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a b s t r a c t

Vanadium oxides supported on mesoporous SBA-15 catalysts with different vanadium loadings were
studied in the oxidative desulfurization (ODS) of dibenzothiophene as a model sulfur compound. The
catalytic activity was improved when SBA-15 framework was modified by adding Al and Ga. Structural
and textural characterization of the catalysts were performed by means of XRD, N2 adsorption, UVeVis
eDRS, XPS, NMR, TEM, Raman, TPR and Py-FTIR. UVeViseDRS and Raman demonstrated that highly
dispersed vanadium VO4

�3 species are responsible for the high activity in the sulfur removal. The Ga
modified support with an intermediate V/Si ratio of 1/30 was the most active catalyst for ODS of DBT,
using hydrogen peroxide as oxidant and acetonitrile as solvent. 100% of DBT elimination was attained at a
short time in mild conditions. Gallium and aluminum incorporation into the support modified suc-
cessfully the nature of the SBA-15 surface by generating Bronsted and Lewis acidity. The interaction
between the acid sites with the active vanadium sites improved the activity of the catalysts. The high
dispersion depended on the vanadium loading and on the nature of the support. The more acidic support
allowed better dispersion of the vanadium species due to stronger interaction metal-support. The
reusability of the catalysts indicates that vanadium oxide supported on mesoporous SBA-15 modified
with Ga and Al are potential catalysts for the ODS of dibenzothiophene.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Ultra-low-sulfur diesel (ULSD) is diesel fuel with substantially
lowered sulfur content. Although there is no single standard set of
specifications, refineries all over the world are applying them to
reduce sulfur levels in transportation fuels in order to satisfy the
upcoming regulation established in each country. In order to adapt
current processes to these strict regulatory requirements, several
technologies have been developed for deep desulfurization of
diesel fuel. The major portion of sulfur in light cycle oils (LCO) is
found in dibenzothiophene (DBT) and alkyl-dibenzothiophenes,
which are not easily removable by hydrotreating, because they
require high pressure and hydrogen consumption [1].
ltramone).
However, there is an alternative method for deep sulfur elimi-
nation from light oils, the oxidative desulfurization (ODS). This
process was reported in literature as early as 1954 and it was not
considered as a potential process until the imposed current regu-
lations requiring the production of ultra-low sulfur diesel. ODS has
been extensively studied probably due to its attractive properties,
including lower temperature and pressure conditions and lower
operating costs compared with those found in conventional
hydrodesulfurization processes. Oxidation of organosulfur com-
pounds results in the formation of sulfoxides/sulfones, highly polar
and hence easily removed either by extraction into polar solvents
or by adsorption. The oxidation of DBTs with organic hydroperox-
ides or H2O2 was studied over various catalytic heterogeneous
systems, such as oxide-supported metals or titanium silicalites
[2e16]. The oxidation of DBTs was also performed using WOx/ZrO2
catalyst [17], supported Pd, Cr2O3, unsupported manganese oxides
and a commercial CoeMo/Al2O3 with hydrogen peroxide as oxidant
[18]. Vanadosilicates as catalysts for desulfurization of light oil

mailto:abeltramone@frc.utn.edu.ar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2017.04.019&domain=pdf
www.sciencedirect.com/science/journal/13871811
www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2017.04.019
https://doi.org/10.1016/j.micromeso.2017.04.019
https://doi.org/10.1016/j.micromeso.2017.04.019


L. Rivoira et al. / Microporous and Mesoporous Materials 254 (2017) 96e113 97
under mild reaction conditions were used by Cede~no-Caero et al.
[19]. They achieved removal of sulfur compounds present in diesel
with a yield higher than 80% using hydrogen peroxide as oxidizing
agent and acetonitrile as solvent. Yasuhiro Shiraishi et al. [20]
compared the catalytic activity of three types of vanadosilicates,
having different pore-size distribution with those of the corre-
sponding titanosilicates. They found that mesoporous vanadosili-
cates showed the highest activity [21]. Likewise, Y. Liu et al. [22]
used metal oxides as supports and they proved that the catalytic
behavior of supported vanadium oxide catalysts in the selective
oxidation reactions largely depended on the content of vanadium
loaded on the support.

The use of large-surface-area materials with ordered porous
structure, such as mesoporous molecular sieves, is an interesting
alternative for catalytic ODS reaction. The intrinsic characteristics of
these materials make them particularly promising for application
in oil refining. SBA-16 and CMK-3 have been already tested in our
recent studies as supports of vanadium and titanium oxides, from
which we have obtained very good results in removing sulfur
[23,24]. Guoan Du et al. [25] synthesized vanadium oxide grafted
on mesoporous silica SBA-15 using a controlled grafting process.
They found that for V-SBA-15 samples with higher vanadium
loading, the reactive conversion approached 100%, and the tem-
perature for the maximum conversion decreased with increasing
vanadium loading. Cede~no-Caero et al. [16] tested the ODS of DBT
using vanadium oxides supported over SBA-15 and compared their
activity with other supports. They found that the activity largely
depended on the characteristics of the support and its interaction
with the active species.

According to previous studies, when tetravalent cations like
Ti4þ, Zr4þ, V4þ, Sn4þ, etc. were incorporated into the framework of
SBA-15, electroneutrality was maintained but some redox proper-
ties were incorporated into the support surface [23,26e29].

Recently, Ding et al. [30] prepared and applied an iron-based
redox ionic liquid modified mesoporous SBA-15 as a novel cata-
lyst to the removal of sulfur compounds in model diesel. Through
extensive studies, they confirmed to have a catalyst system with
high surface area, high accessibility for substrate and oxidant. They
observed that the sulfur removal is much better using an extractive
substance. A few years before, in 2013 Kye-Sung Cho et al. [31]
found that the ODS for sulfur compounds proceed promptly with
complete conversion applying Ti-SBA-15 catalyst. Therefore, based
on literature SBA-15 is a desirable candidate for ODS due to wider
pore size and considerably thicker pore walls, as well as thermal
and hydrothermal stability. In order to improve the interaction
between the mesoporous support and the vanadium active sites
(VOx), we propose the modification of the silica framework via
post-treatment with aluminum or gallium source. This modifica-
tion in the nature of the support surface is expected to lead to ef-
ficiency improvement into ODS yields. It is well documented that
aluminum incorporation into SBA-15 frameworks exhibits both
Bronsted and Lewis acidities [32,33]. Ga-SBA-15 materials present
weak acidity since gallium normally confers Lewis acidity, although
it also induces the creation of Bronsted sites [34]. Acidity in the
support can modify the interaction between the active species and
the surface affecting dispersion and reducibility of the active spe-
cies [32e34].

In this work we evaluate the activity of a series of catalysts,
prepared using SBA-15 as support, in the ODS of dibenzothiophene
as a model sulfur compound in a batch reactor under mild reaction
conditions.

A series of vanadium supported on SBA-15, Al-SBA-15 and Ga-
SBA-15 catalysts with different vanadium loadings were prepared.
The objective of thework is to find themost efficient sulfur removal
catalyst by combining a redox metal with a high area hydrothermal
stable support.

2. Experimental

2.1. Synthesis of SBA-15

SBA-15 material has been synthesized according to the pro-
cedure described by Zhao et al. [35]. A solution of template was
prepared by dissolving 1.5 g of P123 in 48 mL of HCl 2M (pH ¼ 1).
The solutionwas heating up to 50 �C, and then 3.7mL (0.016mol) of
tetraethylorthosilicate (TEOS) were added dropwise under
vigorous stirring. The mixture was held statically at constant tem-
perature. After 24 h, temperature was set at 80 �C and maintained
for 48 h. The solid obtained was then filtered and washed repeat-
edly with distilled water. Next, the material recovered was washed
with a water/ethanol mixture for 2 h. Again, the material was
filtered, washed and placed into an oven for drying at 100 �C. The
material as synthesized was calcined at 500 �C for 5 h. Molar ratios
of the synthesis were 1TEOS: 158 H2O: 6HCl: 1.6 � 10�2 P123.

In order to incorporate the metal cations (Al, Ga) as isolated and
very well dispersed species into the framework of SBA-15, we use
the post-synthesis technique because the synthesis of SBA-15
materials involves strongly acidic conditions with pH below 1.
Both aluminum and gallium sources in acidic solution remain in the
cationic form and the introduction into the mesostructure walls is
difficult. At low pH, the Alþ3 and Gaþ3 cations cannot polymerize or
condense. Because of that, post-synthesis treatment is conse-
quently an alternative method for the preparation of Al of Ga
modified-SBA-15 materials.

2.2. Incorporation of Al and Ga via post-synthesis technique

In order to modify the acidic characteristics of the support, Al
and Ga were incorporated in the matrix of SBA-15 using the
following techniques: (i) post-synthesis alumination: pure silica
SBA-15 (1 g) was stirred in 50 mL of aqueous solution containing
sodium-aluminate (NaAlO2), at room temperature for 20 h and pH
of 5.6. The mixture was filtered, washed and dried at room tem-
perature overnight and then calcined in air at 550 �C for 5 h. Since
in the post-synthesis alumination method we used NaAlO2 as
source of Al, ion exchange procedure was performed in order to
exchange sodium by NH4

þ. The ion exchange was carried out using
1M solution of NH4Cl in contact with the aluminated sample for
40 h under stirring. After that, the sample was washed, filtered and
dried, followed by calcination at 500 �C for 5 h, in order to obtain
the protonated sample. The sample obtained with a theoretical
ratio of Si/Al ¼ 20 was denoted as Al-SBA-15. (ii) post-synthesis
gallium incorporation: SBA-15 mesoporous material containing
gallium was synthesized using an analogous procedure to alumi-
nation technique. An aqueous solution of Ga(NO3)3 was used as
gallium source. The gallium concentration was calculated in order
to obtain samples with Si/Ga ratio of 20. SBA-15 (1 g) material was
mixed with 50 mL of the gallium solution at room temperature for
20 h. The sample was then filtered and washed with distilled water
and dried at 60 �C overnight, to be finally calcined in air at 500 �C
for 5 h. The material obtained was denoted as Ga-SBA-15.

2.3. Incorporation of V via direct-synthesis technique

The direct-synthesis technique and the post-synthesis tech-
nique were applied for the incorporation of vanadium cations in
order to compare the efficiency of both methods in the dispersion,
nature and reducibility of the vanadium species.
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Firstly, vanadium was incorporated into the silica SBA-15
framework by direct-synthesis. Pluronic 123 surfactant was dis-
solved in a 2M HCl solution (pH < 3), then TEOS was added drop-
wise for about 10 min. VCl3 was added to obtain a V/Si ratio of 1/30
and 1/54. The vanadium source was added under vigorous stirring
for 5 additional min. Next, the synthesis followed as described
previously for SBA-15. The materials obtained have been denomi-
nated as V-SBA-15 (y), where y refers to V/Si ratio.

2.4. Incorporation of V via post-synthesis technique

The wet impregnation method was used to incorporate vana-
dium species over SBA-15, Al-SBA-15 and Ga-SBA-15 supports via
post-synthesis technique. To obtain samples with different vana-
dium loadings, 1 g of SBA-15 was added to several aqueous solu-
tions with different contents of VCl3. In order to dry off the product,
the mixtures were placed into a rotary evaporator in vacuum at
70 �C and 70 rpm. Subsequently, the materials as synthetized were
dried and finally calcined at 500 �C, with a heating rate of 3 �C/min.
The samples were denoted as VOx-SBA-15 (y), where x depends on
the oxidation state of vanadium and y is the V/Si ratio (1/54, 1/30,1/
18, 1/10 and 1/5). The incorporation of vanadium into Al-SBA-15
and Ga-SBA-15 with different V/Si ratios was performed using the
same procedure as that described above. Samples were denoted as
VOx-Al-SBA-15 (y) and VOx-Ga-SBA-15 (y).

2.5. Characterization of the catalysts

XRD patterns were collected by using a continuous scan mode.
The scan speed was 0.02 deg (2 q)/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 goniometer
speed of 1.2� (2q) 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 Micro-
meritics Chemisorb 2720 apparatus, with a flow of 14 mL/min of
10 mol% of H2/N2 heating up to 500 �C, with a preheating treatment
at 380 �C in an inert atmosphere (N2). N2 adsorption/desorption
isotherms at �196 �C were measured on ASAP 2020 equipment
after degassing the samples at 400 �C. The pore size distribution of
the samples was determined by the Nonlocal Density Functional
Theory (NLDFT) applied for cylindrical pores of siliceous adsorbents
at �196 �C, using the adsorption branch. The same models were
applied to calculate mesopore volumes; the specific surface area
was determined by Brunauer-Emmett-Teller (BET) method. Ultra-
violetevisible diffuse reflectance spectroscopy (UVeVis-DRS) was
recorded with a Perkin Elmer Lamba 650 spectrophotometer
equipped with a diffuse reflectance accessory. MAS-NMR spectra of
29Si, 27Al, 71Ga and 51V were recorded at room temperature on a
Bruker MSL-300 spectrometer equipped with a 4-mm MAS probe.
The spectrometer operated at 78.2 MHz for 27Al. The samples were
spun at the magic angle at a rate of 5 kHz. The spinning rate for all
the samples was 10 kHz. Different numbers of scans were recorded
for each compound in order to obtain an adequate signal to noise
ratio. The recycling time was 4 s. The contact time during CP was
800 ms for B63 and 1.5 ms for the other compounds. The Si envi-
ronment was studied at the resonance frequency of 29Si
(79.46MHz). The samples were packed in a 4mm zirconia rotor and
measured with a spinning frequency of 8000 Hz. 4.14 � 106 scans
were accumulated with a recycle delay of 6 s and a pulse length of
2.0 ms (30�). tetramethylsilane (TMS) was used as shift reference.
The study of the Ga and V coordination was performed at the
resonance frequency of 71Ga (152.52 MHz) and 51V (105 MHz),
respectively. The samples were packed in a 3.2 mm chemagnetics
rotor andmeasuredwith a spinning frequency of 12,000 Hz. 5� 106

scans were accumulated with a recycle delay of 0.1 s and a pulse
length of 1.2 ms (10�).

X-ray Photoelectron Spectra (XPS) were obtained on a Micro-
techMultilb3000 spectrometer. The unmonochromatized AlKa X-
ray source (1486.6 eV, 12 kV, 15 mA), with no charge neutralizer,
was applied to generate core excitation. The system was calibrated
according to ISO 15472:2001. The lower energy scan increases the
absorption cross-section resulting in larger signal-to-noise ratio
and allowing smaller features in peaks to be discerned. An esti-
mated error of ±0.1 eV can be assumed for all measurements. The
Shirley-type background subtraction was used to the spectra prior
to fitting procedure where Voigt line shape i.e. Gaussian/Lorentzian
functional (70:30) was applied. In order to measure binding en-
ergies the C 1s signal of the adventitious carbon was used as
reference at 284.8 eV. All samples were previously degassed for
12 h under ultra-high vacuum (<1.3� 10�6 Pa) prior to the analysis.
The modified Auger parameter of Al (a0) was calculated using the
following equation [36]: a0 ¼ 1253.6þ KE (AlKLL) - KE (Al 2p), where
KE (AlKLL)) is the kinetic energy of the Auger electron of AlKLL and
KE(Al 2p) the kinetic energy of the photoelectron Al 2p. TEM were
recorded in a JEOL 2100F microscope operated with an accelerating
voltage of 200 kV (point resolution of 0.19 nm); coupled with
energy-dispersive X-ray spectroscopy (EDS). Raman spectrum was
obtained from an InVia Reflex Ramanmicroscope and spectrometer
using a 532 nm diode laser excitation. Before recording the spectra,
the spectrometer was calibrated using the Raman band at
520 cm�1of a standard SiO2 sample. JASCO 5300 FTIR spectrometer
was used for Py-FTIR measurements. A thermostated cell with a
special NaBr window warmed up to 400 �C and 4.2 � 10�2 Torr
during 2 h was employed to avoid possible sample hydration.

2.6. Catalytic activity

In this study the oxidation reaction of dibenzothiophene (DBT)
was carried out in the L (acetonitrile as solvent) - S (catalyst) phase
system in order to avoid the mass transfer effect and, thus, study
the intrinsic rate of the catalysts themselves. Those limitations have
been studied in our previous works [23,24] and the result of
comparing the two different phase systems was that LeS system
turned out in higher DBT conversions to sulfone than those in
LeLeS system. The results indicate that mass transfer between the
two liquid phases affects the overall sulfur removal rate, and hence,
that a useful comparison of the activity of the various catalysts can
only be made eliminating LeL mass transfer effects. Therefore, in
this study we will use a two-phase system.

The catalytic oxidation of DBT with hydrogen peroxide (30 wt %)
was carried out in a 100 mL glass batch reactor, equipped with a
magnetic stirrer, a thermometer and a condenser. In a typical run,
the solid catalyst (60 mg) was suspended under stirring (750 rpm)
in 20 mL of a solution containing 500 ppm of S as DBT in acetoni-
trile. H2O2/DBT ratio was 6 (O/S ¼ 12) at a constant temperature of
60 �C. To evaluate the conversion of DBT, a set of samples were
recovered at various times and immediately analyzed qualitatively
by gas chromatography (GC) HP 5890 Series II with HP-5 column
and connected to FID and PFPD detectors. Sulfones were confirmed
using a Shimadzu GCMS-QP5000 with a GC-17A gas chromato-
graph and AOC-20i autoinjector and HP-5 column 30-m length, 25-
mm inner diameter, and 25-mm film thickness.

ODS of DBT was fitted by a pseudo-first order kinetic, where the
rate constant (k) and reaction time (t) can be described using the
following equation:
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ln(Ct/C0) ¼ �kt (1)

where Ct is molar concentration at time t and C0 is initial molar
concentration.

The Arrhenius equation was used to calculate the activation
energy:

k ¼ A exp(�Ea/RT) (2)

where A is the pre-exponential factor, Ea is the apparent activation
energy, and R and T are the gas constant and reaction temperature
(K), respectively.

For the deactivation study, the catalysts used were regenerated
by oxidative air treatment. First, the spent material was washed
several times with excess amount of methanol and water and then
filtered. The solid was dried and then calcined at 400 �C for 4 h
ramped at 1.5 �C/min. After that, the sample was stored in a heater
to avoid wetting before being tested in the next desulfurization
cycle. The experimental conditions were the same as those
described above. However, in this study, the amount of catalysts
was lowered to 30 mg to avoid working at high conversion levels
close to 100%.
Fig. 1. XRD of VOx-SBA-15 with different V/Si ratios: (a) low angle and (b) wide angle.
3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. XRD
Fig.1(a) shows small angle X-ray diffraction pattern of pure SBA-

15 and vanadium-modified VOx-SBA-15 (y). At the 2q region be-
tween 0.9� and 2.0� we can observe the three typical peaks of (100),
(110) and (200) reflections corresponding to 2D-hexagonal SBA-15
material (P6mm). The vanadium-modified samples presented a
decrease in peak intensity and a shift to higher angle as vanadium
content increased. This behavior might be attributed to the pres-
ence of vanadium oxide species anchored to the silica framework
increasing wall thickness, in spite of the fact that the mesoporous
structure was perfectly kept as the original SBA-15 support [35].

Fig. 1 (b) shows the wide angle XRD patterns of SBA-15 mate-
rials. The profiles are the typical ones for amorphous pore walls
SBA-15 with a broad halo extending from 2<theta> 15 to 37�

[37e41]. The samples with higher vanadium loading (1/5 and 1/10)
shows diffraction peaks characteristic of crystalline V2O5 (JCPDF 65-
0131of V2O5 characteristic peaks at ca. 2q ¼ 16, 22, 26 and 32�

(supplementary files)) [42]. The absence of the peaks of V2O5 phase
in the less loaded samples suggests that vanadium clusters are very
small and highly dispersed over the support.

The XRD of V-SBA-15 (Fig. 2) shows that the pattern is very
similar to SBA-15, indicating the success of the method of the
synthesis. Crystalline pattern of V2O5 was not observed at wide
angle (Inset). Fig. 3 shows XRD spectra of Al-SBA-15 and its vana-
dium counterparts. We observe that the structure was maintained
after incorporation of aluminum. Subsequent vanadium modifica-
tion only caused a slight disorder in structure, as the peak shifted to
higher angle and intensity decreased. The inset shows that vana-
dium species are highly dispersed on this support. Fig. 4 shows the
low-angle diffraction patterns of gallium-containing samples. We
can observe that the incorporation of gallium does not produce
changes in the SBA-15 mesostructure. When vanadium was incor-
porated into Ga-SBA-15, a behavior similar to that found in Al-SBA-
15 support was shown, as mentioned before. In the inset of Fig. 4,
we observe the wide-angle spectrum for VOx-Ga-SBA-15; no peaks
of Ga2O3 were detected, probably due to the gallium species are
very well dispersed into the framework. Also, the peaks of
vanadium oxides are no clearly detected in the spectra, indicating
good dispersion of the vanadium moieties.
3.1.2. N2 adsorption-desorption isotherms
N2 adsorption-desorption isotherms for VOx-SBA-15 samples

with different vanadium loading are type IV isotherms with an H1
hysteresis loop, typical of the SBA-15 structure (Fig. 5). The curves
exhibited a significant uptake at P/P0 ¼ 0.50e0.80 indicating
capillary condensation within the mesopores. In the case of the
more loaded sample (V/Si¼ 1/5), the atypical shape of the isotherm
confirms the loss in structure when a high amount of vanadium is
added to the mesoporous material. As can be seen in the inset of
Fig. 5, the two cycles of hysteresis observed could be attributed to
the formation of pores of higher size. The rest of the samples showa



Fig. 2. Low angle XRD of V-SBA-15 with different V/Si ratios. Inset: wide angle XRD.

Fig. 3. Low angle XRD of VOx-Al-SBA-15 with different V/Si ratios. Inset: wide angle
XRD.

Fig. 4. Low angle XRD of VOx-Ga-SBA-15 with different V/Si ratios. Inset: wide angle
XRD.

Fig. 5. (a) N2 adsorption/desorption isotherms of VOx-SBA-15 (y) samples. Inset: pore
size distribution.
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narrow and uniform pore size distribution. Pore size decreases as
vanadium content increases.

Fig. 6 shows nitrogen adsorption/desorption isotherms of V-
SBA-15 material. The samples display type IV isotherms with an H1
hysteresis loop, demonstrating that the SBA-15 structure was
obtained.

Figs. 7 and 8 show the isotherms of the modified supports with
Al and Ga, respectively. Type IV isotherms with an H1 hysteresis
loop were obtained in all cases, indicating that SBA-15 structure
was maintained. The incorporation of vanadium presents a similar
behavior to that observedwhen siliceous-SBA-15 support was used.

Table 1 provides the textural properties of the catalysts syn-
thesized. We observe that the modification with vanadium in SBA-
15 support causes a decrease in surface area, pore volume and pore
size. This suggests that some of vanadium species are incorporated
into the mesoporous channels. The specific surface area of the
sample with high loading of vanadium (V/Si ¼ 1/5) showed a dra-
matic loss of area indicating some pore blockage. In the samples
with lower V/Si ratios (1/30 and 1/54), the mesoporous structure
was maintained and the structural parameters obtained suggest
that the vanadium species could be successfully incorporated into
the pores.

In contrast, pore diameter had a marked increase when vana-
dium was introduced to the molecular sieves by direct synthesis.
This fact indicates that vanadium atoms could be part of the
framework replacing Si atom. The increase in pore diameter might
be due to the longer bond length of V with oxygen than that of SieO
http://www.sciencedirect.com/science/article/pii/
S0926860X16300850 [22]. The same occurred when Al or Ga were
incorporated into the SBA-15 framework. The incorporation of the
heteroatom diminished the SBET area; yet, in all cases, it still kept
high compared with pristine SBA-15.
3.1.3. Al-SBA-15 MAS-NMR
In order to determine the location of the Al atom in the

framework, NMR of Al-SBA-15 was performed. Fig. 9 (a) shows the

http://www.sciencedirect.com/science/article/pii/S0926860X16300850
http://www.sciencedirect.com/science/article/pii/S0926860X16300850


Fig. 6. (a) N2 adsorption/desorption isotherms of V-SBA-15 (y) samples. Inset: pore
size distribution.

Fig. 7. (a) N2 adsorption/desorption isotherms of Al-SBA-15 and VOx-Al-SBA-15 (y)
samples. Inset: pore size distribution.

Fig. 8. (a) N2 adsorption/desorption isotherms of Ga-SBA-15 and VOx-Ga-SBA-15 (y)
samples. Inset: pore size distribution.

Table 1
Textural properties of the samples synthesized.

Samples A (m2/g) Vp (cm3/g) Dp (nm)

SBA-15 1050 1.29 8.02
VOx-SBA-15 (1/54) 702 0.90 7.78
VOx-SBA-15 (1/30) 678 0.89 7.70
VOx-SBA-15 (1/18) 616 0.85 7.56
VOx-SBA-15 (1/10) 340 0.68 7.41
VOx-SBA-15 (1/5) 132 0.49 6.84
V-SBA-15 (1/54) 965 0.99 9.13
V-SBA-15 (1/30) 845 0.94 9.59
VOx-Al-SBA-15 (1/54) 825 1.06 8.89
VOx-Al-SBA-15 (1/30) 796 1.03 8.77
VOx-Ga-SBA-15 (1/54) 762 1.12 8.81
VOx-Ga-SBA-15 (1/30) 704 1.01 8.50

VP: Total pore volume; A: BET surface area; DP: Pore diameter determined by NLDFT
method from the adsorption branch.
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29Si-MAS-NMR spectrum, where a prominent peak at �111 ppm is
assigned to [Si(OSi)4] (Q4) and a lower signal at �101 ppm is
assigned to [Si(OSi)3OH] (Q3) [43], indicating that the incorporation
of Al by post-alumination did not disturb tetrahedral Si in the SBA-
15 framework. The spectrum of 27Al in Al-SBA-15 shown in Fig. 9 (b)
exhibits a very intense signal at 50 ± 2 ppm assigned to tetrahedral-
coordinated framework aluminum, indicative of Al in framework
position.

3.1.4. Ga-SBA-15 MAS-NMR
The position of gallium in the SBA-15 sample was studied by

71Ga-NMR spectroscopy http://www.sciencedirect.com/science/
article/pii/S0926860X09005924 [44]. Fig. 9 (c) shows the spec-
trum of Ga-SBA-15, where one regular peak at 150 ppm is observed.
This peak was assigned to gallium in tetrahedral coordination in
agreement with the literature [45,46]. Fig. 9 (c) also shows a peak at
0 ppm, assigned to Ga atoms in octahedral position. The peak at
0 ppm corresponds to Ga2O3 [44,45].
3.1.5. V-SBA-15 MAS-NMR
Vanadium species in calcined V-SBA-15 have lowanisotropy and

asymmetry values in MAS-NMR studies [47e51]. Fig. 9 (d) shows
the presence of vanadium species as V5þ consisting of a resonance
at �450/�480 ppm, which can be attributed to distorted isolated
tetrahedral V5þ of type V]O-(SiO)3 in dehydrated catalysts, in
agreement with V-containing mesoporous catalysts [50,51]. It is
important to note that octahedral coordination of V ions was not
detected in this sample (chemical shift around 300 ppm). In this
region, a perpendicular component of an axially anisotropic spec-
trum of V2O5 can be detected at very low concentrations. Thus,
most of the incorporated V is substituted into the silica framework
in tetrahedral coordination with surrounding oxygen anions.
3.1.6. TEM
Fig. 10 shows the TEM of the samples with V/Si ¼ 1/30. They

present the typical hexagonal array with longitudinal channels
corresponding to SBA-15 mesoporous material. Vanadium clusters

http://www.sciencedirect.com/science/article/pii/S0926860X09005924
http://www.sciencedirect.com/science/article/pii/S0926860X09005924


Fig. 9. (a) 29Si and (b) 27Al-MAS-NMR spectrum of Al-SBA-15, (c)71Ga-MAS-NMR spectrum of Ga-SBA-15, (d) 51V-MAS-NMR spectrum of V-SBA-15 (1/30).
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are not visible in the images, probably due to the good dispersion
and their very low size.

The images demonstrate that the structure remained after the
metal (V, Ga, Al) incorporation. More images were added as
supplementary file.
3.1.7. UVevis-DRS
UVeVis diffuse reflectance spectroscopy spectra give additional

structural information on the surface VOx species, the energy of the
oxygen-vanadium charge transfer bands indicating the coordina-
tion of the V center [52]. According to the literature [53e65], the
structures of dehydrated VOx species mainly include isolated
tetrahedral VO4 species, oligomer pseudo-tetrahedral VOx species,
polymeric octahedral VOx species and bulk V2O5 microcrystal.

In this work UVeVis- DRS was used to study the dispersion and
chemical environment of vanadium incorporated in the SBA-15
support. The results are shown in Fig. 11. The SBA-15 support
exhibited only a very low intensity spectrum (not shown). Fig.11 (a)
displays the spectra of VOx-SBA-15 samples with different V/Si
ratios.

The band with a maximum at 240 nm corresponding to low-
energy charge transfer (CT) transitions between tetrahedral
oxygen ligands and isolated V5þ cations assigned to isolated
tetrahedral V5þ sites [52,56e62,66,67] is absent in these samples.

In this case, all the samples show a broad absorption band
centered between 250 and 300 nm. It has been reported [62] that
the band maximum of the charge transfer (CT) transitions of V5þ

shifts to higher wavelength with increasing coordination number
and that the oligomerization of tetrahedral V5þ is only evidenced by
a broadening of the absorption bands and/or a small shift of the
absorption maximum to lower energy (higher wavelength). The
observed shift to slightly higher wavelength (260e270 nm) in-
dicates the increase in the coordination number evidencing oligo-
merization of VOx species (Fig. 11 (a)). The other CT band centered
at ~350e400 nm can be attributed to the presence of polymeric
octahedral VOx species [57,58]. The intensity of the bands increases
with the increase in vanadium loading. It should be noted that band
intensity at 260e270 nm is significantly higher than that at
350e400 nm, indicating that a high proportion of pseudo-
tetrahedral or oligomerized tetrahedral VOx species are present
in all the samples. In addition, for VOx-SBA-15 samples with the
higher vanadium loading, the broadening of the band suggests the
formation of aggregated VOx chains [53,58] as V2O5 nanocrystals
on the surface of the support. This is in agreement with previous
wide angle XRD characterization.



Fig. 10. TEM images of: (a) VOx-SBA-15 (1/30) (b) V-SBA-15 (1/30) (c) VOx-Al-SBA-15 (1/30) (d) VOx-Ga-SBA-15 (1/30).
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Fig. 11(b) shows the spectra for V-SBA-15 samples. We observe a
band with a maximum at 240 nm assigned to the isolated V5þ sites,
where the species are in pseudo-tetrahedral symmetry as V]O
(SieO)3, the presence of this tetrahedral V]O isolated monomeric
VO4

3- has been reported for similar systems http://www.
sciencedirect.com/science/article/pii/S2095495616300390
[56e61]. Both samples show a shoulder at higher wavelength
indicating the presence of some oligomeric tetrahedral Vþ5 species.
The results are in agreement with the previous characterization
that indicates that vanadium is mainly an isolated tetrahedral
species.

Fig. 11 (c) shows the spectra for VOx-Ga-SBA-15 and VOx-Al-
SBA-15 samples. In these spectra, the band with a maximum at
~240 nm assigned to the isolated tetrahedral V5þ sites appears in all
the samples and with high intensity. This fact indicates that the
incorporation of Al or Ga further improves vanadium dispersion.
The tetrahedral isolated vanadium is the predominant species in
these catalysts, with the exception of VOx-Al-SBA-15 (1/30) sample,
where some vanadium oligomeric species are also present. In
addition, the band centered at 500 nm indicating the presence of
polymerized VOx species or bulk-like V2O5 due to a further poly-
merization of VOx species was not observed. This is in agreement
with wide-angle XRD results.

Similar UVeVis features observed with other impregnated V-
SBA-15 systems [56,66] were ascribed to the presence of vanadium
aggregates along with isolated sites.

In Fig.11 (a) and (c) we observe that the presence of Ga and/or Al
in the support slightly shifts the bands to lower wavelength indi-
cating the presence of isolated vanadium species, this fact gives
account of the higher dispersion of the vanadium species.
Given these results, it is clear that the nature of VOx species is
closely related to preparation methods, vanadium loading and
structure and nature of the support.

3.1.8. XPS
Fig. 12 shows the V2p3/2 core level spectra in the VOx-SBA-15

samples with different V/Si ratios. The only contribution observed
in all the samples was at 517.2e517.5 eV. According to the literature,
the 517 eV signal is assigned to V5þ in the form of V2O5. The
contribution centered about 516.3 eV attributed to V4þ species was
not observed [63,64]. The contribution at about 532 eV is due to the
oxygen from silica. In addition, the contribution at low binding
energy (530.1 eV) is derived from V2O5 [68e70].

An exact determination of the V2p binding energy of vanadium
species of V-SBA-15 (not shown) was difficult since XPS is a surface
technique and vanadium mainly could be incorporated deep inside
the channels of SBA-15, high dispersion and low concentration of
vanadium species on the surface may contribute to its weak signal
intensity [70e73].

The binding energy (BE) of Ga2p3/2 (Fig. 13 (a)) and Al2p3/2

(Fig. 14 (a)) appears at 1118.7 eV and 74.6 eV, respectively [73].
Accordingly, the value of 74.6 eV for BE indicates that the Al phase
of the Al-SBA-15 materials can be assigned to AlxOy (x/y ¼ 3:1 or
1:1), where Al is less oxidized than Al2O3 [74]. In order to determine
the chemical environment of Al we studied the Auger parameter
(a0). This parameter is independent of the sample charging but al-
lows us to determine the tetrahedral or octahedral coordination.
Thus, a0 lower than 1460.4 eV are characteristic of tetrahedral Al,
whereas a0 values higher than 1461.0 eV are characteristic of
octahedral Al [36,74e76]. Fig. 14 (b) shows the Al KLL spectra for the
Al-SBA-15, only one signal around 1385 eV was observed. The

http://www.sciencedirect.com/science/article/pii/S2095495616300390
http://www.sciencedirect.com/science/article/pii/S2095495616300390


Fig. 11. UVeVis diffuse reflectance spectra of (a) VOx-SBA-15 (y), (b) V-SBA-15 (y), (c) VOx-Ga-SBA-15 (y) and VOx-Al-SBA-15 (y).

Fig. 12. XPS of VOx-SBA-15 (y) samples.

L. Rivoira et al. / Microporous and Mesoporous Materials 254 (2017) 96e113104
Auger a0 parameter calculated using the KE of the peak was 1458.2,
which is characteristic of the framework tetrahedral aluminum.

In Fig. 13 (b) and 14 (c) we assume that V species correspond to
Vþ5 as V2O5. These analyses are in agreement with MAS-NMR
studies and UVeVis-DRS.

Table 2 shows the atomic Metal/Si ratio obtained by XPS in all
samples. The low ratios found by XPS indicate that most vanadium
species are in the inner surface of the mesoporous support. Like-
wise, Al and Ga species are mainly dispersed in the internal surface
of the support since the ratios are very low (especially Ga/Si less
than 0.003). Table 2 also shows the wt.% of vanadium in the sam-
ples obtained by EDS.

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

the support, the TPR profiles of the catalysts are comparatively
depicted in Figs. 15 and 16.

Fig.15 shows the TPR profile of VOx-SBA-15 (y) samples. There is
one reduction peak for all catalysts, assigned to the reduction of V5þ

[77e82]. Peak temperature is centered at 556e562 �C. The sample
with the lowest V loading presents the lower reduction



Fig. 13. XPS of VOx-Ga-SBA-15 (y) samples (a) BE of Ga and (b) BE of VOx.
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temperature of 556 �C, attributed to the reduction of dispersed
tetrahedral vanadium species or low oligomeric VeOeV groups. For
the most loaded VOx-SBA-15(1/5) sample, the peak is shifted to a
higher temperature of 562 �C, suggesting that the formation of
V2O5-like polymeric vanadium species at high vanadium loading
(determined by UVeVis-DRS) will slightly retard the reduction of
V5þ [70].

Fig. 16 shows the TPR of VOx-Ga-SBA-15 (y), VOx-Al-SBA-15 (y)
and V-SBA-15 (y) samples. VOx-Ga-SBA-15 samples show peak
maxima at 508 �C, while VOx-Al-SBA-15 samples, peak positions
shift towards a higher temperature of 567 �C.

The lower reduction temperature in VOx-Ga-SBA-15 corrobo-
rates the presence of well-dispersed tetrahedral vanadium species
on VOx-Ga-SBA-15 compared with VOx-Al-SBA-15 and VOx-SBA-
15 catalysts, which may get easily reduced, while the formation
of higher vanadate species shifts the peak maximum to higher
temperatures in VOx-SBA-15 catalysts. In VOx-Al-SBA-15 samples,
the reduction peaks occur at slightly higher temperatures than
those in VOx-SBA-15, probably due to a higher metal-support
interaction present in a more acid support, generated by the
tetrahedral aluminum in the framework. These results are in
agreement with those of previous studies reporting that higher
reduction peak temperatures are indicative of stronger metal-
support interactions [83,84].

Fig. 16 also shows TPR of V-SBA-15; the lowest reduction tem-
perature (411 �C) agrees with the well-dispersed tetrahedral va-
nadium species on V-SBA-15 catalyst, which may get easily
reduced.

George et al. [70] determined the average oxidation state values
for V-MCM-41 and grafted V/MCM-41 at 4.5 and 3.5, respectively,
showing that reduction of V was more pronounced in the grafted
catalysts than in the vanadium-incorporated mesoporous catalysts.
That could explain the differences in the nature of the profiles
obtained.
3.1.10. Raman
The type of V species formed on the surface of the SBA-15 was

studied by Raman spectroscopy. Raman spectroscopy has a higher
sensitivity to the presence of oxide-like species than XRD [85].
Fig. 17 shows the Raman spectra for the samples with better
textural and structural properties. As shown in Fig. 17, the samples
show bands corresponding to different vanadium species present
on the surface. We observe, a band at ~1036 cm�1, which is the
defining characteristic of the tetrahedral V]O stretching vibration
in isolated monomeric VO4

3- species [25,86e89]. This band is more
prominent in VOx-Ga-SBA-15 and VOx-Al-SBA-15, indicating the
presence of tetrahedral isolated monomeric VO4

3- species as mainly
species in these samples. In addition, the weaker vibrational modes
at 930 cm�1 are assigned to the V ¼ O symmetric stretching of
polymerized surface VOx species [90,91] also present in VOx-Ga-
SBA-15 and VOx-Al-SBA-15 samples, which is consistent with the
results of UVeVis spectra. In the case of the samples VOx-SBA-15
(1/30 and 1/54), the intensity of the 1036 cm�1 band decreases
and those belonging to polymeric species (996, 930, 698, 479 and
285 cm�1) intensify [25,82,87,88,92]. This study confirms that the
presence of aluminum but mainly gallium in the framework allows
better dispersion of the vanadium active species, in this case iso-
lated tetrahedral VO4

3- species. The results are in line with UVeVis-
DRS results. Additionally the Ga-containing samples shows peaks
of low intensity at 345, 416, 658 and 764 cm�1 related to the Ag
optical modes of the b-Ga2O3 crystallites [93e95], confirmed the
71Ga-MAS-NMR analysis.
3.1.11. Py-FTIR
The acid strength of the supports was studied using the Pyridine

adsorption method. Py-FTIR spectra of the samples were measured
in the region of 1700e1400 cm�1. According to literature, pyridine
adsorbed on Lewis acid sites exhibits signals at 1450, 1596 and
1615 cm�1 [96]. Bands at 1540 and 1640 cm�1 are assigned to
Bronsted acid sites present in the material. Further, pyridine co-
adsorbed on both Bronsted and Lewis acid sites gives rise to a
band at 1495 cm�1 [97]. The quantification of Bronsted and Lewis
sites is shown in Table 3. The results reveal the existence of only
Lewis acid sites on the mesoporous silica. Density of Lewis sites
disappears after outgassing at a very low temperature (100 �C) in
SBA-15. A higher temperature, above 200 �C and 300 �C, is needed
to completely remove the pyridine adsorbed on Lewis acid sites for
the samples containing gallium and aluminum, respectively. The
Py-FTIR study of the Ga-SBA-15 and Al-SBA-15 samples also shows
Bronsted acid sites, which are even observed at 200 �C and 300 �C.



Fig. 14. XPS of VOx-Al-SBA-15 (y) samples (a) BE of Al, (b) Al KLL spectra and (c) BE of
VOx.
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The presence of pyridine molecules adsorbed at this temperature
indicates the presence of acid sites at least with moderate strength.
We can assume that the incorporation of Ga and Al gives rise to a
small amount of moderate strong Bronsted acid sites.

3.2. Catalytic activity

The oxidative desulfurization of sulfur compounds occurs in a
three-phase liquid-liquid-solid (L (oil) eL (solvent) eS (catalyst)
system. In this process, the elimination of sulfur occurs by simul-
taneous extraction/oxidation of the S-molecule in the solvent so-
lution, where is the catalyst and the oxidizing agent. The oxidizing
agent interacts with the catalyst to produce large amounts of su-
peroxide radical capable of oxidizing S-molecules in the solvent
phase to their corresponding sulfones. After that, polar sulfones do
not migrate to the oil phase. The catalytic cycle can be performed
repeatedly under low temperature. In some cases, the transfer rate
of S-compound from the oil phase to the solvent phase can affect
the rate of the global process.

In order to avoid mass transfer limitations, the study of the
intrinsic rate of the catalysts was performed in the two-phase
liquid-solid (L (solvent) eS (catalyst) system. Fig. 18 shows the
catalytic results from the ODS of DBT using VOx-SBA-15 catalysts
with different V/Si in a (LeS) phase systems using acetonitrile as
solvent and hydrogen peroxide as oxidant. DBT was selective to
sulfone; sulfoxide or other products were not detected in the
conditions studied. From the Figure, we can note that at 10 min of
reaction time, VOx-SBA-15 with V/Si ¼ 1/30 displays a DBT con-
version of almost 100%. The samples with higher content of V
showed lower activity.

According to the characterization techniques, VOx-SBA-15 (1/
30) has a high proportion of isolated pseudo-tetrahedral VO4

�3

species. The presence of these well-dispersed isolated species
would be responsible for the high activity in the ODS of DBT in the
conditions studied. In addition, the lower activity obtained with the
more loaded VOx-SBA-15 (1/5) sample shows that the aggregated
VOx chains as V2O5 microcrystals are the less active species for this
reaction. The activity decreased as follows: VOx-SBA-15 (1/30)
>VOx-SBA-15 (1/54) >VOx-SBA-15 (1/18) >VOx-SBA-15 (1/10)
>VOx-SBA-15 (1/5). The higher activity of VOx-SBA-15 (1/30)
compared with VOx-SBA-15 (1/54) could be attributed to a higher
vanadium content that supplies more isolated catalytic centers in
VOx-SBA-15 (1/30). But the lower catalytic activity obtained with
the incorporation of higher V/Si ratio may be related to the
agglomeration of the vanadium species on the catalyst surface and
a decrease in the amount of subsurface oxygen species.

Fig. 19 shows the activity of the catalysts modified with V, Al and
Ga as heteroatom. The activity decreased as follows: VOx-Ga-SBA-
15 (1/30) >VOx-Al-SBA-15 (1/30) >VOx-Ga-SBA-15 (1/54) >VOx-
SBA-15 (1/30) > VOx-Al-SBA-15 (1/54) > V-SBA-15 (1/30) > V-SBA-
15 (1/54). The catalysts modified with gallium and aluminumwere
the most active with total S-removal 95e99% at very short time.
The optimal V/Si was 1/30. Isolated tetrahedral gallium incorpo-
rated in the inner surface of SBA-15 modified the nature of vana-
dium species and the interaction with SBA-15-type support,
leading to a more homogeneous distribution of vanadium than in
the other pure silica support. The dispersion of vanadium species is
still high with the incorporation of aluminum in the SBA-15 sup-
port, since aluminum atoms serve as anchoring sites by strong
interaction with V-species. SBA-15 sample is a weak Lewis solid
acid catalyst in comparison with mesoporous silica of Al-SBA-15.

The modification of the support with Ga and Al had significant
influence on the vanadium species state, dispersion and size. Ac-
cording to the characterization results, a large number of highly
dispersed V-species are formed after the addition of Ga and/or Al.



Table 2
Core-level binding energies (eV) and surface atomic ratios of the samples.

Samples Si2p3/2 O1s V2p3/2 Al2p3/2 Ga2p3/2 Al/Si atom Ga/Si atom V/Si atom V (wt.)a

VOx-SBA-15 (1/5) 103.4 530.1 (10) 517.4 0.1710 9.5
532.8 (90)

VOx-SBA-15 (1/10) 103.4 530.1 (5) 517.5 0.1240 5.7
532.8 (95)

VOx-SBA-15 (1/18) 103.4 530.1 (3) 517.5 0.0480 3.4
532.8 (97)

VOx-SBA-15 (1/30) 103.4 532.8 517.3 0.0240 2.2
VOx-SBA-15 (1/54) 103.4 532.8 517.2 0.0160 1.2
V-SBA-15 (1/30) 0.8
V-SBA-15 (1/54) 0.6
VOx-Al-SBA-15 (1/30) 103.3 532.7 517.5 74.6 0.007 0.0468 2.4
VOx-Al-SBA-15 (1/54) 103.3 532.7 517.5 74.6 0.004 0.0142 1.4
VOx-Ga-SBA-15 (1/30) 103.4 532.7 517.3 1118.7 0.003 0.0412 2.6
VOx-Ga-SBA-15 (1/54) 103.4 532.7 517.2 1118.6 0.002 0.0133 1.5

a EDS.

Fig. 15. TPR of VOx-SBA-15 (y) samples.

Fig. 16. TPR of VOx-Ga-SBA-15 (y), VOx-Al-SBA-15 (y) and V-SBA-15 (y) samples.
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The tetrahedral position of Ga or Al resulted in the formation of a
large number of highly dispersed VO4

�3 isolates species and thus the
enhancement of the activity. Therefore, the catalytic activity for
DBT oxidation is related to Ga and/or Al coordinated environment
in the silica. Again, the higher activity of VOx-Ga-SBA-15 (1/30)
compared with VOx-Ga-SBA-15 (1/54) could be due to higher
vanadium-exposed catalytic sites in themore loaded sample (1/30).
Is important to note that these samples also possess high surface
area and pore volume, despite of the modifications. Surface area of
more than 700 m2/g could also be responsible for the good
dispersion of vanadium and the better activity.

On the other hand, lower activity was found when vanadium
was incorporated via direct synthesis in V-SBA-15. Even when va-
nadium was well dispersed, as mainly isolated species, in the high
area support, the low vanadium content (0.8 wt% for V/Si ¼ 1/30
sample and 0.6 wt% for V/Si ¼ 1/54 sample) determined by EDS or
inaccessible location of the active sites for the reactants could be
ascribed to their low activity. However, a previous report by Shir-
aishi et al. [20] found that V-HMS in the ODS of Light Oil showed a
higher activity than that in Ti-HMS; yet, at the same time, it
consumed a higher quantity of H2O2. They concluded that the active
species on vanadosilicate are radical species (VIVeOeO*) formed by
reactionwith H2O2. In our case a further study on themethod of the
direct incorporation of vanadium into the mesoporous structure
and a profound characterization of this catalyst is required to
explain the lower activity.

The good activity of VOx-Ga-SBA-15 and VOx-Al-SBA-15 also
could be relatedwith the higher acidity of these supports compared
with bare silica SBA-15 support.

Al incorporation creating acid sites that allow better anchorage
of the catalytic species on the modified surface was studied in the
oxidation of CO [32,33]. Gracia et al. [34] compared the activity of
gallium and aluminum SBA-15 in the Friedel-Crafts alkylation of



Fig. 17. Raman of VOx-Ga-SBA-15 (y), VOx-Al-SBA-15 (y) and VOx-SBA-15 (y) samples.

Table 3
Quantification of Bronsted and Lewis sites at different temperatures.

T (�C) SBA-15 Ga-SBA-15 Al-SBA-15

B (mmol/g) L (mmol/g) B (mmol/g) L (mmol/g) B (mmol/g) L (mmol/g)

50 e 0.32 0.12 0.41 0.29 0.59
100 e 0.17 0.10 0.19 0.13 0.25
200 e 0.00 0.08 0.02 0.10 0.15
300 e 0.00 0.00 0.00 0.04 0.10
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toluene. They observed an increase in the Lewis acidity with an
increase in the gallium content and an increase in Bronsted acidity
with the incorporation of Al. The mesoporous Ga-SBA-15, with a
higher contribution of Lewis acid sites, were highly active and se-
lective in the liquid-phase alkylation of toluene with benzyl
Fig. 18. Catalytic activity of VOx-SBA-15 (y) samples. Molar r
chloride. Al-SBA-15 materials, with a greater proportion of Brons-
ted acid sites, had an improved activity in the alkylation of toluene
with benzyl alcohol.

In our case, according the pyridine FTIR characterization results
shown in Table 3, the good activity can be attributed to the very
good dispersion of the vanadium catalytic centers and to the syn-
ergic effect of Lewis and Bronsted acid sites, derived from Ga or Al
incorporation. The effect of the support was changing the electronic
environment of the vanadium sites due to the stronger interaction
metal-support. In addition, we suppose that the acid centers could
we involve in themechanism of the reaction. This indicates that the
trivalent heteroatom incorporation enhances the ODS activity or
prevent the irreversible adsorption of the sulfones over the active
centers.
atio O/S ¼ 12, T ¼ 60 �C. g DBT/g cat ¼ 0.96 (500 ppm).



Fig. 19. Catalytic activity of the samples modified with heteroatom (V, Al and Ga) with different V/Si ratios. Molar ratio O/S ¼ 12, T ¼ 60 �C. g DBT/g cat ¼ 0.96 (500 ppm). Note:
VOx-SBA-15 (1/30) is shown again for comparison.
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D. Huang et al. [98] reported that in DBT oxidation to the cor-
responding DBT sulfones. The sulfones, which are more polar than
DBT, adsorb onto the surface of the catalyst, leading to fewer active
sites which have access to the reactant during oxidation. In addition
Jia et al. [99] assumed that the competition of adsorption between
DBT and the sulfones on the catalyst under relative high sulfur
concentration resulted in the decrease of the DBT oxidation rate.

On the other hand, various Bronsted acidic ILs have also been
reported to be the ODS catalysts [100e102], where acidic ILs offer a
high reaction rate to the conversion of S-compounds. Several pa-
pers demonstrated the co-catalysis effect of Bronsted acidic groups
Fig. 20. Pseudo first-order kinetic. Molar ratio O/S ¼
for the oxidative reaction of S-compounds [103,104]. The hydrogen
bonds formed between active H and S atoms enhance the oxidative
reactivities of S-compounds and further promote the sulfur
removal efficiency. In this way, the Bronsted-Lewis acidic ILs may
lead to a qualitative leap in desulfurization efficiency.

Kumar et al. [105] found that the introduction of Bronsted acid
sites in the H þ -exchanged manganese oxide molecular sieves
plays an important role in cyclohexane oxidation and contributes in
achieving higher conversion and higher selectivity for the desired
product. The proposed mechanism supports the dual active site
participation in the oxidation process.
12, T ¼ 60 �C. g DBT/g cat ¼ 0.96 (500 ppm).



Table 4
Apparent kinetic rate constant obtained applying pseudo first-order kinetic: ln(Ct/
C0) ¼ -kt.

Samples Apparent kinetic rate constant (min�1) T(�C) R2

V-SBA-15 (1/30) 0.097 60 0.98
V-SBA-15 (1/54) 0.134 60 0.96
VOx-SBA-15 (1/30) 0.348 60 0.98
VOx-Al-SBA-15 (1/54) 0.260 60 0.99
VOx-Al-SBA-15 (1/30) 0.547 60 0.98
VOx-Ga-SBA-15 (1/54) 0.390 60 0.97
VOx-Ga-SBA-15 (1/30) 0.975 60 0.99
VOx-Ga-SBA-15 (1/30) 0.458 50 0.99
VOx-Ga-SBA-15 (1/30) 0.645 40 0.99

Fig. 21. (a) Catalytic activity of VOx-Ga-SBA-15 (1/30) under different reaction temperatures
Molar ratio O/S ¼ 12, g DBT/g cat ¼ 0.96 (500 ppm).
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To make a more detailed comparison, the reaction rate constant
over the most active catalysts was calculated. The ODS of diben-
zothiophene follows a pseudo first-order kinetics, according to
previous results, obtained on solid catalysts [23,106e109]. Thus,
Equations (1) And (2) were used to obtain the kinetic parameters.
The fittings are shown in Fig. 20 and the values obtained are listed
in Table 4.

Obviously, VOx-Ga-SBA-15 displayed the highest reaction rate
constant, reaching 0.975min�1 at 60 �C, which is 1.8 times higher in
VOx-Al-SBA-15 and 3 times higher in VOx-SBA-15 with the same V/
Si ratio of 1/30. Such catalytic reactivity is much better than 0.067
min�1 obtained in our previous work using anatase supported-
. (b) First order fitting of VOx-Ga-SBA-15 (1/30) under different reaction temperatures.



Fig. 22. Arrhenius plot for VOx-Ga-SBA-15 (1/30).

Fig. 23. Deactivation study of vanadium samples (V/Si ¼ 30) at 10 min of reaction time. Molar ratio H2O2/DBT ¼ 6 (O/S ¼ 12), T ¼ 60 �C, g DBT/g cat ¼ 1.92, in LeS phase system.
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SBA-16 [23] and 4 times faster than using V-CMK-3, with higher
vanadium content at the same temperature [24].

The effect of temperature was evaluated over the most active
VOx-Ga-SBA-15 (1/30) catalyst. The ODS of DBT was tested by
varying temperature from 40, 50 and 60 �C without altering the
other conditions. The catalytic activity and the pseudo first-order
fitting are displayed in Fig. 21 (a) and (b), respectively. The Arrhe-
nius plot is shown in Fig. 22. The calculated Ea value for the
oxidation of DBT was 32.6 kJ/mol. This value is lower compared
with that of our previous work using anatase supported-SBA-16,
where Ea was 43.4 kJ/mol [23]. Ea for DBT ODS published in
other works was 52.83 kJ/mol using polyoxometalates as catalysts
and hydrogen peroxide/acetic as oxidant [110], 60 kJ/mo1 in H2O2/
formic acid [111], and 56 kJ/mol in a similar system using crystalline
forms of nano-TiO2 [108]. Bazyari et al. [107] obtained 0.199 min�1

using microporous titania-silica at 80 �C. Studies on vanadium
catalysts applied to the ODS of DBT were reported in the literature.
Alvarez-Ampar�an et al. [112] studied the performance of MoOx-
VOx-based catalysts in the ODS process, using Al2O3 as catalytic
support, and hydrogen peroxide as oxidants agents. The MoOx-VOx
interaction promoted VOx distribution, mainly as isolated-
vanadium species. The best catalyst with 5 wt % Mo and 15 wt %
V reached 97% of conversion. The rate constant was 0.052 min�1 at
60 �C. Cede~no Caero et al. [19] performed the ODS of DBT over TiO2
anatase-supported V2O5 (10 wt%). The rate constant obtained at
70 �C was 0.41 min�1 and the apparent activation energy was
35.3 kJ/mol.

3.3. Deactivation of the catalyst

Regenerability is an important parameter for catalytic materials
to be considered for practical applications. The catalysts used were
regenerated by oxidative air treatment and the experimental con-
ditions were the same as those described above. However, in this
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study, the amount of catalysts was lowered to 30 mg to avoid
working at high conversion levels close to 100%. In Fig. 23 we
observe that the activity of the sample used remains after the third
recycle compared to a fresh catalyst. This indicates that no vana-
dium leaching occurs during the reaction. The reusability of the
catalysts indicate that VOx-SBA-15 and VOx-SBA-15 modified with
Ga and Al are potential catalysts for the ODS of dibenzothiophene.
4. Conclusions

It was observed that the sulfone yield is not proportional to the
vanadium content but that the characteristics of the support are the
most important aspects. We conducted ODS of DBT in the presence
of vanadium oxides in several supports. Incorporation of aluminum
and gallium in tetrahedral positions improves dispersion of vana-
dium species, probably due to a better anchorage of the active
species on a more acidic support. The use of Ga-SBA-15 support
applied to the ODS of sulfur compounds was not found in the
literature. The results show the total S-removal using Ga-SBA-15
support with 2-3 wt% of vanadium mainly as Vþ5 isolated species.
The reusability of the catalysts indicates that VOx-SBA-15 modified
with Ga and Al are potential catalysts for the ODS of
dibenzothiophene.
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