the deepening of the study, the catalysts with high stability
and selectivity, good activity and broad range of operating
temperature have achieved great progress. However, there is
still a oxidation question regarding catalyst deactivation.

3.1. Effects of active components

Active component is one of the main ingredients to catalyze
sulfur in ue oils and loss of it oen leads to catalyst deacti-
vation. Oen during the oxidation reaction, the catalysts activity
would be affected by the active component leaching. It causes
a decline in activity for both supported metal oxide catalysts98

and supported heteropolyacid catalysts.99 The effects of active
component can be divided into two results, irreversible and
reversible. It is reversible when sulfone adsorption occurred on
catalysts surface, and this effect will disappear with solvent
extraction. However, the dissolution of active component at
prophase will result in an irreversible deactivation of the
catalysts.99

Wang et al.100 studied the deactivation and regeneration of
PW12/HMS catalyst (Fig. 5). The results indicated that the PW12

active species would partially leach into solvent in every cycle.
RSC Adv., 2016, 6, 103253–103269 | 103259
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And the conversion of BT exhibited a downward trend with the
leaching of PW12. The reason for this might be that the
continuous dissolution of the active species from the catalysts
would lead to the reduction of active sites. The experiment also
revealed that the effect of the catalyst preparation method was
great, for instance, the ultrasonic impregnation might cause
more grievous dissolution of PW12 species. However, the deac-
tivation of catalyst might not just attributed to the leaching of
active components, combined actions such as pore blocking,
adsorption of products and impurities on surface area would be
other reasons for catalyst poisoning.

3.2. Effects of N-containing compounds

The S-containing compounds in many kinds of fuel oils are
coexisting with N-containing compounds, which would gather
on the catalyst surface or selectively react with the active
matters in the catalyst and then occupy the active sites during
the long time contact with catalyst. In the study of traditional
supported catalyst, a small amount of N-containing
compounds can have a great effect on the activity of the cata-
lyst. Ishihara et al.63 studied the inuence of indole, quinoline,
acridine and carbazole on catalytic activity of the catalysts,
indicating that the ODS activity decreased most in the presence
of indole than in the presence of other nitrogen compounds
and the inuence rank was indole > quinoline > acridine >
carbazole. Other researchers also studied the effects of N-
containing compounds for sulfur removal (Table 2). It can be
seen that the sulfur removal rate was affected severely in
presence of the N-containing compounds. L. C. Caero et al.101

suggested that the nitrides which form in the process of
oxidizing different kinds of fuel oils would accumulate on the
catalyst surface, then reacted with catalyst and thus causing
activity loss. Similar results were also obtained by Y. H. Jia
et al.102 Previous studies showed that these nitrogen
compounds could occupy the acid sites of catalysts, and
affect the catalytic efficiency.103–105 Maybe the extraction solvent
or adsorbent to remove N-containing compounds and
Table 2 Total sulfur removal rate of S-compound

S-compound Reaction time/min

With qu

S remov

BT 60 73.8
DBT 60 97.0
4-MDBT 60 77.0
4,6-DMDBT 60 59.0
Thiophene 360 94.3
BT 30 82.1
BT 90 100
4,6-DMDBT 360 85.7
BT 180 48.9
DBT 180 98.7
4-MDBT 180 93.9
4,6-DMDBT 180 83.2
Model oil DBT 300 52.0

BT 300
Th 300
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regeneration of catalysts are better solutions. Kim et al.106

studied the removal of N-containing compounds by three
typical adsorbents (activated alumina, activated carbon and
nickel-based adsorbent) and got an ideal result. X. Chen et al.109

reported that dilution with water followed by simple distilla-
tion could reverse the catalyst deactivation caused by N-
containing compounds. And high temperature calcination
and solvent extraction were the most common methods for
regenerating catalysts that applied in ODS process.

The N-containing compounds are categorized into two types:
(1) basic nitrogen-containing compounds, i.e., quinoline, aniline,
pyridine, and their derivatives; (2) non-basic compounds, i.e.,
carbazole, pyrrole, indole, and their derivatives.110 Besides the
competitive adsorption between sulfur and nitrogen compounds
on the adsorption sites, the basic character of N-compounds will
also inuence the catalysts activity. Hence, the specic toxic effect
of quinoline sometimes was more signicant than indole.101

Researcher101 attributed a stronger poisoning effect caused by
quinoline to its 6-membered ring.

3.3. Effects of reaction temperatures

Temperature is an important factor inuencing catalysts
activity, thus, the effects of temperature on oxidative desulfur-
ization were studied by many researchers. As shown in Table 3,
the removal rate is subject to the reaction temperature.

Temperature rising within a certain range will improve
catalyst activity and sulfur removal rate, therefore, increasing
the reaction temperature properly is benecial for desulfuriza-
tion reaction.111 Higher temperature not only can accelerate the
oxidation rate, but also can promote the desorption of sulfone
from the active sites of catalyst. Sulfone would strongly adsor-
bed on the surface of catalyst at low temperature, which would
prevent further adsorption of S-containing compounds to be
oxidized and result in low conversion of sulfur compounds.
However, it can also be seen that the sulfur conversion rate
decreased when the reaction temperature exceeds the optimal
temperature.
inoline With carbazole With indole

Ref.al/% S removal/% S removal/%

87.2 87.8 101
99.0 98.2
97.0 96.0
90.0 89.0

— 93 102
90.4 83.5

100 100
— 82.5
65.5 17.7 107

100 62.5
98.1 47.5
92.8 35.4

— 30.0 108
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Table 3 Effects of temperature on substrate removal using different catalysts

Catalysts Oxidants Substrates
Temperature
range/�C

Optimal
temperature/�C Removal rate/% Ref.

TiO2 H2O2 DBT 313–343 343 70.0–100 112
SEP-1 H2O2 DBT 45.0–60.0 60.0 72.5–99.4 113
SIM41C TBHP DBT 313–393 353 49.1–98.4 111
TiO2 H2O2 DBT 30.0–60.0 40.0 64.2–99.1 114
HPW/AC H2O2 Thiophene 70.0–90.0 90.0 80.7–90.0 115
Fe–TiO2-0 H2O2 DBT 30.0–80.0 80.0 21.7–54.0 116
Fe–TiO2-1 H2O2 DBT 30.0–80.0 80.0 30.8–76.5 116
Fe–TiO2-3 H2O2 DBT 30.0–80.0 80.0 41.4–81.5 116
Fe–TiO2-5 H2O2 DBT 30.0–80.0 80.0 70.2–99.6 116
Fe–TiO2-10 H2O2 DBT 30.0–80.0 80.0 80.5–100 116
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Too high temperature would cause catalyst agglomeration
and sintering, which may greatly affect the contact between
DBTs and the active sites. Besides, excessive temperature would
also result in the low thermostability of TBHP and the decom-
position of H2O2. So the best performance with different cata-
lysts system can only be obtained under the optimal reaction
temperature. Moreover, U. Arellano et al.116 studied the effect of
reaction temperature for DBT oxidation with a series of Fe–TiO2

catalysts. The results showed that the performance improved
with increasing temperature, however, even under the optimal
temperature, the pure TiO2 exhibited relatively low catalytic
activity in DBT oxidation, which revealed that the catalyst
activities were affected by combined actions. Our research
group117–119 studied the efficiency of sulfur removal with oil-
soluble oxidant under different temperatures, indicating that
in a certain range of temperature, the movement of molecular
would be speeded up with an increase of temperature, however,
when the temperature was above some kind of range, model oil
lost due to gasication and volatilization. They also found
CYHPO oxidant would decompose at high temperature.119–121

These ndings are very valuable for future industrial applica-
tions. Hence, selecting proper reaction temperature is signi-
cant to the removal of sulfur compounds.

In addition to the factors discussed above, other factors such
as the generation of low active compounds, the embedding of
active components and the volatilization of active components
would also lead to catalysts deactivation.

In conclusion, many reaction parameters would affect the
catalytic activity of catalysts, thus affecting the sulfur removal
efficiencies. Additionally, the effects of ODS on achieving ultra-
clean oils are equally deserving of attention. Previous results
suggested that the process of ODS were composed of oxidation
and extraction, total sulfur removal depends on the contribu-
tion of oxidation and extraction steps. Therefore, types of
oxidant, composition of oils and properties of polar solvent
would also exert effects on desulfurization efficiency. For this
reason, it is signicant to further study the contribution of each
factor, in order to better understand the real activity of the
catalyst. Except for above factors mentioned, studies on reac-
tion time, O/S molar ration and catalyst amount are necessary
for the purpose of determining the optimal reaction conditions
for every single catalysis system.
This journal is © The Royal Society of Chemistry 2016
4. Kinetics

Lots of works had been done for studying the kinetics and
mechanism of removing the sulfur over different kinds of
catalysts. The research of kinetics for ODS over different cata-
lysts was based on power-law kinetics equations and obtained
from related mechanistic analysis or both of them.
4.1. Kinetics model of ODS

The research about the rate of reaction vs. oxidant was not
sufficient, because in most cases, catalytic oxidation reaction is
performed with an excess of oxidant (i.e.H2O2, TBHP, or light). It
is believed that the reaction kinetic is of the zeroth order on
oxidant amounts. L. Kong et al.122 proved that the reaction order
of H2O2 was zero by plotting reaction rate constant against the
concentrations of H2O2. Decades of researches have shown
that reactions of catalytic oxidation of sulfur compounds pre-
senting in oils are of the rst or quasi-rst order of sulfur
compounds.38,95,123–131 The quasi-rst order kinetics is frequently
observed in quite a set of photodesulfurization systems, in both
“solid–binary immiscible liquid” and “solid–liquid” systems, for
regular single site photocatalysts, TiO2-based photocatalysts and
photocatalytic nanoporous thin lms. In minor cases, chemical
reaction is of the zeroth order on the sulfur compound. This
situation is observed when fuel oils contain high concentrations
of sulfur compounds.132 Therefore, it can be assumed that
chemical reaction is, in most situations, of the rst order on
sulfur compounds. The rst or quasi-rst order of chemical
reaction is in line with the Langmuir–Hinshelwood mechanism
of homogeneous and heterogeneous catalytic reactions.

M. Chamack et al.96 studied the kinetics of ODS reaction in
depth over platelet mesoporous silica loaded with CsxH3�x[-
PMo12�yWyO40] (x ¼ 1–3, y ¼ 2–10). The results showed that the
rate limiting step was the oxidation process of DBT to DBTO2.
Supposed that the heat- and mass-transfer limitations were
negligible, the surface reaction occurred as follows:

DBTþ *
���! ���

kads

kdes
DBT* ðreversible adsorption on catalyst surfaceÞ

(1)

DBT ��!k2 DBTOþ *ðrate-limiting step surface reactionÞ (2)
RSC Adv., 2016, 6, 103253–103269 | 103261



RSC Advances Review
where * refers to activated surface site that adsorbs DBT and
produces DBT*, and k2, kdes, kads correspond to the rate
constants for surface reaction, desorption and adsorption,
respectively. The eqn (1) shows that the adsorption of DBT onto
the solid catalyst is reversible, then the resulting DBT* is con-
verted to DBTO in a rate-limiting step. Considering the Lang-
muir–Hinshelwood mechanism, the reaction rate (r) could be
expressed as:

r ¼ k2[DBT*] (3)

Through the steady-state approximation, the concentration
of activated intermediate is in accord with the following
equation:

[DBT*] ¼ kads[DBT][*]/(kdes + k2) (4)

If the rate constant is dened as:

[k] ¼ k2kdes[*]/(kdes + k2) (5)

The form of rate equation is equal to the following
expression:

r ¼ k[DBT] (6)

which reveals that the reaction is a pseudo-rst-order reaction
with respect to DBT. Hence, if the concentration of DBT at t ¼
0 and t ¼ t can be expressed as [DBT]0 and [DBT]t, the reaction
rate constant (k) can be expressed by the integrated rst-rate
law:

ln([DBT]t/[DBT]0) ¼ �kt (7)

To evaluate the kinetic of DBT oxidation reaction, the
ln([DBT]t/[DBT]0) were plotted as the function of time. The ob-
tained regression values were exceeded 0.9, which showed that
the kinetic data were well tted to pseudo-rst-order kinetic
rates. According to Langmuir–Hinshelwood mechanism about
catalytic reaction, these results were in agreement with
mentioned assumptions. Other experiments133–135 have the
same results, and the activation energy for the sulfur
compounds oxidation can be obtained by the use of the
Arrhenius equation (eqn (8)).

ln k ¼ ln A � Ea/RT (8)

where A, Ea, R and T are the pre-exponential factor, the activa-
tion energy (kJ mol�1), universal gas constant (8.314 � 10�3 kJ
mol�1 K�1) and temperature, respectively. The kinetic parame-
ters obtained by various researchers are listed in Table 4.

From Table 4 we can concluded that the oxidation reaction of
sulfur compounds is strongly temperature dependent, and the
reaction rate constant (k) may be different for the same
substrate under different desulfurization systems. The catalytic
activity order of the sulfur compounds is consistent with the
apparent rate constant order. Researchers also proved that the
apparent rate constant was greatly affected by the catalyst/oil
mass ratios. As a consequence, it is assumed that the rate-
103262 | RSC Adv., 2016, 6, 103253–103269
limiting process might be controlled by the mass transfer of
a reactant across the diffusion layer next to the interface.

4.2. Kinetics model of catalysts deactivation

Catalyst deactivation is another important aspect that can not
ignored during the oxidation process. Many researchers also
studied the kinetics of catalyst deactivation.137,138 B. Saha et al.137

investigated the kinetics of catalyst deactivation over TS-1
catalyst, they found that the reaction rates became constant
aer around 60 min. This proved that the catalyst became
deactivated aer certain period of reaction. Supposed that the
deactivation of catalyst was independent deactivation, the
catalyst deactivation rate equation can be represented as:

�dCA/dt ¼ (W/v)(�rA) ¼ (W/a)k0CAa (9)

and,

�da/dt ¼ kda (10)

where k0 and kd is the rate constant of the reaction and deacti-
vation, respectively; W and a is the catalyst weight and activity,
respectively.

Considering unit initial activity of the catalyst (a0 ¼ 1),
integration of eqn (10):

a ¼ a0 exp(�kdt) and a ¼ exp(�kdt) (11)

From eqn (10) and (11),

�dCA ¼ (W/a)k0CA exp(�kdt) (12)

Aer separation and integration of eqn (12),

ln(CA0
/CA) ¼ (Wk0/vkd)(1 � exp(�kdt)) (13)

It is clear from eqn (13) that the substrate concentration for
an irreversible reaction followed a decreasing trend with the
gradual deactivation of the catalyst and with the progress of the
reaction but never became zero even aer innite time. There-
fore, the equation can also be written in the following manner:

ln(CA0
/CAN

) ¼ Wk0/(vkd) (14)

where CA0
and CAN

correspond to the concentration of the
substrate at t ¼ 0 and t ¼ 1, respectively. Hence, combining eqn
(13) and (14):

ln[ln(CA0
/CAN

)] ¼ Wk0/(vkd) (15)

By plotting the ln ln(CA0
/CA) versus t at different tempera-

tures, the apparent reaction rate constants and the deactivation
rate constants could be calculated from the intercept and slope
of the plot. The highest rate constant of the reaction and
deactivation respectively was 0.65 and 0.011 at 70 �C, and the
activation energy of thiophene was calculated to be 19.13 KJ
mol�1.

In conclusion, the kinetics of oxidation reaction and
deactivation process are basically follow the pseudo-rst-
This journal is © The Royal Society of Chemistry 2016



Table 4 Reaction rate constant of different desulfurization system

Catalyst Reactants Reaction temperature/�C Rate constant/min�1
Correlation
factor (R2)

Activation
energy/kJ mol�1 Ref.

SPIL 4,6-DMDBT 60.0 0.02258 0.9969 54.2 131
SPIL BT 60.0 0.00798 0.9922 65.3 131
NaPW BT 70.0 0.16520 0.9953 57.8 133
NaPW DBT 70.0 0.38020 0.9978 29.9 133
PW BT 70.0 0.14350 0.9971 63.6 133
PW DBT 70.0 0.35850 0.9977 45.1 133
PMo BT 70.0 0.02300 0.9938 38.2 133
PMo DBT 70.0 0.05200 0.9971 28.2 133
SiW BT 70.0 0.00630 0.9913 36.7 133
SiW DBT 70.0 0.00900 0.9963 27.6 133
Cs2Mo8W4/SBA DBT 60.0 0.12070 0.9790 — 96
[C4

3MPy]FeCl4 DBT 25.0 0.99510 0.9938 — 136
TS-1 Th 60.0 0.02274 0.9970 29.9 122
H5PMo10V2O40 DBT 60.0 0.04440 0.9950 — 95
H5PMo10V2O40 BT 60.0 0.02430 0.9980 — 95
H5PMo10V2O40 Th 60.0 0.01320 0.9970 — 95
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order equation, and the reaction rate constant (k) is affected
by many factors, such as substrate, catalyst and temperature
etc. The related reaction mechanism and kinetics may help us
shed light on specic desulfurization process, vital rate-
controlling step and inevitable catalyst deactivation. There-
fore, further intensive investigations should be done on this
point.
5. ODS mechanism with different
oxidant

At present, many catalysts have been studied, but most of them
lack sufficient clear knowledge of the ODS reaction mechanism.
In this review, the development progress of the reaction
mechanism which removed sulfur by different oxidizing agents
was summarized.
5.1. O2 as the oxidant

Some researchers used O2 as the oxidizing agent to remove
sulfur in ODS,139–141 which could get a high sulfur conversion
rate. The effect of O2 is to form peroxy group and donate oxygen
atom, which promotes the formation of sulfone. The mecha-
nism is as follows:141

Mn+ + O2 / M(n+1)+ + O2c
� (16)

RCHO + M(n+1)+ / RCOc + H+ + Mn+ (17)

RCOc + O2 / RCO3c (18)

RCO3c + RCHO / RCO3H + RCOc (19)

RCO3H + R0SR0 / RCO2H + R0SOR0 (20)

RCO3H + R0SOR0 / RCO2R
0 + R0SO2R

0 (21)
This journal is © The Royal Society of Chemistry 2016
where M(n+1)+ and Mn+ represent a metal ion, R is aryl or alkyl
group, R0SR0 represents suldes, R0SOR0 represents sulfoxides,
and R0SO2R0 is sulfones.

5.2. tert-Butyl hydroperoxide as the oxidant

The mechanism of tert-butyl hydroperoxide (TBHP) as the
oxidizing agent has also been studied, because of the cost-
effectiveness and practicability. High sulfur removal efficiency
can be achieved using TBHP oxidant and heterogeneous cata-
lysts. Complex species142 or metal-peroxide intermediate100

formed with the nucleophilic attack of TBHP on catalysts
surface. Due to the effect of the catalysts of Co/Mn/Al2O3, the
rst step is the formation of MnO2 (Mn4+) and Co3O4 (Co

4+) at
low calcination temperature, then these complex species will
undergo the nucleophilic attack of divalent sulfur of DBT to
form dibenzothiophenesulfoxide(III) and tert-butanol(IV), and
dibenzothiophenesulfoxide(III) will nally become dibenzo-
thiophenesulfones(V) via the oxidation of complex species.100 At
present, the TBHP used as the oxidizing agent to remove sulfur
mainly follows the nucleophilic reaction mechanism.

W. N. W. Abdullah et al.73 analyzed the mechanism using Fe/
MoO3–PO4/Al2O3 and TBHP as the catalyst and oxidizing agent
respectively. Firstly, the tert-butyl hydroperoxide conducted the
nucleophilic attack on Mo]O to form peroxometallic complex,
then the obtained species on the surface of the catalyst reacted
with sulfur in the DBT. In the process of reaction, DBT sulfoxide
and polymolybdate species were formed, and sulfoxide would
undergo further oxidation quickly to generate DBT sulfone. The
results suggested that the addition of Fe dopant could promote
the formation of active intermediate. W. A. W. A. Bakar et al.143

studied the mechanism of ODS with WO3/MoO3/Al2O3 as the
catalyst (Fig. 6). The detailed reaction process between organic
sulfur compounds and TBHP was explained, but it was not clear
about the rate controlling steps in reaction.

D. H. Wang et al.111 researched the ordered mesoporous
silica catalysts with structures of MCM-41, MCM-48 and SBA-15
for sulfur removal. The TBHP was rstly adsorbed on the
RSC Adv., 2016, 6, 103253–103269 | 103263



Fig. 6 Proposedmechanism for the oxidation of dibenzothiophene by
the WO3/MoO3/Al2O3.143
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surface of catalysts to form a ve member-ring via reciprocal
hydrogen bonding. And dibenzothiophene sulfoxide was
formed by the sulfur atom attacking the oxygen atom in the ve-
member ring. Then the formed sulfoxide could be adsorbed at
the active sites of silanol radicals by hydrogen bond. Finally, the
species would react with the oxygen atom of unbound TBHP to
form sulfone, which can be easily owed down by extraction
solvent. The author pointed out that the generation of diben-
zothiophene sulfoxide controlled the reaction rate. Moreover,
Kropp et al.144 did the similar related study and found that
a reversal was existed inmechanism, from electrophilic reaction
to nucleophilic reaction, when sulde is oxidized to sulfoxide.

In practice, ODS catalysts are composed of many kinds of
porous materials. It is necessary to further test and analyze
the oxidation performances with different TBHP-catalyst
systems in the laboratory. Various positive effects or nega-
tive effects would happen with supports or inhibitors during
the catalysis, which could change the path that the catalysts
react with sulfur. Of course, to completely simulate the
physical truth is almost impossible, however, it is still vital to
reveal the active intermediates and the rate-determination
step which mainly controlled the desulfurization rate in the
catalytic reaction.
Fig. 7 Proposed mechanism for the oxidation of DBT by hydrogen titan
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5.3. Hydrogen peroxide as the oxidant

Many researchers have investigated the mechanism of ODS with
H2O2 as the oxidizing agent. Concerning the reaction pathway
over molecular sieve catalysts, most researchers suggested that
H2O2 was capable of interacting with catalyst surface sites to
produce large numbers of superoxide radicals,87,145 then these
radicals reacted with DBT through a two-step oxidation mech-
anism producing DBTO and DBTO2. Besides, the catalysts alone
on the surface of mesoporous silica acted as the catalytic active
sites (without H2O2) could also oxidize DBT into sulfoxide or
sulfone. E. Lorençon et al.145 proposed an ODS mechanism over
titanate nanotubes (TiNTs), in which surface-active Ti(IV)
species reacted with H2O2, and produced corresponding
sulfone (DBTO2) in acetonitrile phase (see Fig. 7).

Moreover, J. L. Garćıa-Gutiérrez146 supposed that hydro-
peroxymolybdate group would be formed when Mo/g-Al2O3

catalyst contacted with H2O2. They proposed a “nucleophilic
attack” mechanism, according to the theory, hydro-
peroxymolybdate species were dehydrated to monoperoxo
specie and diperoxo specie rst; then the sulfur atom interacted
with a peroxo group of mono- or diperoxo specie, in which
sulfoxide and a regenerated monoperoxo or polymolybdate
specie would be soon formed on the alumina surface. Finally,
the sulfoxide reacted with a peroxide oxygen of molybdenum
peroxo specie to produce sulfone. Meanwhile, another possible
explanation of sulfur elimination using catalysts containing
phosphate could be the following: the present of these electro-
negative phosphate species adsorbed on the surface of alumina
would confer the Mo(VI) atom with a higher electrophilic char-
acter and could effectively activate the H2O2.

Other researchers studied the mechanism of molecular sieve
catalysts modied with ionic liquid. For the introduction of ionic
liquid (IL), it is supposed that the catalyst would exhibit a some-
what hydrophobic property, whichmade the catalyst could exhibit
excellent wettability for the model oil and could supply more
exposure active sites to the reactants.147 J. Zhuang et al.95 estab-
lished that imidazolium-based IL which has an uncoordinated N
ate nanotubes.145

This journal is © The Royal Society of Chemistry 2016



Fig. 9 Mechanism pathway of Ala4Ti4O15 (A ¼ Ca and Ba) photo-
catalytic desulfurization.150
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atom could keep higher Lewis acid sites in ODS reaction through
strong electrostatic interactions. S. O. Ribeiro et al.148 supported
and further developed new views that the catalyst modied with
ionic liquid had high oxidation ability though, whichmight cause
undesired trouble when recycling the catalyst from the system,
particularly in the case of liquid catalyst system. B. Jiang et al.149

suggested that the H2O2 oxidation rate was primarily determined
by the concentration of peroxycarboxylic acid in ionic liquids. A
reaction mechanism which described fast oxidation of heterocy-
clic S-compounds with ionic liquid [HCPL][TFA] was developed
and accepted (see Fig. 8). It suggested that [HCPL][TFA] had
a slight advantages in acid strength among the amide-based TFA
ionic liquids. The peroxycarboxylic acid intermediate would be
formed efficiently with [HCPL][TFA] during the ODS reaction.
Formation of this peroxycarboxylic acid species seemed to be
a necessary step in ODS reaction, since the desulfurization
performance depended on the forming rate of peroxycarboxylic
acid. D. Zheng et al.114 presented a systematic research about
involved chemical steps in DBT oxidation reaction over low-
temperature-mediated titanium dioxide catalyst in ionic liquids.

The schematic summary of the photocatalytic performances
of Ag/ALa4Ti4O15 (A ¼ Ca, Sr and Ba) with hydrogen peroxide is
displayed in Fig. 9.150 Results were demonstrated a novel
desulfurization route. Firstly, the perovskite composite oxides
would absorb photons through UV irradiation, which was
different from the above-proposed oxidation processes that
were conducted with ionic liquid-based catalysts or other
molecular sieve catalysts. It further showed that the oxidation
reaction between DBT and photocatalysts was dominated by the
formation rate of excited electrons. Remarkably, the OH$ was
formed through the OH� interacting with holes or the O2

reacting with excited electrons on the catalyst surface, then the
DBT would be oxidized to sulfone with these OH$ radicals
which were reduced into CO2 and H2O simultaneously.
Accordingly, some researchers have proposed a general
summary of the ODS chemistry over photocatalysts that
emphasizes the key role of electrons.
Fig. 8 Mechanism of fast oxidation of heterocyclic S-compounds
with [HCPL][TFA].149
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The bicarbonate-induced activation of H2O2 could provide
a metal-free choice for oxidative desulfurization,151 and the
basic DBT oxidation reaction steps over bicarbonate catalysts
are as follows.

In the presence of NaCO3 and H2O2,

HCO3
� + H2O2 4 HCO4

� + H2O (22)

In the presence of CO2 and H2O2,

HO2
� + CO2(g)(pH > 10) / HCO4

� (23)

H2O + CO2(g)(pH � 5�6) / HCO3
� (24)

HCO3
� + H2O2 / HCO4

� + H2O (25)

HCO4
� oxidant is generated from the reaction between H2O2

and NaHCO3 (eqn (22)) or produced utilizing CO2 gas as the
bicarbonate precursor (eqn (23)), subsequently, HCO4

�-medi-
ated oxidation is initiated to oxidize DBT to its corresponding
oxide (eqn (26)).

DBT–S + 2HCO4
�/ DBT–SO2 + 2HCO3

� (26)

Due to the aqueous acid–base equilibrium of CO2/HCO3
�

(eqn (27)) needs efficient deprotonation of carbonic acid
(H2CO3) to produce HCO3

� (and subsequently HCO4
�), DBT

cannot be removed in the absence of NaOH.

CO2(g) + H2O 4 H2CO3 4 HCO3
� + H� (27)

This is considered as a practically affordable and eco-friendly
method to achieve efficient desulfurization of real andmodel oil
at room temperatures.
6. Conclusions and perspectives

This critical review on studies of catalytic oxidative desulfur-
ization from oils as well as the kinetics and mechanisms has
revealed the following trends.
RSC Adv., 2016, 6, 103253–103269 | 103265
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(1) The supported catalysts are extremely crucial in the
removal of sulfur from fuel oils for petroleum renery and
chemical plant at ambient conditions. Amounts of supported
catalysts have been studied in the past decades. The heteroge-
neous catalysts using carriers have a better effect than homog-
enous catalysts, with Al2O3, SiO2, mesoporous silicates, zeolite,
SBA etc. as the carriers at ambient conditions.

(2) Catalysts deactivation is a problem that can not be
ignored during the process of oxidation. Reaction parameters
including the amounts of active components, the existence of N-
containing compounds and the choice of reaction temperature
would have tremendous impacts on catalysts activity. Besides,
the effects of ODS on achieving ultra-clean oils are also deserve
to be mentioned.

(3) The catalyst applied in ODS requires further improve-
ment in its high stability, good selectivity as well as resistance of
active component loss, N-containing compounds and high
temperature. Maybe it can be obtained with catalysts by com-
pounding the metal oxide and doping heteroatoms into
appropriate carriers, such as SiO2, mesoporous silicates and so
on. At the same time, thanks to the improvement of analytical
means and analog computation, the positive effects of sup-
ported catalysts and negative effects of inhibitors are hot topics
in recent years.

(4) Some researches have been done to study the kinetics and
mechanisms of the reaction and deactivation. The reactions of
catalytic oxidation of sulfur compounds present in oils are of
the rst or quasi-rst order of sulfur compounds. But the
chemical reaction is, in most cases, of the rst order on sulfur
compounds. The rst or quasi-rst order of chemical reaction is
in line with the Langmuir–Hinshelwood mechanism of homo-
geneous and heterogeneous catalytic reactions.

(5) The oxidation reaction of sulfur compounds is strongly
temperature dependent, and the reaction rate constant (k) is
affected by many factors, such as substrate, catalyst and
temperature etc. The catalytic activity order of the sulfur
compounds are consistent with the apparent rate constant
order. More importantly, the related reaction mechanism and
kinetics could help us shed light on specic desulfurization
process, vital rate-controlling step and inevitable catalyst
deactivation.

Desulfurization of fuel oils by oxidation clearly carries lots of
potential as the emerging carbon-neutral and green method
that could be applied under ambient conditions. The funda-
mental chemistry of catalytic oxidation of several typical sulfur
compounds present in fuel oils is necessary to be investigated,
because desulfurization of the high sulfur fuel oils containing
hundreds ppmw total sulfur could produce the ultra low sulfur
fuel oils with tens ppmw total sulfur.

For the past few years, there was a surge of research into
sustainable and environmentally benign catalytic oxidative
desulfurization of fuel oils towards zero-sulfur fuels for indus-
trial applications. The high selectivity of heterogeneous cata-
lytic oxidation in certain reactions would allow production of
the zero sulfur fuel oils from the feedstock with a relatively low
concentration of sulfur compounds. There is a increasing trend
of development of the advanced heterogeneous desulfurization
103266 | RSC Adv., 2016, 6, 103253–103269
catalysts. The better characterization of those advanced mate-
rials could allow systematic improvements of their catalytic
properties. Meanwhile, their mild selective oxidation towards
the practicable chemicals is being explored.

Therefore, one of the goals of green organic chemistry,137–139

e.g., valorization of rather expensive oil feedstock to the higher-
value chemicals via catalytic oxidative desulfurization, can be
achieved. Although de-sulfur by catalytic oxidation has made
tremendous achievements, the high selectivity efficiency, espe-
cially practical industrial application efficiency, remains to be
further explored. Besides, the mechanism is also not totally
clear and cannot effectively control the loss of active compo-
nents and the poisoning of the desulfurization catalysts. The
catalyst is limited for further wide applications and cannot
lower the huge capital cost.

According to the specic exploration of the catalyst surface
chemical reaction step, the mechanism of the de-sulfur can be
fully proved, and its root cause of the deactivation and
poisoning of the desulfurization catalyst can be found. Thus,
fundamental studies on novel heterogeneous catalyst with
excellent active sites distribution and its surface chemical
process are needed. The modeling and design of the pilot scale
desulfurization reactors is progressing, and much could be
learned from the current researches of reaction engineering and
the up-scaling of technologies of green catalysis in general.
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