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Vanadium  supported-CMK-3  catalysts  with  vanadium  loading  of  1–7 wt.%  were  studied  in  the oxidative
desulfurization  (ODS)  of  dibenzothiophene  as  a  model  sulfur  compound.  The  activity  was  compared  with
titanium  supported-CMK-3.  Structural  and  textural  characterization  of the  catalysts  was  performed  by
means  of  N2 adsorption,  XRD,  UV–vis–DRS,  Raman  spectroscopy,  XPS,  TEM  and  TPR.  The  dispersion  and
the  nature  of the  vanadium  species  depend  on  the  V  loading,  so  does  the  catalyst  activity.  Vanadium
supported-CMK-3  with  7  wt.%  of  vanadium  loading  was  the  most  active  catalyst  for  ODS of DBT  using
DS
i-V supported CMK  catalysts
ibenzothiophenes
ltra low sulfur diesel
eactivation

hydrogen  peroxide  (H2O2) as  oxidant  and  acetonitrile  as  solvent.  100%  of DBT  elimination  was attained  at
short  time  in  mild conditions.  Carbon  ordered  mesoporous  CMK-3  with  high  surface  area  and  high pore
volume  promotes  a  very  good  anchorage  of  metallic  oxides  in  the  carbons  framework  reaching  high  active
sites  distribution  and  more  stable  nanoclusters.  The  reusability  of  the  catalyst  indicates  that  V-CMK-3  is
a potential  catalyst  for the  ODS  of dibenzothiophene.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Diesel emissions contribute to environmental issues associated
o sulfur oxides released during the combustion process of fuels.
ltra-low-sulfur-diesel (ULSD) is diesel with substantially low-
red sulfur content. Many countries have established regulations to
estrict the S content in petroleum products to be 15 ppm and zero
mission is even expected [1–4]. Dibenzothiophene derivatives are
he predominant sulfur species remaining after hydrodesulfuriza-
ion (HDS). This process is highly efficient for the removal of thiols,
ulfides and disulfides, but it has low efficiency associated with
he removal of refractory S-containing aromatic compounds espe-
ially the alkyldibenzothiophenes, because H2S produced during
he reaction of some thiophene derivatives inhibited deep HDS of
nreactive species. Furthermore, HDS process needs to be carried
ut at both high temperature and hydrogen pressure. To achieve

he low-sulfur commercial fuel, alternative technologies have been
ntroduced to overcome the present techniques [5–8]. Biodesulfu-
ization [9] and adsorption [10,11] are new methods introduced
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to achieve ultra-low sulfur diesel. Unfortunately, both systems
contribute more disadvantages wherein there are typically costly
and causes excessive pollution. Alternatively, oxidative desulfur-
ization (ODS) provides selective removal of those refractory sulfur
compounds at proper temperatures and pressure and is capa-
ble to eliminate most refractory sulfur compounds in HDS [12].
That is how ODS is drawing significant research interest because
of its simple processing and high efficiency [13–15]. This is the
process wherein dibenzothiophene derivatives are converted to
their corresponding sulfone. This approach is being actively pur-
sued using a variety of different methodologies. Therefore, ODS
has a great potential to become a complementary process to
traditional HDS in the production of deeply desulfurized diesel
fuels. Hence, liquid phase oxidation of sulfur compounds is the
basis of the ODS process, since extraction step occurs rapidly and
oxidation is the rate determining step [16]. By means of this pro-
cedure, in the presence of an oxidant and appropriate catalyst,
sulfur containing compounds in diesel are converted in sulfoxide
and/or sulfone which are easily separated from oil by liquid–liquid
extraction with polar solvents or by adsorption [17,18]. Various
oxidants such as tert-butyl hydroperoxide [19], hydrogen perox-

ide [13,14,20,21], ozone [22], etc. have been used for the oxidation
of sulfur compounds. Among them, H2O2 has become a popu-
lar and the most widely used oxidant due to its availability and
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nvironmentally benign properties [20,21]. In the field of catal-
sis, various acids [23–25], metallic ionic liquids (ILs) [26–29],
omogeneous and heterogeneous polyoxometalate (POM) cata-

ysts [30,31], and solid catalysts including activated carbon [32–34],
itanium micro/mesoporous silica materials [20,35–39], homoge-
eous and heterogeneous rhenium catalyst [21], VOx/Al2O3 [16],
Ox/ZrO2 [40,41] and Mo/Al2O3 [42] have been used. Molecular

ieves show good activity in the oxidation of different S-bearing
ompounds, and higher surface area materials such as V-MCM-
1[35], Ti-modified SBA-15 [36], Ti-modified SBA-16 [20] and
ctivated carbons [34] were also used as catalysts for the ODS.

Many attempts have been made to develop adsorbents for desul-
urization of commercial fuels using metal-based porous materials
uch as zeolites, activated carbon and mesoporous silica. Meso-
orous silicate materials are a suitable adsorbent due to their
uperior properties such as high surface area, tuneable and large
ore size and high thermal stability which facilitate the diffusion of

arge molecules into the pores and overcome the pore-size limita-
ion of zeolites [43]. Recently, we tested sulfur removal of different
esulfurization systems; using several Ti modified mesoporous cat-
lysts (TiO2, TiO2/SBA-16 and Ti-SBA-16) [20].

Mesoporous carbon materials are of interest in many appli-
ations because of their high surface area and physicochemical
roperties. With its well-ordered pore structure and tunable pore
iameters in the mesopore range, ordered mesoporous carbon
OMC) is suitable for applications in catalysis. Mesostructured car-
on CMK-3 has been obtained by template synthesis using SBA-15
esostructured silicate. Our propose is to use a good sorbent mate-

ial such as a mesoporous carbon as a support for the catalyst,
unctionalized with well known transition metals as active sites
or ODS. There are a few reports in literature of the application of
hese materials as sorbents for S-compounds [44,45]. However, we
ave not found any report of mesoporous ordered carbon material
s catalyst support applied in ODS process.

In this work we evaluate vanadium and titanium-based catalysts
upported over a mesoporous carbon with large surface area (CMK-
) in the ODS of dibenzothiophene as a model sulfur compound.

. Experimental

.1. Synthesis of the catalysts

.1.1. Materials
Tetraethylorthosilicate (TEOS, 98%, Sigma–Aldrich),

oly(ethylene glycol)-block-poly(propylene glycol)-block-poly
ethylene glycol), (EO20PO70EO20, P123-Sigma–Aldrich), Sucrose
≥99.0%, FLUKA), Vanadium(III) chloride (99.999%, Sigma–Aldrich).
etrabutylortotitanate (TBOT, 99.0%, Sigma–Aldrich).

.1.2. Synthesis of Si-SBA-15
SBA-15 was used as the template in the synthesis of CMK-

. The synthesis of the ordered mesoporous silica SBA-15 was
repared according to a previous work [46]. Typically, 20 g of
123 (Poly(ethylene glycol)-block-poly(propylene glycol)-block-
oly (ethylene glycol)) was dissolved at 50 ◦C in 1 M HCl solution.
hen, 40 g of TEOS were added and the resulting mixture was
tirred at 50 ◦C for 24 h. The milky mixture was transferred into

 Polypropylene bottle and it was kept at 100 ◦C for 72 h. The solid
as filtered, washed with deionized water until pH ∼6. The molar

omposition was Si: 0.018 EO20PO70EO20: 2.08 HCl: 112 H2O. To
xtract the template, the material was first immersed in ethanol

eflux for 6 h. Then, the product was filtered, washed, and dried
n air at 90 ◦C. To ensure the elimination of the structure-directing
gent, the sample was heated under N2 flow of 20 mL/min at 300 ◦C
nd then a calcined at 550 ◦C in air for 6 h.
ay 282 (2017) 123–132

2.1.3. Synthesis of CMK-3 carbon
The synthesis of CMK-3 mesoporous carbon was  carried out

using SBA-15 as the hard template and sucrose as the carbon pre-
cursor, following the synthesis procedure described in our previous
work [46]. Briefly 1.1 g of sucrose was dissolved in a solution of
H2SO4 (0.14 g) in water (5 g). 1 g of SBA-15 was added to the solu-
tion. The resulting mixture was  dried at 100 ◦C and then was heated
up and kept at 160 ◦C for 6 h. A second impregnation was performed
in order to ensure the filling of the template pores with the carbon
precursor, using an H2SO4 solution with 0.75 g of sucrose. The mix-
ture was  dried at 100 ◦C and heated up and kept at160 ◦C for 6 h.
Then, the brown powder obtained was  heated up to 900 ◦C under
nitrogen flow (20 mL/min).

The silica removal was performed using a HF solution (5 wt.%)
at room temperature. The carbon sample was filtered, washed with
ethanol solution and dried at 120 ◦C.

2.1.4. Synthesis of V-CMK-3 and Ti-CMK-3
Vanadium was incorporated into the ordered mesoporous car-

bon CMK-3 by wetness impregnation using VCl3 as the source of
Vanadium. The metal precursor (VCl3) was dissolved in 20 mL of
ethanol under vigorous stirring.The solution was placed in a rotary
evaporator to remove excess of ethanol at about 50 ◦C and 50 rpm.
The obtained powder was then dried at 100 ◦C, overnight. The dried
process of the V-CMK-3 samples at 100 ◦C in a furnace in presence
of air is sufficient to oxidize the vanadium species to vanadium
pentoxide and prevent the carbon combustion. Then, the resulting
material was  heated in a dynamic inert atmosphere (nitrogen flow
of 20 mL/min) from 25 to 200 ◦C with a slope of 4 ◦C/min and then,
the temperature was increased to 470 ◦C with a slope of 10 ◦C/min
and kept at this temperature during 5 h. Samples with different load
of vanadium were prepared. The samples were named V-CMK-3 (1,
3 and 7 wt.%).

Similarly, titanium was  incorporated into the ordered meso-
porous carbon CMK-3 by wetness impregnation using Tetrabuty-
lortotitanate (TBOT) as the source of titanium. The metal precursor
(TBOT) was dissolved in 10 mL  of ethanol under vigorous stirring,
in order to have a nominal content of 7 wt.% of Ti in the final solid.
CMK-3 was incorporated to the solution and placed in a rotary
evaporator to remove excess of ethanol at about 40 ◦C and 60 rpm.
The powder obtained was  then dried at 100 ◦C, overnight. Finally,
the resulting material was  heated in a dynamic inert atmosphere
(nitrogen flow of 20 mL/min) from 25 to 200 ◦C with a slope of
4 ◦C/min and then the temperature was  increased to 470 ◦C with
a slope of 10 ◦C/min and kept at this temperature during 5 h. The
sample was named Ti-CMK-3.

2.2. Characterization of the catalysts

XRD patterns were collected by using a continuous scan
mode.The scan speed was  0.02◦ (2�)/min in the Philips X’Pert PRO
PANalytical diffractometer, operating with CuKa X-ray radiation (X-
ray generator current and voltage set at 40 mA  and 45 kV), using
small divergence and scattering slits of 1/32 mm and a goniome-
ter speed of 1.2◦ (2�)  min−1. The scanning range was set between
0.5◦ and 5◦. The sample was crushed previously and placed in an
aluminum sample holder. Elemental analysis was  performed by
inductively coupled plasma-atomic emission spectroscopy (VISTA-
MPX) operated with high frequency emission power of 1.5 kW
and plasma airflow of 12.0 L/min. TPR was performed using a
Micromeritics Chemisorb 2720 apparatus, with a flow of 14 mL/min
of 10 mol% of H2/N2 heating up 500 ◦C, with a preheating treatment

at 380 ◦C in an inert atmosphere (N2). N2 adsorption/desorption
isotherms at 77 K were measured on ASAP 2020 equipment after
degassing the samples at 673 K, determining textural properties as
surface area and pore volume; pore size distribution was estimated
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Fig. 1. Small-angle XRD patterns of the samples.

Fig. 2. Wide-angle XRD patterns of the samples; CMK-3 (Inset).

Table 1
XRD parameters of the samples.

Sample SBA-15 [hkl] CMK-3 [hkl] ao (nm)

[100] [110] [200] [100] [110] [200]
d (nm) d (nm)

SBA-15 8.6 5.0 4.3 – – – 10.0
CMK-3 – – – 10.5 6.1 5.2 12.1
Ti-CMK-3(7%) – – – 7.1 4.4 3.8 8.6
V-CMK-3(1%) – – – 7.2 4.2 3.9 8.5
L. Rivoira et al. / Catalys

sing Barrett, Joyner, and Halenda algorithm. Ultraviolet-visible
iffuse reflectance spectroscopy (UV–vis-DRS) were recorded with

 Perkin Elmer Lamba 650 spectrophotometer equipped with a dif-
use reflectance accessory. Raman spectrum was obtained from an
nVia Reflex Raman microscope and spectrometer using a 532 nm
iode laser excitation. X-ray Photoelectron Spectra (XPS) were
btained on a MicrotechMultilb3000 spectrometer, equipped with

 hemispherical electron analyzer and MgK� (h�  = 1253.6 eV) pho-
on source. An estimated error of ±0.1 eV can be assumed for all

easurements. Peak intensity was calculated from the respective
eak areas after background subtraction and spectrum fitting by a
ombination of Gaussian/Lorentzian functions. TEM were recorded
n a JEOL 2100F microscope operated with an accelerating volt-
ge of 200 kV (point resolution of 0.19 nm); coupled with Energy
ispersive X-ray spectroscopy (EDS).

.3. Catalytic activity

The catalytic oxidation of DBT with hydrogen peroxide was  car-
ied out in a glass batch reactor, equipped with a magnetic stirrer,

 thermometer and a condenser. In a typical run, the solid cata-
yst (60 mg)  was suspended under stirring (750 rpm) in 20 mL  of a
olution of 500 ppm of S as DBT in acetonitrile. Then, appropriate
mount of 30% aqueous H2O2 was added at constant temperature
60 ◦C). Most of the experiments were performed in a two-phase
iquid-solid (L (solvent) −S (catalyst)) system, where acetonitrile

as used as solvent. When the experiments were performed in a
hree-phase liquid-liquid-solid (L (oil) −L (solvent) −S (catalyst))
ystem, acetonitrile was used as solvent and dodecane as oil phase.

Solution samples were recovered at various times. The products
ere analyzed by GC HP 5890 Series II with a HP-5 column and con-
ected to FID and PFPD detectors, after filtration and eventually
ecantation step. The products were confirmed using a Shimadzu
CMS-QP5000 with a GC-17A gas chromatograph and AOC-20i
utoinjector and HP-5 column 30-m length, 25-mm inner diameter,
nd 25-�m film thickness.

. Results and discussion

.1. Characterization of the catalysts

.1.1. XRD
Low angle X-ray diffraction patterns for CMK-3, V-CMK-3 and

i-CMK-3 are shown in Fig. 1. In the case of the mesoporous car-
on CMK-3, obtained by hard templating of SBA-15, the pattern

ndicates that the carbon CMK-3 is an exact replica of the template,
ndicated by the appearance of peaks consistent with the symmetry
f SBA-15 [47].

In the case of the modified catalysts with vanadium and tita-
ium, the overall pore structure is maintained as indicated by the
ppearance of low-angle diffraction peaks. However, the intensity
f the main peak [110] decrease in both cases compared to the
ristine CMK-3. This decrease might be due to the reduction of
cattering contrast induced by the dispersed nanoparticles [48].

Fig. 2 shows the wide-angle XRD patterns of the pristine CMK-3
inset) and the modified catalysts Ti-CMK-3 and V-CMK-3. It can be
bserved that the CMK-3 presents two broad peaks indexed to the
lanes [002] and [100] typical for graphite carbons [46].

No diffraction peaks corresponding to vanadium oxides were
etected in V-CMK-3 catalysts, indicating that VOx species are
ighly dispersed on the CMK-3 surface [49].
The pattern of Ti-CMK-3 shows characteristic signals of TiO2 in
natase phase [50], indicating that the incorporation of titanium
s anatase was successful. The absence of prominent reflections in
iO2 clusters indicates that no crystalline bulk material has been
V-CMK-3(3%) – – – 7.1 4.2 3.7 8.3
V-CMK-3(7%) – – – 7.0 4.1 3.5 8.1

formed [51]. TiO2 nanoparticles were formed with nanometric size
and high dispersion (very broad XRD TiO2 signals). This can be
ascribed to a relatively low scattering contrast between the pores

and walls of mesoporous materials, due to the formation of anatase
nanoclusters with a narrow size distribution [52]. Table 1 shows the
XRD parameters of the samples, in the case of V-CMK-3 we observe
that a0 decreases as the vanadium loading increases, this indicates
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Table 2
Textural properties of the samples.

Material SBET (m2 g−1) V�P (cm3 g−1) VTP (cm3 g−1) Wp (nm)

SBA-15 1040 0.57 1.38 7
CMK-3 1323 0.23 1.01 4.5
V-CMK-3 (1%) 1176 0.15 0.84 3.9
V-CMK-3 (3%) 1035 0.13 0.83 3.8
V-CMK-3 (7%) 847 0.11 0.80 3.7
Ti-CMK-3 (7%) 775 0.10 0.75 3.6

VTP: Total pore volume; SBET: BET surface area.
V�P: Micropore volume; WP: Wide mesopore.
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ig. 3. (a) Nitrogen adsorption (solid symbols)–desorption isotherm (open symbols)
t 77 K and (b) pore size distribution of the samples.

he direct anchoring of the metal through the surface oxygen groups
f the pristine support.

.1.2. Adsorption/desorption isotherms analysis
Fig. 3a shows the N2 adsorption/desorption isotherms for SBA-

5, CMK-3, V-CMK-3 and Ti-CMK-3 samples at 77 K. The nitrogen
dsorption/desorption isotherms for CMK-3, V-CMK-3 and Ti-CMK-

 are typical type IV curves exhibiting hysteresis loops type H2,
ccording to IUPAC classification, typical of mesoporous solids. The
aterials obtained exhibit capillary condensation to relative pres-

ures about 0.40 and 0.45, which can be related to the pore blocking
ffect of influencing pressure where evaporation/desorption pore
ccurs. The increase in adsorption at a low relative pressure is
ssociated with the presence of micropores or a strong adsorbate-
dsorbent interaction. Mesoporous carbons exhibit microporosity
n the nanochannel walls; therefore, CMK-3 presents higher surface
rea than SBA-15, but lower Vp and Wp,  because volume and wide
ize correspond only to the mesoporous. The pore size distribution
f CMK-3 shows a sharp peak at 4.5 nm indicating a quite regular

rray of nanopores. To demonstrate the presence of microporos-
ty, we show the pore size distribution under 1.8 nm (Fig. 3b). The
ength of inflection shortens gradually with increasing V loading in
-CMK-3 samples, corresponding to a reduction in the volume and
Raman  shift (cm )

Fig. 4. Raman spectra of Ti-CMK-3 and pure anatase.

size of the pore (see Table 2). The small shift to a lower pore diame-
ter upon vanadium loading reflects the formation of nanoparticles
inside the mesopores of CMK-3. Pore size distribution of Ti-CMK-
3 show a broad peak with a maximum at approximately 3.6 nm,
which corresponds to primary mesopores. In the case of the high
loaded samples we observe a decreasing in the surface area, com-
pared with pure CMK-3, due to the load of channels because of the
oxide nanoparticles. Considering that large bulk of vanadia crystal-
lites are not formed in the V-CMK-3 samples, the decrease in the
surface area is not remarkable.

3.1.3. Raman studies
Fig. 4 shows the Raman spectra of Ti-CMK-3 and pure anatase in

the range of 200–1700 cm−1. The characteristic signals of anatase
were detected in the Ti-CMK-3 sample [53]. The typical absorp-
tion of CMK-3 also can be seen in Ti-CMK-3 sample. The peak at
1355 cm−1 is associated with vibrations of C C bond, referred to D
band, attributed to the configuration of disordered graphite [54,55].
This band also could be ascribed to a diamond-like atomic arrange-
ment in the graphite samples, probably as partially tetrahedrally
bonded. The peak at 1579 cm−1 is called G band, correspond to an
E2 g mode of graphite, related to C C-double bonded carbon vibra-
tion in hexagonal lattice [56,57]. It could be clearly seen that G and
D band intensity of Ti-CMK-3 was not perturbed significantly.
3.1.4. XPS
Fig. 5 shows the binding energy of V2p3/2 core level in V-CMK-

3 samples. The only contribution observed for all the samples at
517.0-517.2 eV is assigned to V5+ in the form of V2O5. The contri-
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Fig. 5. XPS of V-CMK-3 samples.

ution centered about 516.3 eV attributed to V4+ species was not
bserved [58,59]. O1 s core level spectrum (not showed) presents

 contribution located about 531–532 eV, typical for V2O5 [60].
he second contribution is a shoulder of the first contribution cen-
ered about 532.7–533 eV attributed to the oxygen associated with
hemisorbed water (expressed as O’�)  [58,59]. The atomic ratio of
/C (at 50–100 Å of deep) was 0.007, 0.020, 0.035 (around 0.33, 0.81
nd 1.5 wt.%) for V-CMK-3(1%), V-CMK-3(3%) and V-CMK-3(7%),
espectively. Whereas for EDS studies the nominal V content was
.02, 2.98 and 7.01 wt.%, respectively. This indicates that most of
he particles are in the porous and channels of CMK-3 material as
mall V2O5 nanocrystals.

Analysis of Ti species also was performed by XPS; the results
re shown in Fig. 6. According literature [61] TiO2 as anatase, can
e easily determined by XPS following Ti2p3/2 at 458.6 eV BE. The
resence of this band in Ti-CMK-3 demonstrated that Ti is incorpo-
ated in anatase phase. The atomic ratio of Ti/C was  0.038 (around
.8 wt.%) for Ti-CMK-3. The nominal Ti content was  6.897 wt.%
etermined by EDX. Ti species are also located mostly in the chan-
el/pore of the support.

.1.5. TEM
Fig. 7A shows TEM images of CMK-3. The image reveals parti-

les of the nanometric carbon consisting of many rope-like domains

rod-like particles) with relatively uniform sizes of about 1 �m long
nd 0.2 wide. TEM image of V-CMK-3 (7%) is shown in Fig. 7B.
anadium oxide nanoclusters were not seen probably due to a

ow contrast in the TEM image. TEM images for Ti-CMK-3 (Fig. 7C
Fig. 6. XPS of Ti-CMK-3.

and D) show an ordered structure slightly damaged by thermal
treatments; they also exhibit well-organized pores parallel to each
other. In Fig. 7C and D a dark spot indicates anatase nanoclusters.
Particle size distribution ranged from 1 to 11 nm and mean particle
diameter was found to be close to 5 nm,  indicating that most of the
particles reside within of the pore system.

3.1.6. UV–vis–DRS
UV–vis diffuse reflectance spectroscopy (UV–vis–DRS) was

used to study the dispersion and chemical environment of the
metal incorporated in the carbon material. Fig. 8 shows the
UV–vis–DRS spectrum of the synthesized samples. The bands at
210, 240–320 and 320–400 nm,  correspond to isolated framework
Ti (IV), octahedral coordinated Ti species, and titania (anatase)
phase, respectively [62–64]. In the Ti-CMK-3 sample, the pres-
ence of an absorption band in the range of 240–320 nm suggests
that Ti ions occupy sites characteristic of extra-framework tita-
nium corresponding to octahedral coordinated Ti species in anatase
phase. The intense ligand-to-metal charge transfer transition band
at ∼210 nm attributed to mono-atomically dispersed Ti4+ ions in
tetra-coordinated geometry, is not present in the sample [62]. The
absence of the absorption band at higher wavelength range, indi-
cates that the size of the pore channels of CMK-3 avoid the growing
of the TiO2 particles, obtaining a very small size of the crystal of
anatase.

Fig. 8, also shows the UV–vis–DRS spectra of V-CMK-3 samples.
A decrease of the energy with increasing vanadium content is iden-
tified, reflecting an increase in the size and dimensionality of VOx
domains as vanadium surface density increases [65,66]. The cata-
lysts with lower load of vanadium show a ligand to a metal charge
transfer (LMCT) band at 260–270 nm due to electronic transitions of

2− 5+ 5+
O to V which can be assigned to tetrahedral V species [67–69].
This band shifts to higher wavelength as V loading increases. It has
been reported [70] that the band maximum of the CT transitions of
V5+ shifts to higher wavelength with increasing coordination num-
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; (B) V-CMK-3; (C and D) Ti-CMK-3.
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Fig. 7. TEM Images (A) CMK-3

er and that the polymerization of tetrahedral V5+ is only evidenced
y a broadening of the absorption bands and/or a small shift of the
bsorption maxima to lower energy (higher wavelength).

In addition, a new feature at 340–500 nm appears for all sam-
les, pointing to the presence of “bulk-like” V2O5 crystallites due
o a further polymerization of the V species [71–75]. Thus, the
resent observation of the increase of the relative intensities of
he absorptions at 340–500 nm with increasing vanadium content
an be attributed to the presence of vanadium species with a larger
olymerization degree in the highest loaded sample. The band of
ulk V2O5 (ca. 450 nm)  is not detected, and nanocrystalline vanadia

s most probably present, as indicated by XRD. These results indi-
ate that these catalysts present a heterogeneous surface composed
f tetrahedral vanadate species and possibly segregated octahedral
2O5-like species, especially in the V-CMK-3 (7%).

.1.7. TPR
To investigate the reducibility of vanadium species dispersed on

he support, the H2–TPR profiles of the catalysts are comparatively
epicted in Fig. 9.

There is one reduction peak for all catalysts, assigned to the
eduction of V5+ [76–81]. The peak temperature centered at 604 ◦C
s observed on the sample with lowest V loading attributed to
he reduction of dispersed tetrahedral vanadium species or low

ligomeric V–O–V groups. For V-CMK-3(7%) sample, the peak is
hifted to higher temperature of 630 ◦C, suggesting that the forma-
ion of V2O5-like polymeric vanadium species at high vanadium
oading will slightly retard the reduction of V5+.
Fig. 8. UV–vis–DRS of the samples.

3.2. Catalytic activity

We  tested sulfur removal of different desulfurization systems.

In first instance we investigated the adsorption process, when bare
mesoporous CMK-3 sample was used as the adsorbent for desul-
furization from model feed. These studies were carried out using
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Fig. 9. TPR of the V-CMK-3 samples.
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Fig. 11. DBT conversion in L–S phase system (acetonitrile as polar phase) and in
ig. 10. Catalytic activity of the samples. Molar ratio O/S = 12, T = 60 ◦C. g DBT/g
at  = 1.2 (500 ppm).

hree different DBT initial concentrations and 60 mg  of the adsor-
ent (CMK-3) at 25 ◦C for 60 min. The amount of DBT adsorbed
as dependent on the initial DBT concentration. The adsorption

mount increased from 8.52 wt.% to 17 wt.% when the initial con-
entration of DBT increased from 250 to 500 ppm. However, higher
nitial DBT concentration (1000 ppm) shows a lower adsorption
mount (6.12 wt.%) of DBT. The effect of temperature on the adsorp-
ion of DBT onto CMK-3 was investigated by the same process at
ifferent temperatures in a water bath. The results indicated that
he equilibrium adsorption amount of DBT decreases by increasing
emperature, in agreement with literature [44].

No conversion of DBT in presence of H2O2 (H2O2/S = 6) was
btained at 60 ◦C in the absence of the catalyst. This result indicated
hat the blank experiment without catalyst and with pure support
CMK-3) show no conversion and the V-Ti-oxide species present in
MK-3 play the main role in the catalytic activity (Fig. 10).

Fig. 10 shows the catalytic results from the ODS of DBT using

he different synthesized catalysts in a liquid-solid (L–S) phase sys-
em. Acetonitrile was used as solvent for the liquid phase. DBT was
xidized to it sulfone (100% yields); sulfoxide or other products
ere not detected in the conditions studied. From the Figure, we
L–L–S  phases system (acetonitrile as polar phase and dodecane as oil phase). Molar
ratio O/S = 12, g DBT/g cat = 1.2 (500 ppm), T = 60 ◦C. Reaction time = 10 min.

can note that at 15 min  of reaction time, V-CMK-3 (7%) displays
a DBT conversion of almost 100%. The samples with less content
of V showed lower activity. Also the titanium modified sample Ti-
CMK-3 was less active than the vanadium sample with the same
loading. Vanadium oxides were more active than titanium oxide in
this condition. CMK-3 was inactive for this reaction. In the case of
the vanadium samples with lower V-content, we observe a maxi-
mum  in conversion and then it remains constant, this fact can be
explain in terms of the oxidized reaction products might reside
on the catalyst surface, blocking the adsorption sites where reac-
tive oxygen species are formed. K. Cho et al. [82], observed that
the overall ODS activity using Ti-SBA-15, was  drastically decreased
due to the competitive oxidation and the deposit of the oxidized S
compounds on the catalyst surface, poisoning the adsorption sites.

In the case of V-CMK-3, the higher activity of the more loaded
sample could be explained in terms of the number of active sites
exposed. The superior DBT desulfurization of this material sug-
gests a determining effect on VOx species critical size, with greater
exposed surface area.

The effect of mass transfer was studied comparing two different
phase systems. Fig. 11 shows the catalytic results from the ODS of
DBT using the most active catalysts in a liquid-solid (L–S) phase
system and in a three-phase liquid-liquid-solid (L (oil) −L (sol-
vent) −S (catalyst)) system, where the proposed mechanism for the
catalytic oxidation of DBT in the reaction occurs by simultaneous
extraction/oxidation of dibenzothiophene in acetonitrile solution,
wherein is the catalyst and H2O2. The surface sites in the catalysts
are capable of interacting with H2O2 to produce large amounts
of superoxide radical. These radical species can oxidize the DBT
molecules in acetonitrile phase to their corresponding sulfones and
hence polar sulfones do not migrate into the oil phase. The catalytic
cycle can take place multiple times under low H2O2 concentration
and low temperature conditions. If the liquid–liquid extraction step
does not occur rapidly, the transfer of DBTs from the oil phase to the
solvent phase will affect the rate of the global process. Fig. 11 shows
slight higher conversions of all catalysts in the L-S phase system,
probing the existence of mass transfer limitation.

Therefore, in the subsequent experiments we will use a two

phase-system.

Thus, DBT concentrations ranging from 500 ppm to 2000 ppm
were selected while maintaining the other variables constant.
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ig. 12. Effect of the initial concentration of DBT over V-CMK-3 (7%). Molar ratio
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ig. 12 shows DBT conversion as a function of the reaction time for
ifferent initial DBT concentrations using our best catalyst. Higher
onversion is obtained with low DBT initial concentrations as is
xpected [14,26,83,84].

D. Huang et al. [84] studied the DBT conversion as a function of
he reaction time for different DBT concentrations. They found that
eaction rate with low DBT initial concentration was much higher
han that of a higher concentration. This behavior was explained
s the molar ratio of H2O2 to DBT is an important factor in the
BT oxidation, for the lowest DBT concentration was much higher

han for the reaction with high DBT concentration. On the other
and, DBT was oxidized to the corresponding DBT sulfones, which
re more polar than DBT. The sulfones adsorb onto the surface of
he catalyst, leading to fewer active sites which have access to the
eactant during oxidation.
Y. Nie et al. [26] showed the effect of initial S-content on S-
emoval. They found that S-removal increased as initial sulfur
oncentration decreased from1000 ppm to 500 ppm at 50 ◦C. How-
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ever, S-removal slightly decreased as initial S-content decreased
from 1000 ppm to 500 ppm at 25 ◦C. This result further states that
initial S-content is a key factor affecting S-removal at the high tem-
perature. Jia et al. [14] studied the oxidative removal of DBT at
different sulfur concentrations. The lower the concentration was,
the faster the removal rate of DBT. They assumed that the com-
petition of adsorption between DBT and the oxidized products on
the catalyst under relative high sulfur concentration resulted in the
decrease of the DBT oxidation rate.

However, very high conversion at short times was obtained with
V-CMK-3. This fact demonstrates the efficiency of this catalyst in
this process.

The influence of hydrogen peroxide concentration on the con-
version of DBT was explored. Different H2O2/DBT molar ratios were
selected (Fig. 13). In the stoichiometry of this reaction, only 2 mol
of H2O2 are consumed per mole of sulfone (R-SO2) produced. How-
ever, the reaction rate increases as the H2O2/DBT ratio increases;
the reaction rate is the highest for H2O2/DBT = 10/1 molar ratio
(O/S = 20), for which complete DBT conversion was  achieved at
60 min  (note that we  are using a very high initial concentration
of S). The reaction is favored under excess of hydrogen peroxide.
Although the reaction rate is slightly lower with H2O2/DBT = 6/1
molar ratio, 70% of DBT conversion can be reached at 60 min. In
resume, V-CMK-3 is capable to eliminate 100% of sulfur of high
concentrated sulfur-model diesel in the adequate conditions and
short times.

Vanadium and titanium oxide supported CMK-3 had an
excellent performance in the conditions tested. They also have
demonstrated to be more active than Ti-supported silica meso-
porous SBA-16 studied in our previous work [20]. Several studies on
oxidation of benzothiophene, in similar conditions that used in this
work, were reported in literature. ODS of benzothiophene showed
good results over different Ti-containing molecular sieves [85], Ti-
SBA-15 catalyst [86] and Ti-Beta and Ti-MCM-41 catalyst using
different oxidants [87]. Cedeño-Caero et al. [88–90] applied dif-
ferent vanadium catalyst on the oxidative desulfurization of model
diesel obtaining good performance. However, the comparison with

the results reported here makes V-CMK-3 a very promising cata-
lysts for the ODS of sulfur compounds present in fuels.

40 50 60

e, min

 O/S=20
 O/S=16
 O/S=12

). T = 60 ◦C. g DBT/g cat = 4.8 (2000 ppm), in L–S phase system.
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.2.1. Deactivation of the catalyst
The deactivation of a catalyst is very important for industrial

oint of view. The reusability of the catalyst for the ODS of DBT has
een tested after washing several times with water-methanol solu-
ion. After washing, all oxidized products that could be adsorbed on
he catalysts are eliminated. In Fig. 14 we observe that the activity
f the used sample remains after the second recycle compared to

 fresh catalyst. Only after the third recycle we  observe 13% of loss
n conversion. This indicates that the active sites were maintained
uring the reaction. The reusability of the catalyst indicates that
-CMK-3 is a potential catalyst for the ODS of dibenzothiophene.

. Conclusions

The results leaded us to conclude that 7 wt.% loaded V-CMK-3 is
he most active catalyst for ODS of DBT using hydrogen peroxide as
xidant and acetonitrile as solvent. Under identical test conditions
-CMK-3 is more active than the Ti-CMK-3 and besides leads to
9–100% selectivity for the sulfone. The effective promoter (CMK-
) has high surface area and high pore volume; however, surface
rea and pore volume alone could not explain the observed trends
n performance of ODS but these qualities could affect the better
nchorage of the catalytic species in the carbons framework reach-
ng high active sites distribution and more stable metallic oxides
anoparticles.
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