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TiO,-modified mesoporous SBA-16 and titanium-substituted mesoporous SBA-16 were developed and
tested in the oxidative desulfurization (ODS) of dibenzothiophene prevailing in liquid fuel. Pure TiO,
was used as reference. The titania-based catalysts were characterized by chemical analysis, XRD, EDX
and TEM. The titanium state as tetrahedral (in Ti-SBA-16 sample) or octahedral (in TiO,/SBA-16 sample)
coordination surrounding in the silicate matrix was determined by XPS, UV-vis DRS, FTIR, Raman and
XANES. We assessed the impact exerted on performance of different reaction variables, including (nature

IT(:"_{ Y)Vs:gisémg SBA-16 and amount of the active catalytic species, phase system, molar ratio of oxidant H,O, and DBT, reaction
Tio, temperature, nature of the substrate and reuse of catalysts). In addition, we carried out a kinetic study and

Ti incorporation method the activation energy was determined. We achieved 90% of S removal from a 0.2 wt.% dibenzothiophene
0DS solution at 60°C in less than 1h of reaction. The best catalytic results are obtained with high exposed
Reaction kinetics surface of nanometric TiO, species of TiO,/SBA-16 sample. The activated catalyst is very active in ODS

reaction and can be reused four times with no loss in activity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Over the past, oxidative desulfurization (ODS) has drawn con-
siderable interest as a new alternative method for deep sulfur
elimination from light oils. This can be attributed to its attractive
properties, including lower temperature and pressure conditions
and lower operating cost [1-10] than conventional hydrodesul-
furization (HDS) process. Oxidation of organosulfur compounds
results in the formation of sulfoxides/sulfones, highly polar and
hence easily removed by both extraction into polar solvents or by
adsorption. Due to their low reactivity, dibenzothiophene deriva-
tives (DBTs) are the most refractory species to be eliminated from
oils [11-15]. Hence, the ODS process through which DBTs are con-
verted to their corresponding sulfones involves great interest at
present [11-23].

Hydroprocessing reactions via competitive adsorption can be
strongly inhibited by the sulfur and nitrogen compounds found in
synthetic feedstock and heavy petroleum fractions. Even at low
concentrations, these species, limit the catalytic activity found,
and thus require higher pressures and temperatures to obtain the
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desired conversions. Catalytic oxidation of organic sulfur com-
pounds has been reported to use molecular sieves as catalysts under
mild conditions. Oxidative desulfurization (ODS) process occursina
three-phase (L-L-S) system consisted of two liquid phases, model
diesel and extraction solvent, and a solid catalyst. Usually com-
prising two simultaneous extraction and oxidation steps [11,12].
When these phases are mixed, DBTs present in the diesel phase
are partially extracted to the solvent phase, where oxidant reagent
is predominantly present, and the oxidation reaction takes place
therein producing the corresponding sulfone, the sulfur compound,
the solid catalyst and the oxidizing agent are in the polar phase and
yield the sulfone derivatives of the corresponding sulfur compound.
This facilitates the separation of the sulfone from the diesel.

This process is characterized by two major aspects: absence
of hydrogen, and in some cases the reactivity trend order of the
S-molecules proceeds inversely than in the HDS process when
peracids such as formic or acetic acid are used as oxidizing agents
[11,14]. The organic sulfides could be oxidized with hydrogen
peroxide as an oxidizing agent [24]. The oxidation of DBTs with
organic hydroperoxides or H,0, was studied over various cat-
alytic heterogeneous systems, such as supported oxide metals
[14,25] or titanium silicalites [26,27]. Vanadosilicates were used
as catalysts for the desulfurization of light oil [28-30]. The oxida-
tion of (DBTs) was also performed using WOy/ZrO, catalyst [31],
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supported Pd, Cr,03, unsupported manganese oxides and a com-
mercial Co-Mo/Al,03 with hydrogen peroxide as oxidant [32].

In general, when tetravalent cations like Ti%*, Zr#*, V4*, Sn#*, etc.
are incorporated to the framework of SBA-15, the electroneutral-
ity is maintained but some redox properties are incorporated to
the support surface [33]. Rayo et al. [34] studied the effect of the
incorporation of Al, Ti, and Zr on SBA-15. They found that beyond
20 wt.% of heteroatom, the segregation of metal oxides on the sur-
face becomes significant and there is an important decrease in the
surface area and pore volume of the support, which negatively
affects the dispersion of the active phases leading to a decrease in
catalytic activity. The addition of 5-10 wt.% Ti to the catalyst caused
greater increases in activity than those obtained with Zr.

In view of recent studies, Ti-containing molecular sieves show
good activity in the oxidation of different S-bearing compounds
[35,36]. Titanium silicalite (TS-1) is used as a catalyst in the selec-
tive oxidation of thiophene at 60 °C; 90% thiophene conversion was
achieved in 1 h of reaction. Here, framework titanium species was
found to be the active site for thiophene oxidation.

Typical catalytic supports, such as alumina, titania and silica,
exhibit low ODS activity of DBTs; thus differences in their activity
cannot be correlated with surface area [25,37-39]. New large sur-
face area Ti-containing materials such as mesoporous Ti-modified
SBA-15 and titanium oxide nanotubes could prove alternatives cat-
alysts for the ODS process [40].

Cedefio-Caero et al. [40], using Ti-nanotubes attribute the ODS
activity to the TiO, surface exposed. Lorengon et al. [41] also inves-
tigated the catalytic activity of titanate nanotubes in the oxidation
of DBT by using hydrogen peroxide. Chica et al. [26] reported the
activity and stability in ODS of mesoporous Ti-containing materials,
using organic peroxides as oxidants over a fixed-bed reactor. They
observed that Ti-MCM-41 catalyst was more active and stable than
Ti-beta and MoO3/Al, 05 catalysts without Ti-leaching. The surface
was modified by silylation to diminish the adsorption of the more
polar sulfones that will strongly contribute to catalyst deactivation.
Huleaetal.[24] and Corma et al. [42] studied the reaction of sulfides
with hydrogen peroxide on TS-1 and Ti-beta and with tert-butyl
hydroperoxide on Ti-beta and Ti-MCM-41, respectively, using var-
ious organic solvents. They found that Ti-MCM-41 was more active
than TS-1. More recently, Ti-SBA-15 catalysts were reported to
exhibit high activity in ODS [43] either in a batch or in a continuous
fixed-bed reactor with TBHP as oxidant [44]. ODS trend was found
todecrease in the order of DBT > 4-MDBT > 4,6-DMDBT > BT. Ti-SBA-
15 materials, as opposed to Ti-MCM-41 catalysts, was proved to be
hydrolytically stable toward aqueous H,0, [45].

Shah et al. [46] showed the experimental results of oxida-
tive desulfurization (ODS) for Ti-SBA-16 with different titanium
content. Findings indicate that all catalysts were highly active
in the ODS of dibenzothiophene and their catalytic activity was
unaffected up to 10wt.% loading; Yet, further increase in Ti
contents (15wt.%) showed a slight decrease in catalyst activity.
They ascribed that to the presence of high Ti content, causing slight
structure change.

However, insights into SBA-16 support are scarce or inexistent.
Purely siliceous SBA-16 (Im3m) was selected due to its high surface
area and high thermal stability, but particularly, due to its attractive
three-dimensional mesoporous structure. Comprising large spher-
ical cavities arranged in a body-centered cubic array and connected
through smaller mesoporous openings along (11 1) directions [47],
that could favor the mass transfer kinetics compared with unidi-
rectional pore system of other mesoporous.

We recently reported a good performance of this support in
hydrotreating processes [48,49]. In this paper, we describe the
preparation and characterization of new mesoporous catalytic
materials based on Ti-containing SBA-16. We study here, the
effect of the preparation method of titania-modified SBA-16

(characteristics of the active Ti and/or TiO, species) and the effect
of the different operation conditions in ODS of DBT under mild
conditions in order to find the best performance.

2. Experimental
2.1. Synthesis of the titanium-SBA-16 modified catalysts

Mesoporous silica materials with cubic Im3m structure Si-SBA-
16 were synthesized according to the procedure described by
the literature [50]. The molar composition of the mixture was:
F127/TEOS/HCI/H,0 =0.004/1/4/116.The incorporation of titanium
species via the post-synthesis method to obtain TiO,/SBA-16 was
as follows: as-synthesized SBA-16 was dried in oven at 80°C for
4 h.Then, 0.5 g of dried sample was dispersed in a solution contain-
ing 2 mL of titanium-tetrabutyl-orthotitanate (TTBT) and 5 mL of
ethanol. The mixture was stirred at 60 °C for 2 h. The hybrid prod-
ucts were afterwards dried in a rotator evaporator in vacuum at
80°Cand calcined in air at 500 °C, with a heating rate of 5 °C/min for
4 h. Three TiO,/SBA-16 samples were prepared with different con-
tent of TiO,: 15, 20 and 26 wt.% denoted as TiO,/SBA-16: samples
A, B and C, respectively.

The incorporation of titanium as heteroatom in the SBA-16
mesoporous matrix was performed during the synthesis, fol-
lowing the method informed in our previous work [49]. We
introduce here some modifications to the synthesis: pluronic F127
(E0O106PO70E0106) was dissolved in a solution of distilled water
and concentrated hydrochloric acid (37 wt.%). The solution was
further stirred at 35 °C during 2 h, and TEOS was then added drop-
wise to the solution, stirring for another 15 min. Subsequently,
tetraethyl-orthotitanate (TEOT) was dissolved in 10 mL of ethanol
to avoid hydrolyzation and added slowly to the solution while stir-
ring for another 24 h. The resulting suspension was transferred to
the PP bottle and reposed under static conditions at 80°C for 24 h.
Ti-SBA-16 samples were prepared with different Si/Ti ratio (20, 15
and 10). The material obtained was denoted as Ti-SBA-16: samples
D (Si/Ti=20), E (Si/Ti=15) and F (Si/Ti=10).

Pure TiO, in anatase phase was prepared for comparison. In
the synthesis procedure, soles of TiO, were prepared from a mix-
ture of titanium tetraisopropoxide (TTIP), acetylacetonate (ACAC),
de-ionized water (H,0) and ethanol (EtOH) with a molar ratio of
1:1:3:20. The sol-gel stayed at room temperature during 24 h and
then it was washed with de-ionized water and EtOH. Afterwards,
the sample was dried at 90 °C during 24 h. To obtain anatase phase,
two consecutive heat treatments were used: Inert post-treatment:
N, (2mL/min); 20-100°C, 1°C/min; 100°C=4h; 100-400°C,
2°C/min; 400°C=10h; 400-25°C, —2°C/min. Oxidative post-
treatment: O, (5mL/min); 20-100°C, 1°C/min; 100°C=4h;
100-400°C, 2°C/min; 400°C=10h; 400-25°C, —2°C/min. The
anatase obtained had 95 m2/g of specific surface area and 40-50 nm
of mean crystal size. The material yielded was identified as TiO,.

2.2. Characterization of the catalysts

XRD patterns were collected by using a continuous scan mode
with a scan speed of 0.02° (26)/min in the Philips X'Pert PRO PANa-
lytical 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° (20)/min. 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) oper-
ated with high frequency emission power of 1.5kW and plasma
airflow of 12.0L/min. The surface area was determined by the
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BET method using a Micromeritics Chemisorb 2720 apparatus,
equipped with a TCD detector, after degassing the samples with
N, (25mL/min) at 400°C. Ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis DRS) was used to evaluate the relative dis-
tribution of octahedrally to tetrahedrally coordinated Ti species
in the samples. The spectra were recorded with a Perkin Elmer
Lamba 650 spectrophotometer equipped with a diffuse reflectance
accessory. Raman spectrum was obtained from an InVia Reflex
Raman microscope and spectrometer using a 532 nm diode laser
excitation. X-ray photoelectron spectra (XPS) were obtained on a
MicrotechMultilb 3000 spectrometer, equipped with a hemispher-
ical electron analyzer and MgKa (hv=1253.6 eV) photon source. An
estimated error of +0.1 eV can be assumed for all measurements.
Peak intensity was calculated from the respective peak areas after
background subtraction and spectrum fitting by a combination of
Gaussian/Lorentzian functions. Energy-dispersive X-ray analyses
(EDX)were coupled to the scanning electron microscopy (SEM) LEO
Mod. 440 equipment. Ti-K-XANES experiments were performed at
the XAS1 beamline of the LNLS (Laboratorio Nacional do Luz Sin-
crotron, Campinas, Sdo Paulo, Brazil). To evade hydration of the
pre-dehydrated samples the analysis was done in a vessel hermet-
ically preserved. TEM were recorded in a JEOL 2100F microscope
operated with an accelerating voltage of 200 kV (point resolution
of 0.19 nm). JASCO 5300 FTIR spectrometer was used for the FTIR
measurements. A thermostatized cell with a special NaBr window
warmed up to 400°C and 4.2 x 10~2 Torr during 2 h was employed
to avoid the possible hydration of the samples. The fingerprint of
the samples was obtained using wafers of the samples in NaBr.

2.3. Catalytic experiments

The catalytic activity was measured in a batch reactor, fit-
ted with condenser and magnetic stirrer. In order to perform the
reactions at 60°C (unless otherwise specified), the reactor was
immersed in a thermostatically controlled water bath at atmo-
spheric pressure. Once the water bath was stabilized at the desired
reaction temperature, the feed was added to the reactor. The model
feed consisted of 0.2wt.% of the sulfur-compound (DBT, 98.5%
FLUKA; 4,6-DMDBT, 99% Aldrich; BT(98%) Alfa Aesar) in acetoni-
trile in the L-S phase system and in dodecane-acetonitrile in the
L-L-S phase system. Oxidant (hydrogen peroxide (30 wt.%)) and
catalyst (100 mg) were then introduced into the reactor with vig-
orous stirring. The conversion of the S-compound was calculated
checking for the remaining sulfur in both phase systems: L-S and
L-L-S. In the L-L-S phase system, the resulting mixture was stirred
vigorously for a predetermined time at a constant temperature.
After each reaction, samples from the oil phase were withdrawn
and injected at room temperature to a GC HP 5890 Series Il with a
HP-5 column and connected to FID and PFPD detectors. n-Decane
was used as external standard. Oxidized products from polar ace-
tonitrile were confirmed by GC-mass spectroscopy (HP5890) and
compared with available standard compounds where available. The
H,0, content was measured by standard iodometric titration.

3. Results and discussion
3.1. Characterization of the catalysts

3.1.1. XRD

In Figs. 1 and 2 we can observe de XRD patterns of titanium-
modified SBA-16 samples. The XRD pattern of calcined SBA-16
sample shows the typical peaks of (110) reflection at 1.2° 26 and
two small shoulders of the (200) and (2 1 1) reflections at 1.7° and
1.92° 20, respectively. The calculated ag value of 12.16 nm (Table 1)
confirmed the Im3m structure [51-55].

—— SBA-16

—— Sample B
—— Sample B used
—— Sample A
Sample C

Intensity, a.u.

~————

—— SBA-16
Sample A

—— Sample B
—— Sample C

Intensity, a.u.

Fig. 1. XRD pattern of TiO,/SBA-16 synthesized samples: (a) small-angles and (b)
wide-angle.

The XRD patterns of TiO, /SBA-16 (samples A, B and C) are shown
in Fig. 1(a) suggesting that the TiO, content does not change sub-
stantially the XRD pattern, retaining the characteristic SBA-16.

Fig. 1(b) of TiO,/SBA-16 (samples A, B and C) in the wide-angle
range shows a similar pattern that pure anatase phase (Ana). The
broadness of the peaks indicate small size of the TiO, nanoparticles
with the exception of sample C, having the higher TiO, content,
showing a sharp signal indicating a greater size of the anatase

Sample D
Sample E
Sample F

Intensity, a.u.

Fig. 2. XRD pattern of Ti-SBA-16 synthesized samples.
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Table 1
Physicochemical and structural properties of the catalysts.
ap (nm) Area (m?/g) Ti (wt.%)?* Crystal size (um)® pD (nm)¢

SBA-16 12.16 870 - 3.50 5.30
TiO,/SBA-16(A) 12.68 580 4.80¢ 3.43 5.00
TiO,/SBA-16(B) 12.70 550 6.30¢ 3.42 4.90
TiO,/SBA-16(C) 12.76 500 8.00¢ 3.40 4.81
Ti-SBA-16(D) 12.80 620 6.72 3.44 5.32
TiO, - 95 - 0.05 -
2 Data obtained by ICP.
b SEM.
¢ Average pore diameter determined from the adsorption isotherms by the BJH method.
d 15,20 and 26 wt.% nominal TiO, content.

aggregates. It suggests that no large TiO, particles are formed out-

side SBA-16 during the inclusion process (samples A and B), unlike s TiO, (Anatase)

sample C, which appears to have larger particles in the outer surface

of SBA-16.

Applying the Scherrer diffraction formula, the size of the TiO, 5

nano-crystal was calculated. The values obtained close to 4 nm for :

samples A and B and 5.8 nm for sample C indicate that the limited E

pore channels of SBA-16 (about 6 nm) restricted the growth of TiO, 2

nanoparticles. This is remarkable in samples A and B, but with -

higher TiO, content, part of the clusters grows out of the pores

outside surface. These results are in agreement with the struc-

tural properties of the samples (Table 1) and XPS and EDX results i i . . i i . . \

(Table 2). A pattern for sample B used after four catalytic tests
were added in Fig. 1(a) demonstrating that the structure remains
unchangeable.

Fig. 2 probes the substitution of Ti%* for Si** in the framework
location of Ti-SBA-16 (sample D) through a shift of the characteris-
tic signals of SBA-16 to lower 26 values and evidencing an increase
in the unit cell parameters (Table 1).

In the case of the samples with higher content of Ti (samples E
and F), the characteristic signal in the plane 100 of SBA-16 is very
wide and very poorly defined, this can be explained in terms of a
collapse in the structure by higher titanium insertion, results are
consistent with Shah et al. [46].

For comparison, Fig. 3 shows the XRD of a pure anatase prepared
by us.

Table 1 shows the physicochemical and structural properties
of the supports and catalysts. The unit cell parameter of the SBA-
16 materials is in good agreement with those reported by others
[32,35]. The cubic Im3m pore arrangement and the long-range
mesopore architecture were also confirmed by TEM (Fig. 9). The
content of titanium in the catalysts was determined by ICP. Metal
incorporation and anatase cluster, inside the mesopore of the host,
did not disturb the mesopore ordering of SBA-16 materials. As
expected, by introducing Ti, a slight decrease in specific surface area
(SBET) and average pore diameter was noted for TiO, /SBA-16 sam-
ples, whereas for Ti-SBA-16 average pore diameter was increased
due to the longer Ti—0 bond than Si—O0 bond in de host.

Rayo et al. [56] studied the effect on the structural stabil-
ity of SBA-15 when the NiMo-SBA-15 catalytic materials were

Table 2
Characteristics of Ti species obtained by XPS and EDX of Ti-SBA-16 and TiO, /SBA-16

catalysts.

Sample XPS EDX

Atomic ratio
Ti-SBA-16(D) Ti2ps), =459.4 Si/Ti=454 Si/Ti=23.7
TiO, /SBA-16(A) Ti2ps) =458.5 Si/Ti=360 Si/Ti=31.5
TiO,/SBA-16(B) Ti2ps;, =458.5 Si/Ti=354 Si/Ti=26.0
TiO,/SBA-16(C) Ti2ps3, =458.55 Si/Ti=240 Si/Ti=20.2
TiO,/SBA-16(B)? Ti2ps) =458.5 Si/Ti=390 Si[Ti=26.4

a Used after four operation cycles.

1% 20 25 30 35 40 45 5 55 60
20

Fig. 3. XRD pattern of TiO; as anatase phase.

prepared under different pH conditions. They demonstrated that
the mesoporous structure of SBA-15 was preserved after the intro-
duction of the different active sites at lower pH. In our case, the
incorporation of titanium species via the post-synthesis method to
obtain TiO,/SBA-16 was adding a solution of titanium-tetrabutyl-
orthotitanate in ethanol to the raw SBA-16. The pH of the resultant
solution was slightly acid, and some polymerization of terminal
silanols could be responsible for the observed reduction of area, but
the framework of silica SBA-16 is preserved after the treatment, in
agreement with Rayo et al. [56].

3.1.2. FTIR

Fig. 4 shows the FTIR of the anatase prepared by us compared
with pure rutile. In the low frequency region, the appearance
of a large broad band in the range 400-1000cm~! maximized
at 647 cm™! is characteristic of Ti—O—Ti anatase structure [57].
When both phases are present, bands at 500cm~! and 617 cm™!
(anatase +rutile) are observed. The band at 500cm~! can be

anatase

617 :

Absorbance, a.u.
.

L rutile‘_f”

. anatase + rutile

T T T T T T
1000 900 800 700 600 500 400

Wavenumber (cm™)

Fig. 4. FTIR of the fingerprint of: anatase, rutile and anatase +rutile samples.
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Absorbance, a.u.
| | |

1200 1000 800 600 400

-1
Wavenumber, cm

Fig. 5. FTIR of SBA-16 and TiO,/SBA-16 samples between 1200 and 400 cm™!.

assigned to rutile and 617 cm~! to anatase, both of which shift to
lower frequency compared with pure anatase (647 cm~!) or of pure
rutile (533 cm~1) by the effect of the first and second coordination
sphere of Ti in the sample with both phases.

For SBA-16 and TiO, /SBA-16 samples the asymmetric stretching
vibrations of Si—0—Si band appears at 1084 cm~!. The absorption
peaks at 800 and 464cm~! are due to the symmetric stretching
vibration of Si—0—Si band. In addition, the peak at 966cm™1! is
indicative of the presence of surface silanol groups [58]. On the
other hand, some shifts in the peaks at 945 and 787cm~! are
observed after anatase incorporation (Fig. 5). One shift peak at
945 cm~! is attributed to the combination of the stretching modes
of the Si—O~ species in Si—0—Ti*" sequences involving tetrahedral
coordinated Ti** ions [59]. The other shift peak at 787 cm~! is due to
the combination of the stretching modes of Si—0—Si and Ti—O—Ti.
These features indicate the existence of Si—O—Ti binding between
SBA-16 and TiO, species. The shift of this band becomes more visi-
ble as the incorporation of TiO, into SBA-16 increases (samples A, B
and C). A more pronounced shift is observed in SBA-16 with 26 wt.%
of TiO, (sample C). A low frequency band at 646 cm~! attributed to
Ti—O—Ti is ascribed to pure anatase, more evident in sample C with
higher TiO, content.

In view of the FTIR data and according to [60], the best dispersion
of titanium, as a function of the contribution of the Si—O—Ti entities
is with a content of 20 wt.% TiO, in sample B.

3.1.3. UV-vis diffuse reflectance spectroscopic analysis

The chemical environment and dispersion of titanium het-
eroatom incorporated in the silica matrix of SBA-16 was
determined by UV-vis diffuse reflectance spectroscopy. The spec-
tra of the catalyst synthesized with different method and different
content of titanium are shown in Fig. 6. As we determined in our
previous work [49], 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 [61-63]. Ti-
SBA-16 (sample D) has the band only at 210nm, assigned to
mono-atomically dispersed Ti** ions, this fact suggests the pres-
ence of tetrahedral isolated Ti ions [62]. The spectra of TiO,/SBA-16
different samples are also shown in Fig. 6. The shift of the absorption
band of samples A and B to shorter wavelength range, indicates that

——Sample D
- = Sample C
+ Sample B
= = =Sample A
&
®
[&]
[=
©
2
<}
(%2}
<
\
~
R N e

200 250 300 350 400 450 500
Wavelength (nm)

Fig. 6. UV-vis diffuse reflectance spectra of Ti-SBA-16 and TiO,/SBA-16.

the size of the pore channels of the framework avoid the growing
of the TiO, particles, obtaining a small size of the crystal of anatase
within SBA-16. Upon increasing TiO, content (sample C) a shift in
the UV to higher wavelengths of the absorption edge is observed,
indicating the growth of the nanodomains as titania. The data are
in agreement with the XRD patterns.

3.1.4. Raman

For SBA-16, Raman bands at 430, 800 and 1080cm~! are
observed in Fig. 7. The bands at 430 and 1080 cm~! can be attributed
to symmetric and asymmetric vibrations of the Si—O—Si unit,
respectively. The band at 800cm~! is the symmetric stretching

0
El P ~
: g A 2
g @
E \ o
= ' 5 ~
g 1y “n 3
K| SRR /A I‘\
1200 1 0‘00 B(I)O 6;)0 4(‘)0 260
Raman shift (Cm’ )
0
5]
©
~
. o
3
. 3
<
2
[}
(=4
L
£
c C
©
£
©
o
A
T T T T
1200 1000 800 600 400 200

Raman shift (cm™

Fig. 7. Raman spectra of SBA-16, Ti-SBA-16 and TiO,/SBA-16. Inset: rutile and
anatase.
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Sample D

Sample C
Sample B

Sample A

3.0

o
1

A
=

1.0

T T T T T T T T 1
4.95 4.96 4.97 498 499 500 501 502 503 504 505 5.06
Photon energy [keV]

Fig. 8. XANES spectra of Ti-SBA-16 and TiO,/SBA-16. Pre-peak region (PPR), white
line region (WLR).

mode of the tetrahedral [SiO4] unit [64-66]. In addition to these
bands, three new bands at 490, 530 and 1110 cm~! are observed for
Ti-SBA-16 (sample D). The bands at 490 and 530 cm~! are ascribed
to the bending and symmetric stretching vibration of the frame-
work Ti—0—Si species, respectively. The band at 1110cm~! is due
to the relatively flexible symmetric vibration of tetrahedral coordi-
nated [Ti(OSi)4] units in SBA-16 [67], similar to that found in SiO,
surface.

Fig. 7 also shows the spectra of TiO,/SBA-16 (samples A, B and
C), the characteristic signals of anatase are detected in the three
samples if we compare with pure anatase [63] and pure rutile [64]
bands, present in the inset of the figure. This fact demonstrates that
titanium is incorporated mainly as anatase phase.

3.1.5. XPS

XPS analysis of the catalysts is listed in Table 2. In the spectra
(not shown) Ti appears as Ti** (—04—) Ti2p; 2 =459.4eV due to the
isomorphous Si substitution in Ti-SBA-16. Hence for TiO,/SBA-16
(samples A, B and C), the Ti 2p3;; =458.5€eV signal indicate that
Ti is incorporated in the mesoporous nanostructure of SBA-16, as
anatase phase [60,68].

The atomic ratio of Si/Ti (360 and 354) for TiO, /SBA-16 (samples
Aand B)showninTable 2, indicate that Ti species are well dispersed
in the mesopores of SBA-16 due to the low signal observed in XPS
analysis (100 A of depth) most of which is within the pore nano-
structure. However, for TiO,/SBA-16 (sample C), a slight decrease
Si/Ti (240) is observed, supporting the idea that for this sample,
some of TiO, species are on the external surface of the support. This
is confirmed by the very low Si/Ti ratios obtained by EDX (Table 2).
It should be noted that after four catalytic cycles of reaction for
TiO,/SBA-16 (sample B) (the best catalyst as we will show later),
XPS and EDX results indicate an almost imperceptible disappear-
ance of Ti; thus, no leaching of titanium from the support can be
assumed.

3.1.6. XANES

The electronic transitions evidenced by Ti-K XANES experi-
ments are useful to analyze Ti coordination. Fig. 8 clearly shows
the variation in both, intensity and spectra position in the pre-peak
region (4.96-4.98 keV) and in the white line region (4.98-5.0 keV).
Features of the XANES Ti-K edge spectra of the Ti-containing SBA-
16 samples studied indicates that Ti(IV) ions have an octahedral
surrounding, typical of anatase-like structure for TiO, /SBA-16 sam-
ples. As TiO, increases (sample C), the absorption band assigned
to 1s-to-3d transitions at 4.972 keV appears as a doublet with the

band at 4.970 keV of the other sample with lower anatase content,
according to the higher absorption band at 4.985 keV assigned to 3s-
to-np dipole transitions. These two differences between the lower
and the higher titania content are due to the fact that some nano
species of TiO, possess an intensive absorbance. Thus, in sample
C, pure anatase is probably scattered and disturbed by the net-
work of silica SBA-16. On the other hand, the indication in favor of
the presence of Ti(IV) ions with a lower oxygen coordination sur-
rounding (tetrahedral) has been obtained for Ti-SBA-16 (sample D).
Thus, XPS, UV-vis DRS, FTIR and Raman data are in agreement with
XANES results.

3.1.7. TEM

The morphological characterization of titanium particles in
TiO,, Ti-SBA-16 and TiO,/SBA-16 was examined by means of trans-
mission electron microscopy (TEM), see Fig. 9. In Fig. 9a, the
synthesized nanoparticles of anatase appear to have variable flat
and ellipsoidal shapes with individual nanoparticles ranging from
40 to 60 nm, particularly higher than TiO, species formed in the
mesopore of TiO,/SBA-16 samples. Fig. 9b shows TEM image for
TiO,/SBA-16 (sample B); it clearly depicts the formation of a high
quality 3-D channel through the perpendicular. Pores (clear zones)
and TiO, particles (darker zones) allow determining a particle size
distribution ranging from ~4 to 5nm for TiO, particles (sample
B). This fact indicates that most TiO, particles were present inside
the pores, in agreement with XPS and EDX data shown in Table 2.
This result strongly suggests that SBA-16 acts as a nanoreactor,
suppressing with effectiveness of the growth of TiO, particles,
as supported by the rest of the characterization results shown
above. In Fig. 9c we can see the image of the TiO,/SBA-16 (sam-
ple B) used after four operation cycles, where the highly ordered
mesopore structure is manifest, which has not evidently suffered
the clogging of the mesopore channels by TiO, particles or other
adsorbed sulfur-containing compounds. The image of Ti-SBA-16
(sample D) shows a three-dimensional body-centered cubic (bcc)
cage-like interconnected mesopore structure as pure siliceous SBA-
16 (Fig. 9d).

3.2. Catalytic activity

We tested sulfur removal of different desulfurization systems. In
the adsorption process, when bare mesoporous SBA-16 sample was
used as the adsorbent for desulfurization from model feed, the DBT
removal was only 3.0%. Low conversion of DBT in presence of H,0,
(H20,/S=5) was obtained in the absence of the catalyst (less than
8% at70°C).Thisresultindicated that the blank experiment without
catalyst and with pure support (SBA-16) show very low conversion
and the Ti-species present in SBA-16 play the main role in the cat-
alytic activity. Fig. 10 shows the catalytic results from the ODS of
DBT using the different synthesized catalysts (TiO,, TiO,/SBA-16
and Ti-SBA-16) in a liquid-solid (L-S) phase system. DBT was oxi-
dized to it sulfone (100% yields); sulfoxide or other products were
not detected in the conditions studied. From the figure, we can note
that at 30 min of reaction time, TiO,/SBA-16 (sample B) displays a
DBT conversion 20% higher than that of Ti-SBA-16 (sample D), and
4 times higher than that of TiO,. TiO, /SBA-16 catalysts (samples A
and C), with lower and higher Ti content, respectively, were less
active than TiO,/SBA-16 (sample B), with an intermediate Ti con-
tent. In the case of sample A, which could be explained in terms
of number of active sites exposed, and in the case of TiO,/SBA-
16 (sample C), some part of the titanium forms anatase cluster of
higher size outside the pores, decreasing the surface area exposed
to the reactants. DBT removal from a 0.2 wt.% solution in acetoni-
trile was as high as 90% within 50 min reaction for TiO,/SBA-16
(sample B). The superior DBT desulfurization of this material sug-
gests a determining effect on TiO, species critical size, with greater
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Fig. 10. DBT conversion for the different catalysts. Molar ratio H,0,/DBT =5, g DBT/g cat=1, T=60°C.
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Fig. 11. DBT conversion (left) and H,0, remaining (right) after ODS reaction, with TiO,/SBA-16, Ti-SBA-16 and TiO, in L-S phase system (acetonitrile as polar phase) and in
L-L-S phases system (acetonitrile as polar phase and dodecane as oil phase). Molar ratio H,0,/DBT =5, g DBT/g cat=1, T=60°C. Reaction time = 60 min.

exposed surface area. Is estimated that, TiO, supported on SBA,
is the most active site for DBT oxidation. Hydrogen peroxide and
TiO,-active species form an intermediate that reacts with sulfur
compound adding oxygen-atom into the sulfur atom of the DBT.

The effect of mass transfer was studied comparing two differ-
ent phase systems. We present a three-phase liquid-liquid-solid
(L (oil)-L (solvent)-S (catalyst) system, where the proposed mech-
anism for the catalytic oxidation of DBT in the reaction occurs by
simultaneous extraction/oxidation of dibenzothiophene in acetoni-
trile solution, wherein is the catalyst and H,0,. Ti surface sites in
the catalysts are capable of interacting with H,O, to produce large
amounts of superoxide radical. These radical species can oxidize the
DBT molecules in acetonitrile phase to their corresponding sulfones
(DBTO2), and hence polar DBTO2 do not migrate into the oil phase.
The catalytic cycle can take place multiple times under low H,0,
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.

In order to demonstrate the effect of mass transfer, a compar-
ison was made between the L-S and L-L-S phase systems (with
dodecane as solvent in the oil phase and acetonitrile in the solvent
phase).

Fig. 11 exhibits the results yielded. A better conversion was
obtained in the L-S phase system for all the samples, probing the
existence of mass transfer limitation. Therefore, to obtain kinetic
parameters in the subsequent experiments we will use a two phase-
system.

Additionally, the percentage of H,0, remaining after reaction
was determined by titration (Fig. 11).

TiO,/SBA-16 (sample B) presents the higher ODS activity, com-
pared with Ti-SBA-16 (sample D), which gives account of the
greater consumption of oxidant during oxidation. On the basis of
the results observed we assume that the structure of the Ti site
in TiO,/SBA-16 is more capable than that of Ti-SBA-16 of decom-
posing H, 0, to form the Ti-peroxo complex which gives the active
oxygen species needed in the formation of the DBT-sulfone. In the
case of pure TiO,, more than 70% of the oxidant remains in the sys-
tem after reaction time, suggesting that this catalyst is unable to
fully decompose the peroxide.

Previous literature results [26,44,64] claimed that Ti in tetra-
hedral position as in Ti-SBA-16 would present high activity; yet
contrary to what we expected, Ti-SBA-16 was less active than
TiO,/SBA-16. Although extra-framework TiO, was expected to

decompose and consume much H,0, during oxidation, this was
not evidenced in the TiO,/SBA-16 sample, as seen in Fig. 11. This
may be attributed to the small size of well dispersed TiO, particles,
confined within the pores of the support, making a more active
catalytic site. Fig. 11 also shows that TiO,/SBA-16 is slightly more
hydrolytically stable toward aqueous H,0, than Ti-SBA-16. Ti-SBA-
16 presents an intermediate activity probably resulting from the
fact that Ti—O—Si isolated species are not always exposed to reac-
tants, thus having lower activity.

Cedefio-Caero etal. [40] compared the ODS of dibenzothiophene
between titanium oxide nanotubes and a titanium-substituted
mesoporous SBA-15 molecular sieve using commercial titanias as
a reference. In that work Ti-SBA-15 (19 wt.% of TiO;), titanium
oxide nanotubes and the commercial TiO,, which are titanium com-
pounds (trititanate and TiO,-anatase), achieved 90, 62 and 23% of
DBT-sulfone yield, respectively. The isolated Ti species linked to
Si atoms through oxygen bridges in Ti-SBA-15 displayed an activ-
ity lower than that of TiO, particles; thus it was concluded that
TiO, was the main active phase in the catalysts studied. The results
reported here are in agreement with those in Cedefio-Caero et al.
[40] where the activity of TiO,-containing catalysts seemed to be
directly proportional to the exposed TiO, surface area (smaller clus-
ter size and high dispersion).

The XPS data of used TiO,/SBA-16 (Table 2) showed that tita-
nium leaching is negligible, in addition to the high hydrolytic
stability of the structure of this material.

The higher catalytic activity of TiO,/SBA-16 can be rationalized
by taking into account the fact that more titanium sites are more
accessible in this material.

We chose the most active catalyst, TiO,/SBA-16 (sample B), to
perform the subsequent experiments aimed studying the effect of
several experimental conditions.

The influence of hydrogen peroxide concentration on the con-
version of DBT was explored. Different H,O,/DBT molar ratios
were selected, including 16/1, 10/1, 5/1 and 2.5/1 (Fig. 12). In the
stoichiometry of this reaction, only 2 mol of H,0, are consumed
per mole of sulfone (R-SO,) produced. However, the reaction rate
increases as the H,0,/DBT ratio increases; the reaction rate is the
highest for H,O0,/DBT =16/1 molar ratio, for which complete DBT
conversion was achieved at 25 min. The reaction is favored under
excess of hydrogen peroxide. Although the reaction rate is slightly
lower with H,0,/DBT =5/1 molar ratio, 90% of DBT conversion can
be reached at 60 min. In this way, the H,0,/DBT molar ratio was
optimized in terms of the high conversion reached at relatively
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Fig. 12. Effect of H,0,/DBT molar ratio in the DBT conversion for TiO,/SBA-16 in L-S phase system. g DBT/g cat=1, T=60°C.

short time; this ratio is interesting, taking account the economi-
cal point of view. A molar ratio of H;0,/DBT=5/1 being used for
kinetic calculations. In comparison with other works [25,40,46],
we obtained good activities using a lower peroxide/sulfur ratio at
milder conditions.

3.3. Kinetic calculations

Here we compared the performance of TiO,/SBA-16 in the
ODS of other sulfur-containing compounds present in middle
distillate fuels such as dibenzothiophene (DBT), 4,6-dimethyl-
dibenzothiophene (4,6-DMDBT) and benzothiophene (BT).

In order to gain kinetic information, the kinetics of DBT, 4,6-
DMDBT and BT, with TiO,/SBA-16, was investigated in a L-S phase
system. The changes in volume with the samples withdrawal are
neglected. As we used an excess of H,0,, any variation in concen-
tration could be disregarder. A set of experiments was performed
to check the absence of intraparticle and interphase mass transfer
limitations. Different sizes of catalyst particles (0.2, 0.4, 0.6) were
tested; the results indicated that in all cases a kinetic regime was
established. External mass transfer limitation was evaluated chang-
ing the stirrer speeds ranging from 200 to 800 rpm to determine
the external mass transfer effect. The rate of reaction increases ini-
tially with the stirrer speed and this rise is insignificant at or above
300rpm, indicating the independence of reaction rate on speed.
Hence, all the subsequent experiments were performed at 500 rpm.

The main oxidized product is confirmed to be the sulfone for DBT
and 4,6-DMDBT and benzothiophenedioxide for BT. Some traces of
others unidentified products were detected. It is known that thio-
phene and benzothiophene are more difficult to oxidize than the
DBTs. However, good results on oxidation of benzothiophene, in
similar conditions that used in this work, were reported in liter-
ature. Maity et al. [39] reported the oxidation of benzothiophene
in isooctane with hydrogen peroxide performed in a batch reactor

Table 3

in a non-severe condition using nano-crystalline Ti-beta catalyst.
ODS of benzothiophene also showed good results over different
Ti-containing molecular sieves [27], Ti-SBA-15 catalyst [ 14] and Ti-
beta and Ti-MCM-41 catalyst using different oxidants [26]. Hazan
et al. [21] studied the oxidative desulfurization of model fuel con-
taining 1000 ppm of benzothiophene with WOy/ZrO, catalyst at
60 °C and 30% aqueous H, 0, solution (oxidant to sulfur molar ratio
(0/S)=15), and 5mL of acetonitrile as an extractive solvent. They
applied pseudo-first-order rate constants for the benzothiophene
oxidation at different temperatures. The good activity of BT was
also reported for ODS with MoOs catalysts [18,22]. The oxidation of
benzothiophene with homogeneous and heterogeneous rhenium
catalysts and H,0, has been studied by Di Giuseppe et al. [69].
Excellent results in terms of both conversion and yields of sulfones
were obtained. A phosphotungstic acid/activated carbon (HPW/AC)
catalyst with H,O, showed good catalytic performance for ODS of
model gasoline benzothiophene and thiophenic compounds [70].
The effect of temperature (50, 60, and 70°C) is shown in
Fig. 13(a), (b) and (c), respectively. An increase in the reaction tem-
perature from 50 to 70 °C raised conversion from 50 to 90% for DBT
and from approximately 30 to 70% for 4,6-DMDBT and BT, in only
17 min of reaction. This fact is in agreement with previous reports
[18,71]. The experimental data obtained for the three S-bearing
compounds were fitted to a pseudo-first-order rate equation

Eq. (1).
In (%) -kt 1)

t

Here k is the rate constant; Cy (M) and C; (M) are the concentrations
of sulfur-containing compounds (DBT, 4,6-DMDBT or BT) at 0 min
and t (min), respectively. Plots of In(C;/Cy) versus reaction time
(t) are shown in Fig. 14; the linear relationships obtained confirm
the pseudo-first-order reaction kinetics proposed. As temperature
increases, the rate constant increases for all compounds (Table 3).

Pseudo-first-order rate constants of the S-compounds oxidation over TiO,/SBA-16 catalyst at different temperatures.

Temperature (°C) Rate constant, k (min~1)

Dibenzothiophene

4,6-Dimethyldibenzothiophene

Benzothiophene

50 0.0400
60 0.0671
70 0.1245

0.0229
0.0481
0.0775

0.0216
0.0438
0.0755

All the correlation factors R? are over 0.98.
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Fig. 13. Effect of reaction temperature vs. time on the conversion of (a) DBT, (b) 4,6-
DMDBT and (c) benzothiophene with TiO, /SBA-16. Molar ratio H,0,/S=5,0.011 mol
of /0.1 g cat.

The higher rate constants obtained for DBT, compared with
those for 4,6-DMDBT and BT, indicate that the oxidation of DBT
is easier than that of the others.

The reaction rate was found to increase as follows: DBT > 4,6-
DMDBT >BT. The order should follow the electron densities on
sulfur atoms as calculated by Otstuki et al. [13]: 4,6-DMDBT
(5.760)>DBT (5.758)>BT (5.739). In that case, 4,6-DMDBT with
higher electron density should be rapidly oxidized. However, the
shift in the order could be ascribed to the fact that methyl groups
represent an obstacle for the adsorption of the sulfur atom to the
active site of catalyst [72].

Arrhenius equation (Eq. (2)) expresses the dependence of the
rate constant k on the reaction temperature:

k=A exp (_1%") (2)
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Fig. 14. Plots of the pseudo-first-order kinetics for the oxidation of (a) DBT and (b)
4,6-DMDBT and (c) benzothiophene with TiO,/SBA-16.

where E, is the apparent activation energy; A is the pre-exponential
factor; and R and T are the gas constant and reaction temperature
(K), respectively. The Arrhenius plots are shown in Fig. 15. The
calculated E, values for the oxidation of DBT, 4,6-DMDBT and BT
are 43.4kJ/mol, 46.7 kJ/mol and 48.1 kJ/mol, respectively. There-
fore, E; values for BT and 4,6-DMDBT are quite similar and even
higher than that for DBT. The high electron density on the S of
DBTs favors the electrophilic addition of oxygen. These values are
quite similar to those reported in other works; E, for DBT oxidation
was 52.83 k]/mol using polyoxometalates as catalysts and hydrogen
peroxide/acetic as oxidant [73]. Ling et al. [74] reported activation
energy of 60 k]J/mo1for DBT oxidation in H,0,/formic acid. Hazan
et al. [21] applied pseudo-first-order rate constants for the ben-
zothiophene oxidation at different temperatures and they obtained
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Fig. 15. Arrhenius activation energy for S-compounds oxidation.
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Fig. 16. DBT conversion in several reaction cycles of the TiO,/SBA-16 catalyst at
60 min of reaction time. Molar ratio H,0,/DBT=5, T=60°C, g DBT/g cat=1.

values similar than that obtained by us, also the calculated E, for
the oxidation of BT was 23.5 k]/mol.

3.4. Deactivation of the catalyst

The deactivation of a catalyst is very important for industrial
feasibility. The reusability of the catalyst for the ODS of DBT has
been tested after washing with water-methanol and after washing
followed by calcination for 2 h in a muffle furnace at 500 °C. Sim-
ilar result was obtained with both methods. In Fig. 16 we observe
that the activity of the calcined sample remains after the third
recycle compared to a fresh catalyst. The purpose of washing with
water-methanol is eliminating all oxidized products that could be
adsorbed on the catalysts. The regeneration of the catalyst for 2 h
in a muffle furnace at 500 °C was made in order to ensure the com-
plete elimination of organic compounds that could block the pores.
The hydrolytic stability of the structure of these materials after
recycling was confirmed by XRD (Fig. 1) and TEM (Fig. 9). The active
sites were unaltered during the reaction, according the Si/Ti ana-
lyzed by XPS (Table 2), since leaching of titanium could occur in the
studied conditions [75-78]. The results confirm that the catalyst has
no changed. This information will be valuable to determine which
type of catalyst will be potentially suitable for the ODS of heavy
petroleum fractions, where some coke-precursors formation is pos-
sible. The reusability of the catalyst indicates that TiO,/SBA-16 is a
potential catalyst, which can be applied to this process.

4. Conclusions

The two methods of Ti incorporation, into a high surface area
support, allowed preparation of mesoporous SBA-16 type materials
with relatively high Ti and/or TiO, loadings, maintaining the initial
SBA-16 structure. The preparation of Ti-SBA-16 with high load-
ing of titanium in tetrahedral coordination is limited to a certain
proportion (Si/Ti=~23); with a lower molar ratio, the structure of
SBA-16 collapse with the resulting decrease in activity. An adequate
preparation of highly Ti loaded catalysts with highly dispersed
TiO, nano-clusters was possible due to the limitation of the critical
molecular space available in SBA-16. Thus, in this paper we demon-
strate that TiO,/SBA-16, without loss of its structure and with a
well-dispersed TiO, phase, is more active than the Ti-SBA-16 for
ODS at mild conditions. The higher catalytic activity of TiO,/SBA-16
can be explained by considering that more dispersed titanium sites
are accessible in this material. In addition, no loss of catalytic activ-
ity was observed after recycling, thus confirming the hydrolytic
stability of TiO,/SBA-16 materials.
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