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Abstract

A series of Ti- and Zr-containing mesoporous SBA-15 supports and their respective NiMo catalysts were prepared to study the effect of the Ti
and Zr loading into the support on the characteristics of Ni and Mo surface species and their catalytic activity in the 4,6-dimethyldibenzothiophene
hydrodesulfurization (HDS). Ti and Zr-containing SBA-15 solids with different metal loading (up to 19 wt.% of TiO, or 22 wt.% of ZrO,) were
prepared by chemical grafting. The solids prepared were characterized by N, physisorption, X-ray diffraction (XRD), UV-vis diffuse reflectance
spectroscopy (DRS), temperature-programmed reduction (TPR), chemical analysis and HRTEM. The results show that Ti- and Zr-SBA-15
supports with highly dispersed Ti and Zr species can be obtained without substantial loss of SBA-15 characteristics. Zr grafted species showed
somewhat better dispersion on the SBA-15 surface than the corresponding Ti counterparts. It was found that TiO, and, especially, ZrO,
incorporation in the SBA-15 support leads to stronger interaction of Mo and Ni species with the support providing better dispersion to the oxidic
and sulfided metal species (XRD, TPR, HRTEM). NiMo catalysts supported on Ti- and Zr-containing SBA-15 showed high activity in 4,6-
dimethyldibenzothiophene HDS. It can be concluded therefore that SBA-15 materials grafted with Ti or Zr species show promising features as

supports for Mo-based hydrotreating catalysts.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays, the current demand of high quality low sulfur
transportation fuels (gasoline, diesel) is growing because of the
necessity of solving environmental problems induced by SO,
emissions. For this purpose, more active hydrodesulfurization
(HDS) catalysts are requested from industry. Traditionally,
alumina-supported Mo catalysts promoted by Co and/or Ni
have been used for hydrotreatment of oil feedstock (HDT)
[1,2]. Tt is well known that the catalytic performance of HDS
catalysts depends not only on the nature and structure of the
active phase but also on the chemical and textural character-
istics of the support used, since the change of the support affects
the surface properties of the catalyst. Recently, in order to
obtain more active HDS catalysts, many approaches have been
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followed, among which variation of support is an important
one. Different materials have been assayed as new supports for
HDS catalysts, namely, silica [3,4], zirconia [5-7], titania
[3,7,8], carbon [9], mixed oxides (ZrO,—Al,O5 [10-12], ZrO,—
SiO, [12,13], ZrO,-TiO, [14]), mesoporous materials like
MCM-41 [15-19], SBA-15 [19,20], etc. A detailed analysis of
the support effect can be found in recent reviews [21,22].
Among different supports and their combinations, TiO, and
ZrO, have attracted attention due to the higher intrinsic HDS
activity demonstrated by Mo catalysts supported on these
oxides in comparison with alumina-supported counterpart
[5,8,11,23]. In addition, it was found that NiMo catalyst
supported on ZrO, has higher catalytic activity in thiophene
HDS than that supported on TiO, [7]. However, pure titania and
zirconia supports present one important disadvantage: they
generally have low surface area and porosity, and despite the
high intrinsic activity (per Mo atom), the specific activity (per
gram of catalyst) remained lower than on alumina [5,24].
Because of this problem, some attempts to obtain titania- or
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zirconia-based supports with high surface area have been made
in recent years through the use of alternative preparation
methods. Thus, Chiyoda Corporation successfully developed a
novel mesoporous TiO, with a specific surface area of 120 m%/g
that provides the opportunity of preparing the catalyst with a
good Mo dispersion up to 10-12 wt.% Mo loading [25]. In line
with this, amorphous and tetragonal zirconia supports with high
specific surface area (192-278 m*/g) were also synthesized and
used for preparation of highly loaded NiMo catalysts. Prepared
catalysts resulted to be more active in thiophene HDS and
hydrogenation of tetraline than alumina-supported analogs [5].
Another possibility to achieve TiO, or ZrO, supports of high
surface area is to combine a support with appropriate textural
properties with titanium or zirconium oxides. Thus, promising
results were obtained when titania was incorporated on the
surface of mesoporous molecular sieve MCM-41 [26]. A
substantially better dispersion of Mo was observed on MCM-41
supports modified with TiO, by post-synthetic methods. In
another work [27], a Zr-HMS material was used to prepare Mo
HDS catalysts, which showed higher catalytic activity than the
reference Mo/SiO, material in thiophene HDS. It was found
that zirconium improves hydrogenation activities of the
samples. However, the MCM-41 and HMS type materials
have poor stability [28,29] and relatively small pores (about 20—
35 A diameter), which can be easily blocked by HDS active
phases [27]. These disadvantages represent a serious limitation
to the practical applications of MCM-41 or HMS-based
formulations.

Recently, a novel family of mesoporous silicas (SBA) was
synthesized by using neutral organic triblock copolymers [30-
32]. These new materials have larger pores, thicker pore walls
and higher hydrothermal stability compared to MCM-41.
Purely siliceous SBA-15 material has already been tested as a
support for WS, active phase. However, because of very weak
metal-support interaction, ultrasonic deposition of WS, had
been used to achieve a better dispersion of W sulfided species
[20]. In our group, a series of Al- and Ti-containing mesoporous
molecular sieves SBA-16 with cubic structure (Im3m) and the
respective NiMo catalysts were prepared and tested in 4,6-
dimethyldibenzothiophene HDS [33,34]. It was found that
aluminum or titanium incorporation in the SBA-16 support
provides better dispersion to deposited Ni and Mo active
species and increases their catalytic activity in HDS of 4,6-
dimethyldibenzothiophene, one of the most refractory sulfur
compounds. Different methods for the preparation of SBA-type
supports modified with heteroatoms (Al, Ti) were tested,
namely, addition of Al or Ti species during hydrothermal
synthesis of SBA-16 support (synthetic method), and two post-
synthetic methods (chemical grafting and incipient wetness
impregnation), where heteroatom species are deposited on the
surface of already formed and calcined SBA material. Post-
synthetic methods resulted to be more suitable for the
preparation of SBA solids containing heteroatoms.

In the present work, with the aim of obtaining novel SBA-
type supports that provide good Mo dispersion and therefore
high HDS activity, we prepared and characterized a series of Ti-
and Zr-modified SBA-15 molecular sieves and their respective

NiMo catalysts, which were evaluated in the 4,6-dimethyldi-
benzothiophene (4,6-DMDBT) HDS reaction. Purely siliceous
SBA-15, which possesses a well-ordered two-dimensional (2D)
hexagonal ( p6mm) array of mesopores, was selected as a parent
material to be modified with titania or zirconia. SBA-15
materials prepared with triblock poly(ethylene oxide)—poly(-
propylene oxide)—poly(ethylene oxide) copolymers (EO,,PO-
«EO,,) exhibit large surface areas (690-920 m2/g) and pore
volumes (0.80-1.23 mL/g), pore sizes between 47 and 89 A and
unusually thick walls (31-53 A) providing them remarkable
hydrothermal stability [30-32,35]. In addition, these materials
have the unique dual pore system formed by hexagonally
arranged cylindrical mesopores with micropores within the
walls, which provide connectivity between large pores [35].

Titania and zirconia were incorporated in this parent SBA-
15 by chemical grafting [26,36]. This method was chosen
because of the advantages it has in comparison with the
incorporation of heteroatoms into the SBA structure during
hydrothermal synthesis of SBA materials or incipient wetness
impregnation. Thus, (i) chemical grafting allows deposition of
highly dispersed species on the surface of the parent SBA
without altering its structure and texture, (ii) grafted species are
located on the support surface, this makes them all accessible
for the interaction with NiMo active species [26,34,36]. In
resume, chemical grafting technique permits modification of
the chemical properties of solid surface without substantial
changes in the physical characteristics of the material.

The aim of the present work is to study the effect that
incorporation of different amounts of titania or zirconia on the
surface of SBA-15 by chemical grafting has on the
characteristics of the Ni- and Mo-supported species and the
performance of the obtained catalysts in the 4,6-dimethyldi-
benzothiophene hydrodesulfurization.

2. Experimental
2.1. Support and catalyst preparation

The pure siliceous SBA-15 material used in this paper has
been synthesized according to the procedure described else-
where [30,31]. Ti- and Zr-modified SBA-15 supports were
prepared by chemical grafting [26,34]. Titanium(IV) isoprop-
oxide (Ti(i-PrO)4, 97%, Aldrich) and zirconium(IV) propoxide
(Zr(n-PrO)4, 70 wt.% solution in 1-propanol, Aldrich) were
used as titania and zirconia sources, respectively, and dry
ethanol as the solvent (EtOH, Aldrich, 99.999%). In the
grafting procedure, calcined SBA-15 was slurried in dry EtOH
containing Ti(i-PrO), or Zr(n-PrO), for 8 h at room tempera-
ture. To eliminate excess of Ti(i-PrO); or Zr(n-PrO),, the
filtered material was washed with dry EtOH three times. The
solid was then dried in air at room temperature and calcined in
static air at 550 °C for 5 h. Hereafter, Ti- or Zr-containing SBA-
15 materials will be denoted as M-SBA-15(x) samples, where
M represents the metal (M = Ti or Zr) and x shows wt.% of MO,
in the sample.

NiMo/SBA-15 catalysts were prepared by a standard
incipient wetness technique. The calcined supports were
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impregnated successively using aqueous solutions of ammo-
nium heptamolybdate, (NH4)¢Mo0,0,4-4H,O (Aldrich), and
nickel nitrate, Ni(NOj3),-6H,0 (Aldrich). Mo was impregnated
first. After each impregnation, the catalysts were dried (100 °C,
24 h) and calcined (500 °C, 4 h). In addition, NiMo catalyst
supported on y-alumina was prepared for comparison purposes.
The nominal composition of the catalysts was 12 wt.% of
MoOj; and 3 wt.% of NiO. Hereafter, the catalysts will be
denoted as NiMo/corresponding support.

2.2. Support and catalyst characterization

The supports and catalysts were characterized by N,
physisorption, X-ray diffraction (XRD), UV-vis diffuse
reflectance spectroscopy (DRS), temperature-programmed
reduction (TPR), SEM-EDX and HRTEM. N, adsorption/
desorption isotherms were measured with a Micromeritics
ASAP 2000 automatic analyzer at liquid N, temperature. Prior
to the experiments, the samples were degassed (p < 10~ Pa)
at 270 °C for 6 h. Specific surface areas were calculated by the
BET method (Sggt), the total pore volume (V,,) was determined
by nitrogen adsorption at a relative pressure of 0.98 and pore
size distributions from the desorption isotherms by the BJH
method. The mesopore diameter (Dp) corresponds to the
maximum of the pore size distribution. The micropore area (S,,)
was estimated using the correlation of #-Harkins & Jura (z-plot
method). XRD patterns were recorded in the 3° <20 < 90°
range on a Siemens D5000 diffractometer, using Cu Ka
radiation (A =1.5406 A) and a goniometer speed of 1°
(20) min~". Small-angle XRD (26 = 1-10°) was performed
on a Bruker D8 Advance diffractometer using small divergence
and scattering slits of 0.05°. The aq unit-cell parameter was
estimated from the position of the (100) diffraction line
(ap = djpo X 2/\/’3’) [12]. Pore wall thickness, §, was assessed
by subtracting Dp from the ay unit-cell parameter which
corresponds to the distance between the centers of adjacent
mesopores. UV-vis—NIR electronic spectra of the samples
were recorded in the wavelength range 250-2500 nm using a
Cary |5E| spectrophotometer equipped with a diffuse reflec-
tance attachment. BaSO, was used as reference. TPR
experiments were carried out in an automated ISRI-RIG-100
characterization system equipped with a TC detector. In the
TPR experiments, the samples were pretreated in situ at 500 °C
for 2 h under air flow and cooled in an Ar stream. The reduction
step was performed with an Ar/H, mixture, with a heating rate
of 10 °C/min, up to 1000 °C. The chemical analysis of the Ti-
and Zr-containing SBA-15 supports was made by Desert
Analytics (USA). High resolution transmission electron
microscopy (HRTEM) studies were performed using a Jeol
2010 microscope (resolving power 1.9 A). The solids were
ultrasonically dispersed in heptane and the suspension was
collected on carbon coated grids. Slab length and layer stacking
distributions of MoS, crystallites in each sample were
established from the measurement of at least 300 crystallites
detected on several HRTEM pictures taken from different parts
of the same sample dispersed on the microscope grid.

2.3. Catalytic activity

The 4,6-DMDBT HDS activity tests were performed in a
batch reactor at 300 °C and 7.3 MPa total pressure for 8 h. Prior
to the catalytic activity evaluation, the catalysts were sulfided
ex situ in a tubular reactor at 400 °C for 4 h in a stream of
15 vol.% of H,S in H, under atmospheric pressure. The sulfided
catalysts (0.15 g) were transferred in an inert atmosphere (Ar)
to a batch reactor (Parr) containing 40 mL of 4,6-DMDBT
solution in n-hexadecane (0.024 mol/L). The course of the
reaction was followed by withdrawing aliquots each hour and
analyzing them on an HP-6890 chromatograph. To corroborate
product identification, the product mixture was analyzed on a
Hewlett Packard GC-MS instrument.

3. Results and discussion
3.1. Supports

Fig. 1 presents TEM micrographs of the parent SBA-15 solid
prepared by reaction at 35°C for 20h with following
hydrothermal treatment at 80 °C for 48 h. It was observed
that the solid is formed by grains of relatively uniform size
(typically 200-300 nm diameter and 700-1000 nm long). A
well-ordered hexagonal array of mesopores is observed for this
sample when the electron beam is parallel to the main axis of
the cylindrical pores. When electron beam is perpendicular to
the main axis, the cylindrical pores are viewed from the side as a
stripped image. The distance between the centers of two
adjacent pores is about 100 A, and the pore diameter is about
60 A.

The small-angle XRD pattern of the same calcined SBA-15
material exhibits three well-resolved peaks characteristic of
SBA-15 [30,31], namely, a very intense peak at about 1.0° (20)
and two distinct weak peaks between 1.5° and 2.0° (20)
(Fig. 2). These XRD signals are indexable as (1 0 0), (1 1 0) and
(2 0 0) reflections associated with p6mm hexagonal symmetry.
The high-intensity (1 0 0) peak reflects a d-spacing of 88.3 A
and the following peaks have d values (51.6 A for (1 10) peak
and 45.0 A for (2 0 0) peak) consistent with a bi-dimensional
hexagonal arrangement of the pores with a unit-cell parameter
ap =102 A.

The SBA-15 material shows surface area of 840 mz/g,
micropore area of 131 m*g and total pore volume of
1.117 cm®/g (Table 1). Fig. 3 shows the nitrogen adsorption—
desorption isotherm of this material. The isotherm is of type IV
with a H1 hysteresis loop. The shape of the N, adsorption—
desorption isotherm is characteristic for a well-formed SBA-15
material. The uniform mesopore diameter of SBA-15 sample is
equal to 56 A. Taking into account the distance between pore
centers (ag) measured by small-angle XRD, the pore wall
thickness (8) for this sample can be estimated to be equal to
46 A. The results from XRD and N, physisorption calculations
are well in line with the corresponding values measured directly
from TEM images.

Two Ti-containing SBA-15 samples and two Zr-containing
ones were prepared by chemical grafting technique. The
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Fig. 1. Transmission electron microscopy images of the SBA-15 support. Electron beam parallel (a) and perpendicular (b) to the main axis of the pores.

concentration of metal alkoxide solution used in grafting
procedure was changed in order to reach different metal
loadings in Ti- and Zr-grafted SBA-15 solids. The expected
theoretical metal oxide loadings would be 11 and 25 wt.% of
TiO, for Ti-SBA-15 samples, and 17 and 40 wt.% of ZrO, for
Zr-SBA-15 supports. The real TiO, or ZrO, loadings in the
synthesized materials are given in Table 1. The results from
chemical analysis show that Ti-SBA-15(11) and Zr-SBA-
15(17) have the chemical composition similar to the expected
one. This result shows that in this case almost all Ti or Zr
species from solution reacted with SBA-15 surface. However,
when the concentration of Ti or Zr species in the solution was
increased, it was not possible to graft all of them on the SBA-15
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Fig. 2. Small-angle XRD patterns of SBA-15 (a); Ti-SBA-15(11) (b); Ti-SBA-
15(19) (c¢); Zr-SBA-15(17) (d); Zr-SBA-15(22) (e) supports.

material. The saturation of the SBA-15 surface with Ti or Zr
species was reached at about 19.2 wt.% of TiO, or 22.4 wt.% of
ZrO,. This result can be rationalized taking into account that
the immobilization of Ti or Zr species on SBA-15 surface by
grafting is a result of the chemical interaction of corresponding
alkoxides with silanol groups of the support, whereas the Ti or
Zr in excess was eliminated by washing with dry ethanol. On
the basis of this result, the monolayer capacity of SBA-15
surface can be estimated as about 2.35 Tiatoms/nm> or
2.02 Zr atoms/nm?. These values are slightly below the silanol
surface density of ~3.7 OH/nm” that has been reported
previously for SBA-15 material [37]. From the above results,
it can be inferred, therefore, that the monolayer-like distribu-
tion of metal species was reached in both cases (Ti and Zr), in
which each titanium or zirconium atom is retained on the
surface by one or two M—-O-Si linkages. In addition, the
existence of some isolated hydroxyls inert to the interaction
with titanium or zirconium alkoxides at room temperature, can
also be expected on the surface of the parent SBA-15 material,
as it has been previously observed for different silica supports
[38].

The textural and structural characteristics (surface area SggT,
micropore area S, total pore volume Vp, micropore volume V,,
pore diameter Dp, unit-cell parameter ag and pore wall thickness
8) of Ti- and Zr-containing SBA-15 supports are given in
Table 1. It can be observed that titania and zirconia grafting on
the SBA-15 surface results in a decrease of area and pore
volume values. Thus, BET surface area decreases to 690—
543 m*/g and micropore area to 114—102 m%/g after Ti and Zr
incorporation. This decrease is larger for Zr-containing
supports that can be due, probably, to higher MO, weight
loading in this case. Total pore volume and micropore volume
follow similar tendency after Ti and Zr incorporation into SBA-
15 support. It should be mentioned, however, that pore
diameter, unit-cell parameter and pore wall thickness did not
suffer a significant change after Ti or Zr incorporation. Small-
angle XRD patterns of Ti- and Zr-SBA-15 samples (Fig. 2b—e)
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Table 1
Textural characteristics and chemical compositions of SBA-15 molecular sieves
Catalyst MO, (wt.%)* M (atoms/nm?) Sper (m%/g) S, (m*/g) Ve (cm’/g) V,, (cm*/g) Dp (A) ag (A) 5 (A)
SBA-15 - - 840 131 1.117 0.051 56 102 46
Ti-SBA-15(11) 11.1 1.21 690 114 0.938 0.045 55 102 47
Ti-SBA-15(19) 19.2 2.35 614 112 0.785 0.045 57 102 45
Zr-SBA-15(17) 16.8 1.36 605 102 0.813 0.041 57 102 45
Zr-SBA-15(22) 224 2.02 543 102 0.706 0.041 57 102 45

? Determined by chemical analysis (M = Ti, Zr).

are similar to that of pure-siliceous parent SBA-15. It can be
clearly observed, that the position of the reflections character-
istic for SBA-15 material and their intensities did not change
after Ti or Zr grafting indicating that the long-range periodicity
order of the SBA-15 sample was preserved intact. Nitrogen
adsorption—desorption isotherms of the Ti- and Zr-containing
SBA-15 samples are shown in Fig. 3. Titanium and zirconium
incorporation in the SBA-15 by grafting technique does not
produce changes in the characteristic shape of the isotherm,
with the exception of some decrease in the amount of adsorbed
N, (Fig. 3), indicating that incorporation of both metals (Ti and
Zr) does not affect the original pore structure of the parent SBA-
15 material. All the above results point out high dispersion of
grafted Ti and Zr species.

Additional information about TiO, and ZrO, dispersion in
the series of Ti- and Zr-SBA-15 materials was obtained by UV—
vis diffuse reflectance spectroscopy (Fig. 4). According to
literature data, the DRS spectrum of bulk TiO,-anatase exhibits
a broad absorption at ~330 nm with an absorption edge at about
390 nm due to ligand-to-metal charge transfer (LMCT)
between the O~ ligand and the titanium(IV) ion [36]. No
absorptions arise from silica, which is transparent in this region
of the UV-vis spectrum (Fig. 4A(a)). In the DRS spectra of Ti-
SBA-15(11) and (19) samples, the absorption band maximum is
observed at 225 nm (Fig. 4A(b) and (c)). The band at ca.
230 nm has been observed for various titanosilicate zeolite
materials and has been assigned to LMCT transitions involving
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Fig. 3. Nitrogen adsorption—desorption isotherms of SBA-15 type supports:
SBA-15 (a); Ti-SBA-15(11) (b); Ti-SBA-15(19) (c); Zr-SBA-15(17) (d); Zr-
SBA-15(22) (e).

isolated Ti atoms in tetrahedral (T4) coordination [36,39]. The
shoulder at ca. 270 nm observed in the DRS spectra of Ti-SBA-
15 samples, indicates the presence of some isolated or partially
polymerized octahedral (Oy) titanium species (Ti—O-Ti
clusters) [36,39,40]. The detailed analysis of the spectra (b)
and (c¢) in Fig. 4A shows that an increase in Ti loading in the
samples produces not only an increase in the intensity of the
UV-vis DRS spectra, but also changes the ratio between
tetrahedral and octahedral Ti species, increasing the proportion
of the latter. The absence of an absorption at ~330 nm indicates
that the samples prepared by the grafting method are free from
anatase phase. This result is well in line with observations made
by powder XRD and Raman spectroscopy, where the formation
of any kind of TiO, or ZrO, crystalline phases was not detected.
The band-gap values of TiO,-containing SBA-15 samples were
evaluated from their DRS data by plotting the square of the
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Fig. 4. UV-vis spectra of SBA-15 (a); Ti-SBA-15(11) (b); Ti-SBA-15(19) (c);
Zr-SBA-15(17) (d); Zr-SBA-15(22) (e) supports.
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Table 2

Textural characteristics of NiMo catalysts supported on SBA-15 supports

Catalyst Sper (m%/g) S, (m*/g) Vp (cm’/g) V,, (cm%g) Dp (A) ap (A) 5 (A)
NiMo/SBA-15 550 71 0.784 0.026 55 102 47
NiMo/Ti-SBA-15(11) 433 42 0.644 0.015 54 n.d.* n.d.
NiMo/Ti-SBA-15(19) 398 37 0.575 0.012 50 102 52
NiMo/Zr-SBA-15(17) 450 53 0.646 0.019 55 n.d. n.d.
NiMo/Zr-SBA-15(22) 367 39 0.537 0.014 53 102 49

% Not determined.

Kubelka—Munk function, F(R)? versus energy (eV). The UV
absorption edge, or optical band-gap (E,, V), was obtained by
extrapolating to zero the linear region of the transformed DR
UV-vis spectra. E, values of 3.96 and 3.89 eV were determined
for Ti-SBA-15 samples with 11 and 19 wt.% TiO,, respectively.
It is well known that E, value strongly depends on the titania
particle size. As compared with pure bulk anatase (E, value of
ca. 3.3 eV [41]), a blue shift of the band-gap absorption edge
was observed for our Ti-SBA-15 samples. The magnitude of the
detected blue shift diminishes as the titania loading increases.
These data altogether allow to confirm that Ti is well dispersed
in both Ti-SBA-15 samples. However, two kinds of Ti species
coexist in each sample, isolated Ti species in tetrahedral
coordination grafted on the SBA-15 surface by one or two Si—
O-Ti linkages and some isolated or partially polymerized
octahedral Ti species. At high TiO, loading, the increase in
proportion of octahedral Ti species (probably small titania
domains) is observed.

The UV-vis DRS spectra of Zr-SBA-15 samples are shown
in Fig. 4B(d) and (e). The absorption band with maxima at
about 200 nm is observed for both Zr-containing samples,
regardless of zirconia loading. This band is attributable to
LMCT transitions involving isolated Zr(IV) species in
tetrahedral configuration [42,43]. Absorption at 230 nm, which
is normally assigned to Zr(IV) species in other coordinations,
was not observed. The absorption edge calculated for these
samples (5.54 eV for Zr-SBA-15(17) and 5.52 eV for Zr-SBA-
15(22) sample) is significantly larger than the E, value
previously reported for pure tetragonal zirconia (~5.2 eV) [42].
A shift of the absorption edge with increasing zirconia content
was not as significant as in the case of Ti-modified samples
indicating that zirconia species grafted on SBA-15 surface exist
predominantly as isolated tetrahedrally coordinated Zr cations
which are less susceptible to agglomeration than Ti species.
Therefore, it can be concluded that only isolated extremely
small zirconium oxide species are present on SBA-15 surface
regardless of ZrO, loading.

From the results of characterizations described above, it is
possible to conclude that chemical grafting allows preparation
of Ti- or Zr-containing SBA-15 materials with relatively high
TiO, or ZrO, loadings (19.2 and 22.4 wt.%, respectively) and
without considerable damage of the initial SBA-15 structure.
Titanium species are present on the SBA-15 surface
predominantly as isolated tetrahedral species. However, at
high TiO; loading an increase in the proportion of octahedral Ti
species is observed. Zirconia species are present in isolated
tetrahedral form at low and high ZrO, loading.

3.2. Catalysts in their oxidic state

The textural characteristics of NiMo catalysts supported on
SBA-15 molecular sieves are given in Table 2. A significant
decrease in BET surface area and total pore volume is observed
when Ni and Mo are incorporated to the support. For all NiMo/
SBA-15 catalysts the decrease in support surface area is much
stronger (26—37%) that can be explained taking into account the
weight of deposited Ni and Mo species. This decrease is more
pronounced for the catalysts supported on pure siliceous SBA-
15 and Ti-containing supports than for the catalysts supported
on Zr-containing materials. A more detailed analysis of the
changes in textural characteristics of samples after Ni and Mo
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Fig. 5. N, adsorption—desorption isotherms (A) and small-angle XRD patterns
(B) of NiMo/SBA-15 catalyst in oxidic (a) and sulfided (b and c¢) form: (b)
before and (c) after catalytic test.
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deposition reveals that micropore area decreases stronger
(about 46-67%) than the mesopore area (21-32%). Similar
tendency can also be observed for the changes in the micropore
and mesopore volumes. Therefore, it can be concluded that
some obstruction of the support pores or a partial collapse of its
structure after metal deposition could take place in NiMo
catalysts, being stronger the obstruction of micropores than of
mesopores.

No changes were detected in the form of N, adsorption—
desorption isotherms after successive incorporation of Mo and Ni
species to the SBA-15 supports (Fig. S5A). A significant decrease
in the amount of the adsorbed N, is observed after metal
impregnation, especially after Mo deposition. However, the
hysteresis loop maintains its shape characteristic of SBA-15
materials. In line with this, characteristic (1 00), (1 10) and
(2 00) reflections of p6mm structure are still observed in the
small-angle XRD pattern of all NiMo/SBA-15 catalysts
(Fig. 5B). The intensity of these reflections becomes lower
after Ni and Mo incorporation, probably due to the fact that Mo is
a strong X-ray absorber [19] or because of a partial blocking of
support channel system by oxidic metal species leading to some
loss of long range order of mesostructure. Above results from
nitrogen adsorption and XRD characterization show that the
possibility of a partial collapse of SBA-15 structure after Ni and
Mo deposition is low. Therefore, the obstruction of support pores,
especially of the small ones (micropores), in NiMo catalysts
seems to be more probable. It should be mentioned that the
incorporation of Zr atoms in the SBA-15 support by post-
synthetic chemical grafting slightly improves the catalyst
textural characteristics (Table 2). Additionally, a small reduction
of pore size (from 57 to 50-53 A) is observed in NiMo catalysts
supported on high loading Ti- and Zr-SBA-15 materials, which
suggests that the deposited Mo and Ni oxide species are located
inside the pores of Ti- or Zr-modified SBA-15 supports.

Powder XRD patterns for NiMo catalysts supported on
different SBA-15 materials are shown in Fig. 6. As it was
mentioned above, the XRD patterns of pure siliceous and Ti- or
Zr-containing SBA-15 supports did not show the presence of
any crystalline phase. In the case of NiMo catalysts supported
on SBA-15 and Ti-SBA-15 supports, the diffraction lines
corresponding to reflections of MoOj; in orthorhombic phase
(JCPDS card 35-609) were observed. The size of MoOs
crystallites estimated using the Scherrer equation decreases
from 723 A (NiMo/SBA-15 catalyst) to 612 and 485 A in
NiMo/Ti-SBA-15(11) and NiMo/Ti-SBA-15(19) catalysts,
respectively. The size of MoO; crystals compared to the pore
diameter values of the used SBA-15 materials makes evident
that they should be located on the external surface of the
support particles. In contrast, for NiMo catalysts supported on
Zr-modified SBA-15 materials, no XRD reflections were
observed, showing a good dispersion of Ni and Mo oxidic
species in these catalysts. This result can be attributed to the
effect of zirconia incorporation in the SBA-15 supports on the
dispersion of Ni and Mo oxidic species. Therefore, XRD
characterization made evident that Ni and Mo oxidic species
supported on Zr-containing materials and on pure siliceous or
Ti-modified SBA-15 supports have different characteristics.

Intensity (a.u.)

20 (degree)

Fig. 6. Powder XRD patterns of NiMo catalysts supported on SBA-15 (a); Ti-
SBA-15(19) (b); Zr-SBA-15(22) (c). (*) MoOj;, JCPDS card 35-609.

The TPR results for NiMo/SBA-15 catalysts are shown in
Fig. 7. The TPR profile of the NiMo catalyst supported on pure
siliceous SBA-15 sample exhibits two main reduction peaks at
450 and 700 °C and a shoulder at about 580-600 °C. The low
temperature peak (450 °C) is generally associated to the
reduction of Mo®" to Mo** of polymeric octahedral Mo species
weakly bound to the silica surface (probably small clusters of
Mo0O;) [44,45]. Comparing the present TPR pattern with TPR of
bulk MoOj; (main peak at 600 °C) [45], hydrogen consumption at
580-600 °C can be assigned to the reduction of crystalline MoO3
phase detected by XRD. Finally, the peak at about 700 °C in the
case of SiO,-supported Mo catalysts is ascribed to the second
step of reduction of the polymeric octahedral Mo species, from
Mo** to Mo® [45,46]. The TPR characterization of NiMo catalyst
supported on Ti-containing SBA-15 (Fig. 7b) shows that titanium
grafting onto the SBA-15 surface leads to a slight increase in the
temperature of Ni and Mo reduction because of their stronger
interaction with the Ti-containing support. Thus, the first step of
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Fig. 7. TPR profiles for NiMo catalysts supported on SBA-15 (a); Ti-SBA-
15(19) (b); Zr-SBA-15(22) (c).
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reduction of octahedral Mo species in NiMo/Ti-SBA-15
samples takes place at 460 °C. Additionally, Ti incorporation
in SBA-15 results in the shift of the second reduction peak
ascribed to the reduction of polymeric MoOj species to lower
temperature (560 °C) than in NiMo/SBA-15 sample. An
increase in hydrogen consumption in this region is also
observed indicating an increase in the proportion of polymeric
octahedral Mo species after titania incorporation in the SBA-
15 support. Similar effect induced by TiO, incorporation has
been observed by us previously for SBA-16-supported
catalysts and was attributed to the presence of Mo species
interacting with titania particles [34]. The above changes in
TPR profiles reflect the changes in the characteristics of Mo
oxidic species in presence of titania, as it was evidenced by the
decrease of MoOj; crystal size (XRD results). On the contrary
to the above results, Zr addition to the SBA-15 support leads to
adecrease of the temperatures of different steps of reduction of
Mo and Ni oxidic species (Fig. 7¢), indicating easier reduction
of octahedral molybdenum species supported on zirconia-
containing support than those supported on SBA-15 and Ti-
SBA-15. It appears that the reason for this is the better
dispersion of Mo species on supports of Zr-SBA-15 series. In
addition, it should be mentioned that in all TPR patterns
presented in Fig. 7 reduction peaks in high temperature region
(600-900 °C), with the exception of the peak at 700-750 °C,
are not clearly defined showing the heterogeneity of Ni and Mo
species in these catalysts. The first step of reduction of
tetrahedral Mo species could also take place in this region. The
presence of such species can be expected in some of our
catalysts in view of previous reports, where the formation of
tetrahedral or monomolybdate species were observed on
zirconia or silica surface [5,11,47,48]. However, it is difficult
to conclude about the presence of such species in our catalysts
only on the basis of TPR results.

In order to obtain more information about the coordination
and aggregation state of Ni and Mo oxidic species, UV-vis
DRS spectra of NiMo catalysts were recorded (Fig. 8). Since
Mo®* has a d° electronic configuration, the only absorption due
to LMCT transition, 0% — Mo*™ s observed, which is
expected in the range of 200-400 nm. As reported elsewhere
[47,49,50], the absorption bands in 260-280 and 300-320 nm
are assigned to the isolated molybdate (tetrahedral) and
polymolybdate (octahedral) species, respectively. In addition,
both types of Mo species show the second absorption band at
about 230 nm. The DRS spectra of NiMo catalysts (Fig. 8A)
show that in all the cases a mixture of Mo®" ions species in
tetrahedral (T4) and octahedral (Oy) coordination is present.
However, the proportion of different types of Mo species
changes with the support composition. Thus, in the spectra of
the catalysts supported on Ti-SBA-15 (Fig. 8) absorption band
at about 300-330 nm becomes better defined and more intense
than in the spectrum of the catalyst supported on pure siliceous
SBA-15. At the same time, absorption in 260-280 nm region
becomes less intense. It seems that titanium addition to the
SBA-15 support leads to an increase in the proportion of Oy
polymeric molybdenum species and to a decrease in the Ty
ones. The absorption edges calculated for NiMo catalysts

60 (d) (A)

40
=
< -

20 A

0 T L]
200 300 400 500
Wavelength (nm)
(B)

&
'

T
700 800

T
500 600
Wavelength (nm)

Fig. 8. UV-vis spectra of NiMo catalysts supported on SBA-15 (a); Ti-SBA-
15(11) (b); Ti-SBA-15(19) (c); Zr-SBA-15(17) (d); Zr-SBA-15(22) (e). The
spectrum of each support was subtracted from the spectrum of corresponding
NiMo catalyst.

supported on SBA-15 and Ti-SBA-15 have values between 3.3
and 3.4eV. These results are well in line with XRD
observations where the presence of crystalline MoOs; was
detected for these catalysts. In contrast, in the spectra of Zr-
SBA-15-supported NiMo catalysts absorption bands corre-
sponding to the presence of Oy, Mo species become less intense.
As compared with spectra (a)—(c) in Fig. 8A, a blue shift of the
band-gap absorption edge was observed for our NiMo/Zr-SBA-
15 catalysts. E, values calculated for these catalysts (3.9 eV for
NiMo/Zr-SBA-15(17) and 4.1 eV for NiMo/Zr-SBA-15(22)
catalyst) point out that a significantly better dispersion of Mo
species takes place on the surface of Zr-modified SBA-15
materials. The magnitude of the detected blue shift increases
with zirconia loading to the support. These data altogether
allow confirming that tetrahedral or highly dispersed octahedral
Mo species become dominating with zirconia loading to the
SBA-15 support. The DRS spectra in the wavelength region
corresponding to the absorption bands of Ni** jons are shown in
Fig. 8B. Only the presence of octahedral Ni species in the form
of NiO (bands at 720 nm) can be observed for all catalysts,
regardless of the support used [47,51].

3.3. Sulfided catalysts

Sulfided NiMo catalysts were prepared by sulfidation at
400 °C for 4 h in a stream of 15 vol.% of H,S in H, under
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atmospheric pressure. In order to prove the extent of sulfidation
of Mo species after the procedure, elemental analysis of sulfided
NiMo/SBA-15 sample was performed. Supposing that only NiS
and MoS, species are present in the sulfided catalyst, the degree
of sulfidation was estimated as about 90-95%. Fig. 5A shows
nitrogen adsorption—desorption isotherms of fresh sulfided
NiMo/SBA-15 catalyst (curve b) and of the same catalyst after
catalytic test (curve c). No changes were detected in the form of
the isotherm after sulfidation of the catalyst and hydrodesulfur-
ization of 4,6-DMDBT in comparison with the isotherm of oxidic
precursor (curve a). A slight decrease in the amount of the
adsorbed N, after sulfidation (Fig. 5A) may be due to the change
in the density of the sulfided catalyst in comparison with its
oxidic analog. However, the hysteresis loop maintains its shape
characteristic of SBA-15 materials. In line with this, character-
istic (1 0 0), (1 1 0) and (2 0 0) reflections of p6mm structure are
still observed in the small-angle XRD pattern of the sulfided
NiMo/SBA-15 catalyst (Fig. 5B, curve b). In fact, the intensity of
(1 0 0) reflection is higher in the pattern of the sulfided catalyst
than of the oxidic one. It seems that sulfidation of the catalyst
results in some recovery of long range pore order of the support.
Probably, large MoO; particles detected in the oxidic NiMo/
SBA-15 catalyst by powder XRD disappear after sulfidation
leading to MoS; particles of smaller size, and subsequently pore
blockage produced by deposited Mo species diminishes. Above
results from nitrogen adsorption and XRD characterization
provide evidence for the conservation of the catalyst mesos-
tructure after sulfidation and catalytic test.

In order to get more information about the dispersion of
MoS, species, HRTEM and powder XRD characterizations of
sulfided catalysts were performed. Fig. 9 shows the XRD
pattern of fresh sulfided NiMo/SBA-15 catalyst (curve a). It can
be observed that the reflections of crystalline MoOj; detected in
the diffractogram of the corresponding oxidic precursor
(Fig. 6a) disappear after catalyst sulfidation. Instead of these
reflections, new broad peaks corresponding to signals of
hexagonal MoS, crystalline phase (JCPDS card 17-744)
appear. Thus, the peak corresponding to d-spacing of MoS,
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Fig. 9. Powder XRD patterns of sulfided NiMo/SBA-15 catalyst before (a) and
after (b) catalytic test, and of fresh sulfided NiMo/Zr-SBA-15(22) catalyst (c).
(*) MoS,, JCPDS card 37-1492.

phase (dpo3=06.1 A) can be observed at about 14.2° (20).
Wide peaks at about 33° and 58° (20) correspond to ill-
resolved reflections (1 01) and (1 10), respectively, of the
same crystalline phase. The broadness of the reflections in
Fig. 9 points out the small size of MoS, particles. Crystal size of
MoS, roughly estimated from (0 0 2) reflection is about 43—
45 A, showing the decrease in particle size of Mo species in
sulfided catalyst in comparison with the oxidic precursor where
MoOj; crystals with size of about 723 A were found. The broad
reflections of MoS, crystalline phase can still be observed in
XRD pattern of the same sulfided catalyst after catalytic test
(Fig. 9b). However, these signals disappear in the diffractogram
of the sulfided NiMo catalyst supported on Zr-modified SBA-
15, indicating better dispersion of MoS, phase in this catalyst.

Fig. 10. HRTEM micrographs of sulfided NiMo catalysts supported on SBA-15
(a); Ti-SBA-15(19) (b); Zr-SBA-15(22) (c).
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Table 3
Average length and layer number of the MoS, crystallites determined by
HRTEM

Catalyst Average length A) Average stacking
NiMo/SBA-15 45 35
NiMo/Ti-SBA-15(19) 41 2.6
NiMo/Zr-SBA-15(22) 31 2.9

The suggested changes in the morphology of Mo species after
Ti or Zr incorporation in the SBA-15 support were corroborated
by HRTEM observations of the sulfided catalysts. The typical
fringes due to MoS, crystallites with 6.2 A interplanar distances
were observed on micrographs of all sulfided catalysts (Fig. 10).
Inhomogeneous dispersion of the MoS, phase can be seen in the
catalyst supported on pure siliceous SBA-15 (Fig. 10a). MoS,
crystallites with lengths between 20 and 60 Aand stacking from
two to six layers are formed (Fig. 10a). In addition, some larger
MoS, crystals (not shown) were also found on the external
surface of SBA-15 particles. Titanium or zirconium incorpora-
tion in the support leads, as expected, to better dispersion of
MoS, active phase (Fig. 10b and c). Average length and layer
number of the MoS, crystallites are shown in Table 3. For all Ti-
and Zr-containing supports, a decrease was observed in the
stacking degree and length of MoS, particles. In addition, it
should be mentioned that Ti incorporation resulted in a larger
decrease in the stacking degree of the MoS; crystals than the Zr
one. However, the MoS, structures are shorter on Zr-modified
SBA-15 support than on Ti-SBA-15. In addition, a more detailed
analysis of the slab length and stacking degree distributions in
different NiMo/SBA-15 catalysts (Fig. 11) reveals that titanium
and zirconium incorporation in the support results in more
homogeneous distribution of MoS, particles in stacking degree
and slab length.

3.4. Catalytic activity

In the present study, the catalytic activity of sulfided NiMo/
SBA-15 catalysts was examined in the hydrodesulfurization of
4,6-dimethyldibenzothiophene, one of the most refractory
sulfur compounds in gas oil [52]. The conversion of 4,6-
DMDBT is shown in Table 4. It can be observed that 4,6-
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Fig. 11. Layer stacking (A) and length (B) distribution of MoS, crystallites in
sulfided NiMo catalysts supported on SBA-15 (a); Ti-SBA-15(19) (b); Zr-SBA-
15(22) (c).

DMDBT conversion reached at 8 h changes in a wide range.
Thus, the lowest 4,6-DMDBT conversion (56%) was observed
for the catalyst supported on purely siliceous SBA-15. Catalytic
activities of all NiMo catalysts supported on Ti- or Zr-modified
SBA-15 resulted to be significantly higher than that of the
reference NiMo/SBA-15 catalyst and previously reported
NiMo catalyst supported on SBA-16 modified with 15 wt.%

4,6-DMDBT conversions and HYD/DDS pathway ratios obtained over NiMo/SBA-15 catalysts

Catalyst 4,6-DMDBT conversion (%)* HYD/DDS ratio®
1 2 3 4 5 6 7 8
NiMo/SBA-15 8 14 23 30 36 43 50 56 7.4
NiMo/Ti-SBA-15(11) 9 20 31 40 49 59 67 74 8.1
NiMo/Ti-SBA-15(19) 13 26 38 50 63 75 82 88 9.8
NiMo/Zr-SBA-15(17) 11 21 33 46 57 69 77 84 9.7
NiMo/Zr-SBA-15(22) 15 29 44 60 72 82 87 92 10.0
Reference NiMo/y-Al,O3 7 15 25 33 42 51 57 61 11.4

* At different reaction time (h).

® Determined at 30% of total 4,6-DMDBT conversion. DDS, direct desulfurization pathway; HYD, hydrogenation pathway; THDMDBT, tetrahydrodimethyldi-
benzothiophene; HHDMDBT, hexahydrodimethyldibenzothiophene; MCHT, methylcyclohexyltoluene; DMBP, dimethylbiphenyl; DMBCH, dimethylbicyclohexyl.
HYD/DDS pathway ratio was determined as the ratio of HYD route products (THDMDBT + HHDMDBT + MCHT + DMBCH) to DDS route product (DMBP) [52].
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Fig. 12. Correlation between 4,6-DMDBT conversion at 8 h reaction time and
titania or zirconia loading in the catalytic support. MO, = TiO, (QO) or ZrO,
(@).

of TiO, by similar grafting procedure which gave 65% of 4,6-
DMDBT conversion at 8 h [34]. Moreover, catalytic activity
increased with increasing TiO, or ZrO, loading in the support.
The maximum conversion of 92% was reached with NiMo/Zr-
SBA-15(22) catalyst. Almost linear correlation can be
observed between 4,6-DMDBT conversion reached at 8 h
reaction time and titania or zirconia loading in the support
(Fig. 12). In addition, Fig. 12 shows that zirconia containing
NiMo/SBA-15 catalysts showed higher catalytic activity that
the Ti-containing ones with similar MO, loading. This result is
in accordance with previous report [7], where catalytic
activities of NiMo catalysts supported on pure TiO, and
ZrO, were compared in thiophene hydrodesulfurization. NiMo
catalysts supported on zirconia were found to be more active
than the titania supported counterparts. In our case, the activity
trend with the change in the TiO, or ZrO, content in the SBA-
15 support seems to be the result of the changes in the
dispersion of oxidic and sulfided Mo active species. Thus, the
incorporation of titanium onto the support surface provides a
stronger metal-support interaction, allowing better dispersion
of the molybdenum and nickel phases. In addition, an increase
in the proportion of octahedrally coordinated Mo species was
found in NiMo/Ti-SBA-15 catalysts in comparison to that
supported on pure siliceous SBA-15. This explains an increase
in 4,6-DMDBT conversion with TiO, loading in NiMo/Ti-
SBA-15 catalysts. On the other hand, when zirconia is
incorporated on the SBA-15 surface, characteristics of Mo
active species change stronger than after Ti incorporation. In
Zr-SBA-15-supported catalysts, Mo oxidic species are present
in tetrahedral or highly dispersed octahedral form and they are
easy to reduce. High dispersion of Mo is still observed in
sulfided NiMo/Zr-SBA-15 catalysts. Therefore, an increase in
the total amount of HDS active sites can be expected in NiMo/
Zr-SBA-15 catalysts in comparison to SBA-15- and Ti-SBA-
15-supported ones.

In order to compare the activity of our NiMo/SBA-15
catalysts and of the reference NiMo/y-Al,O3 catalyst, initial
reaction rates of 4,6-DMDBT HDS and corresponding pseudo-
first-order rate constants were calculated (Table 5). It can be
observed from Table 5 that the catalytic activity of SBA-15-

Table 5
Initial reaction rates and pseudo-first-order rate constants obtained for 4,6-
DMDBT HDS over NiMo/SBA-15 catalysts®

Catalyst Initial reaction Pseudo-first-order
rate (mol/(L s g  rate constant (L/(s g catalyst))
catalyst))
NiMo/SBA-15 2.66 x 107° 444 x 107
NiMo/Ti-SBA-15(11) 400 x 107° 6.67 x 107°
NiMo/Ti-SBA-15(19) 578 x 10°° 9.63 x 107°
NiMo/Zr-SBA-15(17) 489 x 107° 8.15 x 107°
NiMo/Zr-SBA-15(22) 6.67 x 107° 1.11 x 107°
Reference NiMo/y-AlL,O;  3.11 x 1076 5.18 x 107°

# Reaction conditions: batch reactor using 40 mL of 4,6-DMDBT solution in
n-hexadecane (0.024 mol/L), 0.15 g of catalyst, 300 °C, 7.3 MPa.

supported catalysts increases in the following order: NiMo/
SBA-15 < NiMo/y-Al,05 < NiMo/Ti-SBA-15(11) < NiMo/
Zr-SBA-15(17) < NiMo/Ti-SBA-15(19) < NiMo/Zr-SBA-
15(22). Pseudo-first-order rate constants determined for
different NiMo/SBA-15 catalysts changes between 4.44 x
107° and 1.11 x 107> L/(s g catalyst) (Table 5). For the
reference NiMo/vy-Al,O5 catalyst tested in 4,6-DMDBT HDS
under similar reaction conditions, the rate constant value of
5.18 x 10 ° L/(s g catalyst) was calculated. Therefore, it can
be concluded that all our catalysts supported on Ti- or Zr-doped
SBA-15 are significantly more active than the alumina-
supported analog in HDS of refractory dibenzothiophenes,
such as 4,6-DMDBT. The best catalyst, NiMo/Zr-SBA-15(22),
is twice more active than NiMo/y-Al,Os;.

Nowadays, it is known that the HDS of methyl-substituted
DBT derivatives occurs through two parallel reactions, namely,
(i) direct desulfurization (DDS) yielding the corresponding
substituted biphenyl (BP) products and (ii) hydrogenation with
subsequent desulfurization (HYD), yielding first substituted
tetrahydrodibenzothiophenes, then the corresponding hexahy-
dro-derivatives and, finally, cyclohexylbenzene-type com-
pounds [53,54]. Previously, it has been shown that under
HDS conditions (i.e., in presence of an organic sulfur compound)
biphenyl-type compounds do not hydrogenate readily into
cyclohexylbenzene [55]. To elucidate the effect of Ti and Zr
incorporation in the supports on the reaction pathways of 4,6-
dimethyldibenzothiophene, the reaction product distributions at
the same total 4,6-DMDBT conversion (30%) was compared for
different catalysts (Table 4). The HYD/DDS ratios from Table 4
show that for all catalysts studied the preferential pathway is
HYD. When Ti- or Zr-atoms are incorporated into the SBA-15
support, the proportion of HYD route products increases,
reaching the maximum HYD/DDS ratio of 10.0 for the most
active catalyst, NiMo/Zr-SBA-15(22). Therefore, our results
allow to conclude that Ti or Zr incorporation in SBA-15 support
leads to an increase in hydrogenation activity of the catalyst, and
by this means HYD route of hydrodesulfurization of 4,6-
DMDBT is promoted. NiMo catalysts supported on Zr-SBA-15
show higher HYD/DDS ratio than the catalysts supported on Ti-
SBA-15. This should be related with the morphology of MoS,
active phase observed by HRTEM. It seems that MoS; crystals on
Zr-SBA-15 surface, formed by ~3 short slabs, have the best ratio
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length/slabs number for 4,6-DMDBT elimination. Previously it
has already been reported [27] that zirconium addition into NiMo
catalysts supported on HMS improves their hydrogenation
activity. However, when NiMo/Zr-HMS catalysts were evaluated
in thiophene HDS, a linear decrease of thiophene conversion was
observed with an increase of zirconium content. This result
differs from our observations for the case of 4,6-DMDBT, where
both hydrogenation ability (HYD/DDS ratio) and total activity
increase simultaneously. This difference may be due, probably,
to the fact that HDS of refractory sulfur compounds, such as 4,6-
DMDBT, occurs preferentially through HYD pathway, whereas
the desulfurization of more reactive sulfur compounds normally
takes place via DDS pathway.

4. Conclusions

According to the above results, the following conclusions
can be stated.

Ti- and Zr-containing SBA-15 type materials with relatively
high TiO, or ZrO, loadings (19.2 and 22.4 wt.%, respectively)
and without considerable degradation of the initial SBA-15
pore structure can be prepared by chemical grafting method.
Chemical grafting resulted to be a suitable experimental
technique leading to Ti-SBA-15 and Zr-SBA-15 supports with
highly dispersed metal (Ti, Zr) species. Isolated tetrahedral Ti
and Zr species are present predominantly on the SBA-15
surface. However, at high TiO, loading an increase in the
proportion of octahedral Ti species is observed.

The interaction of Ni and Mo species with the SBA-15
support becomes stronger with TiO, or ZrO, loading.
According to this, the dispersion of oxidic and sulfided Mo
species increases, especially for Zr-containing SBA-15 sup-
ports.

NiMo catalysts supported on Ti- and Zr-containing SBA-15
molecular sieves show high activity in HDS of refractory
dibenzothiophenes (4,6-DMDBT). The activity increases
almost linearly with titania or zirconia loading in the support
reaching the maximum catalytic activity at 22.4 wt.% of ZrO,
loading. High catalytic activity shown by NiMo/Ti-SBA-15 and
NiMo/Zr-SBA-15 catalysts seems to be related with their high
hydrogenation activity and promotion of HYD pathway of 4,6-
DMDBT HDS. The changes observed in catalytic activity and
selectivity of NiMo/SBA-15 catalysts studied are due to the
changes in the morphology of MoS, active phase (length and
number of slabs) induced by incorporation of Ti or Zr atoms in
the support.

Finally it can be concluded that high-performance catalysts
for HDS of refractory dibenzothiophenes can be prepared using
SBA-15 supports modified with titania and zirconia.
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