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In the present work, we tried to get a deeper insight into the effect of the chemical composition of the SBA-
15-type support on the development of NiMo and CoMo catalysts in deep hydrodesulfurization (HDS).
With this aim, two series of catalysts were prepared using pure silica SBA-15 and ZrO,-containing SBA-

Keywords: 15 as supports. Supports and catalysts were characterized by nitrogen physisorption, small-angle and
;‘?A‘]? powder XRD, TPR, UV-vis DRS, HRTEM, and tested in the simultaneous HDS of dibenzothiophene (DBT)
1rconia

and 4,6-dimethyldibenzothiophene (4,6-DMDBT). It was found that the nickel promoter significantly
decreased the temperature of reduction of Mo oxide species on both supports used, while the effect
of cobalt was relatively small. TPR profiles of Ni/SBA-15 and Co/SBA-15 samples exhibit much smaller
metal-support interaction for Co than for Ni. In addition, the presence of agglomerated [3-CoMo0Q4 phase
was detected in the XRD pattern of the CoMo/SBA-15 catalyst, whereas the formation of this phase was
avoided in the CoMo/ZrSBA-15 sample. TPRresults show that zirconia incorporation on the SBA-15 surface
significantly increases Co-support interaction and, consequently, the promoter dispersion leading to a
better promotion of the MoS; active phase. In line with the characterization results, catalytic activity of
NiMo catalysts was much higher than those of Mo or CoMo counterparts. In addition, the behavior of
Co-promoted Mo/(Zr)SBA-15 catalysts was strongly affected by the chemical composition of the support
used, especially in hydrodesulfurization of sterically hindered 4,6-DMDBT. HRTEM study was undertaken
to establish how the nature of the promoter as well as the support composition affected the morphology
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of the active MoS; phase and influenced its catalytic behavior.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the need to improve the removal of sulfur from gaso-
line and diesel oil by means of deep hydrodesulfurization (HDS) is
driven by the new environmental legislation regarding fuel spec-
ifications. In many countries, production of ultra-clean diesel fuel
with low sulfur content (less than 50 ppm), or even of sulfur-free
diesel fuel (S<10ppm) is currently requested [1]. Attending this
demand, many efforts are aimed to design new hydrotreating cat-
alysts, highly active and selective for hydrodesulfurization (HDS)
of the refractory polyaromatic sulfur compounds [2-4]. It is known
that the active phases of the HDS catalysts are the MoS; or WS,
nanocrystallites promoted by cobalt or nickel atoms, deposited on
high specific surface area supports. To modify the efficiency of
such complex catalytic systems, different approaches have been
tried, for example, the use of novel supports (oxide supports with
ordered pore structure, nanostructured materials, etc.) and of novel
active phases (noble metals, transition metal phosphides, etc.) or
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the search for new promoters and additives for the conventional
HDS catalysts [5-8]. Among these options, development of novel
supports seems to be an interesting and practical option because
the support’s nature and characteristics play an important role in
the catalytic activity. It is well-documented that the support can
influence reducibility and sulfidability, structure and dispersion
of the deposited metal oxides, as well as the morphology of the
sulfided active phases [9].

So far, different mesostructured materials (MCM-41, HMS, FSM-
16, KIT-6, etc.) have been tried as supports for HDS catalysts
[10-14,5]. Among them, mesoporous molecular sieves of SBA-type,
especially the SBA-15 ones [15,16], have attracted much atten-
tion in the last few years. These materials have high hydrothermal
stability, their textural properties are better than those of the tradi-
tional y-alumina support and the pore size and shape are especially
appropriate for the transformation of large organic molecules, such
as sulfur-containing compounds of the dibenzothiophene type.
At first, pure silica SBA-15 materials were tested as supports for
unpromoted Mo(W) catalysts and Co(Ni) promoted ones [17-19].
Obtained results clearly show the advantages of the SBA-15 materi-
als in comparison with the conventionally used y-alumina support,
even though it is well-known that the interaction between silica
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and Mo(W) species is very weak, and the dispersion of the sulfided
active phases is low and inhomogeneous [20]. In further works,
attempts to overwhelm the drawbacks of the pure silica SBA-15
support and improve its interaction with HDS active species were
made. Thus, it was proposed to modify SBA-15 with different het-
eroatoms using synthetic or post-synthetic methods [21-30]. In
general, improvement of the catalytic activity and some changes
in the selectivity were observed when M-SBA-15 supports of dif-
ferent chemical compositions (M =Al, Ti, Zr, W, etc.) were tested.
These changes were attributed to an increase in the dispersion of
Ni and Mo(W) species and in their reducibility. The most promising
results were obtained when Zr- and W-containing SBA-15 materi-
als were used as supports for NiMo and NiW catalysts for deep
hydrodesulfurization [23,24,28].

NiMo catalysts supported on zirconia-modified SBA-15
materials showed high performance in HDS of 4,6-
dimethyldibenzothiophene (4,6-DMDBT) as well as an increase
in the hydrogenation pathway of HDS [22,23]. Murali Dhar and
co-workers [24] prepared SBA-15 and ZrO,-containing SBA-15
materials with zirconia loading between 10 and 50 wt.% and tested
them as supports for Mo, CoMo and NiMo catalysts. Catalytic activ-
ities of these catalysts were evaluated for hydrodesulfurization of
thiophene and hydrogenation (HYD) of cyclohexene. Experimental
results revealed different trends in the HDS and HYD activities
of the catalysts. For example, HDS of thiophene over Mo, CoMo,
and NiMo catalysts increased when SBA-15 was substituted by
Zr0,-SBA-15 with 25wt.% of zirconia. At the same time, Mo and
CoMo/ZrO,-SBA-15 catalysts showed lower HYD activity than the
corresponding catalysts supported on pure silica SBA-15, while
the HYD activity of NiMo/ZrO,-SBA-15 was higher than that of
NiMo/SBA-15. A comparison of HDS and HYD activities of CoMo
catalysts supported on SBA-15 and TiO,- and ZrO,-containing
SBA-15 materials also confirmed the above observation, namely,
while the incorporation of titania and zirconia into SBA-15 material
resulted in an increase in the activity for HDS, activity for HYD
decreased. However, when a similar study was made for Mo,
CoMo and NiMo catalysts supported on SBA-15 and Al-containing
SBA-15 materials with different Si/Al ratios (10-40), it was found
that Al-incorporation in the support resulted in an increase in both
catalytic activities, in HDS of thiophene and, especially, in HYD
of cyclohexene [21]. In one of our recent works, a series of NiMo
catalysts supported on SBA-15 materials modified by different
metal oxides (MgO, CaO, BaO, Al,0s3, TiO,, ZrO,) were prepared
and tested in dibenzothiophene HDS [25]. It was also observed
that the support’s composition has a strong effect on the catalytic
activity and selectivity of the NiMo catalysts.

Resuming the above results, it can be concluded that the cat-
alytic behavior of Mo catalysts in HDS depends in a complex
manner not only on the nature of the promoter used, but also
on the chemical composition of the SBA-15-type support. In addi-
tion, the development of NiMo or CoMo catalysts supported on
SBA-15 type materials can also vary in function of a particular
S-containing molecule and its own preference towards the pos-
sible pathways of HDS. In the present work, we tried to get a
deeper insight into the effect of the support’s chemical composi-
tion on the development of promoted Mo catalysts supported on
SBA-15-type materials in deep HDS. With this aim, two series of
catalysts were prepared using SBA-15 and ZrSBA-15 as supports.
Supports and catalysts were characterized by nitrogen physisorp-
tion, small-angle and powder XRD, TPR, UV-vis DRS, HRTEM, and
tested in the simultaneous HDS of dibenzothiophene (DBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT). We selected these
two model sulfur-containing compounds because they are rep-
resentative for the gas oil fraction of petroleum and due to their
well-known difference in the preference for a particular pathway
of the HDS. Thus, if DBT generally prefers the direct desulfurization

pathway (DDS), 4,6-DMDBT is transformed preferentially through
the hydrogenation route (HYD).

2. Experimental
2.1. Preparation of supports and catalysts

The pure SBA-15 silica with hexagonal p6mm structure
was prepared according to literature [15,16] using the triblock
copolymer Pluronic P123 (M,y =5800, EOoPO7¢EO,0, Aldrich) as
the structure-directing agent and tetraethyl orthosilicate (TEOS,
Aldrich, 99.999%) as the silica source. Pluronic P123 (4 g) was dis-
solved in water (30g) and 2 M HCI (120 g) solution at 35°C. Then
TEOS (8.5 g) was added into the solution. The mixture was stirred
at35°Cfor20hand then aged at 80 °C for 48 h without stirring. The
solid product was recovered by filtration, washed with deionized
water and air-dried at room temperature. Calcination was carried
out in static air at 550°C for 6 h. Zirconia-modified SBA-15 sup-
port, hereinafter referred to as ZrSBA-15, was prepared by chemical
grafting [22]. Zirconium (IV) propoxide (Zr(n-PrO)4, 70 wt.% solu-
tion in 1-propanol, Aldrich) was used as the zirconia source and
absolute ethanol as the solvent (EtOH, Aldrich, 99.999%). In the
grafting procedure, calcined SBA-15 was slurried in EtOH contain-
ing Zr(n-PrO), for 8 h at room temperature. To eliminate excess of
Zr(n-PrO)y, the filtered material was washed with dry EtOH. The
solids were dried at room temperature and calcined in static air at
550°C for 5 h. ZrO,-content in the synthesized ZrSBA-15 material
was found to be 23 wt.% (SEM-EDX).

Mo, NiMo and CoMo catalysts supported on SBA-15 and ZrSBA-
15 were prepared by a standard incipient wetness impregnation
technique. The calcined supports were impregnated succes-
sively using aqueous solutions of ammonium heptamolybdate,
(NH4)sMo07024-4H,0 (Aldrich), and nickel or cobalt nitrates,
Ni(NO3),-6H,0 or Co(NO3),-6H;0 (Aldrich). Mo was impregnated
first. After each impregnation, the catalysts were dried first at room
temperature (12 h), then at 100°C (24 h), and, finally, were cal-
cined at 500°C (4 h). The nominal composition of the catalysts was
12 wt.% of MoO3 and 3 wt.% of NiO (or CoO). Hereafter, the catalysts
will be denoted as Mo, NiMo or CoMo/corresponding support.

2.2. Characterization of supports and catalysts

The supports and catalysts were characterized by N, physisorp-
tion, X-ray diffraction (XRD), UV-vis diffuse reflectance spec-
troscopy (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<10~1Pa) at 270°C for 6 h. Specific surface areas were
calculated by the BET method (Sggr), 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
(Sp) was estimated using the correlation of t-Harkins & Jura (t-
plot method). XRD patterns were recorded in the 3° <2® <90°
range on a Siemens D5000 diffractometer, using Cu Ko radiation
(A=1.5406A) and a goniometer speed of 1°(2@)min~!. Small-
angle XRD (2 =1-10°) was performed on a Bruker D8 Advance
diffractometer using small divergence and scattering slits of 0.05°.
The ag unit-cell parameter was estimated from the position of the
(100) diffraction line (ag=dq 90 x 2/+/3) [31]. Pore wall thickness,
8, was assessed by subtracting Dp from the agy unit-cell parameter
which corresponds to the distance between the centers of adjacent
mesopores. UV-vis electronic spectra of the samples were recorded
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Table 1
Chemical composition of supports and corresponding Mo, NiMo and CoMo catalysts (wt.%).
Sample SEM-EDX Chemical analysis
Si0, Zr0, MoO3 NiO (CoO) SiO, Zr0, MoO3 NiO (CoO)
SBA-15 100 = = = nd.? = = =
Mo/SBA-15 87.6 - 124 - 87.71 - 12.29 -
NiMo/SBA-15 84.8 - 12.2 3.0 84.65 - 12.18 3.17
CoMo/SBA-15 84.9 - 12.0 3.1 84.69 - 12.24 3.07
ZrSBA-15 76.9 23.1 - - 77.04 22.96 - -
Mo/ZrSBA-15 67.4 20.3 123 - 67.48 20.11 12.41 -
NiMo/ZrSBA-15 65.2 19.7 121 3.0 n.d. n.d. n.d. n.d.
CoMo/ZrSBA-15 65.1 19.5 12.2 3.2 65.03 19.54 12.18 3.25

2 Not determined.

in the wavelength range 200-800 nm using a Varian Cary 100 spec-
trophotometer equipped with a diffuse reflectance attachment.
Polytetrafluoroethylene was used as reference. TPR experiments
were carried out in a Micromeritics AutoChem II 2920 automatic
analyzer equipped with a TC detector. Before 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 under a
stream of an Ar/H, mixture (90/10 mol/mol and 50 ml/min), with a
heating rate of 10°C/min, up to 1000 °C. High resolution transmis-
sion electron microscopy (HRTEM) studies were performed using a
Jeol 2010 microscope (resolving power 1.9 A). The solids were ultra-
sonically dispersed in heptane and the suspension was collected
on carbon coated grids. Slab length and layer stacking distribu-
tions 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. Chemical composition of the
supports was determined by SEM-EDX using JEOL 5900 LV micro-
scope with OXFORD ISIS equipment. The chemical analysis of the
ZrSBA-15 support and selected catalysts was performed by Desert
Analytics.

2.3. Catalytic activity

The HDS activity tests were performed in a batch reactor at
300°Cand 7.3 MPa total pressure for 8 h. Prior to the catalytic activ-
ity evaluation, the catalysts were sulfided ex situ in a tubular reactor
at 400°C for 4h in a stream of 15vol.% of H,S in Hy under atmo-
spheric pressure. The sulfided catalysts (0.15¢g) were transferred
in an inert atmosphere (Ar) to a batch reactor (Parr) with 40 mL
of hexadecane solution containing the model compounds (DBT,
0.054 mol/L, 2160 ppm of S, and 4,6-DMDBT, 0.012 mol/L, 500 ppm
of S). The course of the reaction was followed by withdrawing
aliquots each hour and analyzing them on an HP-6890 chromato-

graph. To corroborate product identification, the product mixture
was analyzed on a Hewlett Packard GC-MS instrument.

3. Results and discussion
3.1. Support and catalyst characterization

A zirconia-containing SBA-15 support was prepared from pure
silica SBA-15 by chemical grafting technique using a previously
described procedure [22]. Zirconia loading in the ZrSBA-15 mate-
rial determined by SEM-EDX technique and chemical analysis was
about 23 wt.% of ZrO, which corresponds well to the SBA-15 sup-
port covered with a monolayer of highly dispersed zirconia species
(Table 1). The textural and structural characteristics of SBA-15 and
ZrSBA-15 supports are given in Table 2. The parent SBA-15 mate-
rial shows surface area of 850 m2/g, micropore area of 140 m?/g
and total pore volume of 1.13 cm?/g. Zirconia grafting on the SBA-
15 surface results in a decrease of area and pore volume values.
Thus, BET surface area decreases to 516 m?/g and micropore area
to 99 m?/g after Zr(IV) incorporation. Total pore volume and micro-
pore volume follow a similar tendency after Zr(IV) incorporation
into SBA-15 support. Such a decrease in the textural character-
istics of SBA-15 material can be attributed to an increase in the
density of ZrSBA-15 materials with ZrO, loading [23]. Fig. 1 shows
that Zr(IV) grafting does not produce changes in the characteristic
shape of the SBA-15 isotherm (type IV isotherm with an H1 hys-
teresis loop). Only some decrease in the amount of adsorbed N,
can be observed indicating that the original pore structure of the
parent SBA-15 material is maintained after Zr(IV) incorporation.
Small-angle XRD patterns of SBA-15 and ZrSBA-15 samples were
found to be similar (Fig. 2). Both supports exhibit three reflections
(d100, d110 and d,gg) characteristic for p6mm hexagonal symme-
try of SBA-15. The position of the SBA-15 reflections and their
intensities did not change after Zr(IV) grafting indicating that the

Table 2

Textural and structural characteristics of supports and corresponding Mo, NiMo and CoMo catalysts.
Sample Sger (M?/g) Sper decrease® (%) NSger (m?/g) Su¢ (m?/g) Ve (cm?/g) Dpd (A) ao® (A) 5 (A)
SBA-15 850 - 850 140 1.13 64 110 46
Mo/SBA-15 613 28 700 89 0.83 62 111 49
NiMo/SBA-15 578 32 682 86 0.81 60 112 52
CoMo/SBA-15 602 29 709 68 0.88 62 112 50
ZrSBA-15 516 - 516 99 0.68 56 110 54
Mo/ZrSBA-15 396 23 452 61 0.54 53 110 57
NiMo/ZrSBA-15 366 29 431 46 0.53 53 111 58
CoMo/ZrSBA-15 330 36 390 32 0.51 51 110 59

2 Decrease in the support surface area (Sger) after deposition of Mo and Ni (Co).
b Sger normalized per gram of the corresponding support (SBA-15 or ZrSBA-15).
¢ Micropore area.

d Pore diameter determined from the desorption isotherms by the BJH method.
e

Unit-cell parameter estimated from the position of the (1 00) diffraction line (ap =d100 x 2/y/3).

f Pore wall thickness (§=ag — Dp).
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Fig. 1. Nitrogen adsorption-desorption isotherms of () SBA-15 or ZrSBA-15 sup-
ports and corresponding (®) Mo; (O) NiMo; and (00) CoMo catalysts.

long-range periodicity order of the SBA-15 sample was preserved
intact and its unit-cell parameter did not suffer a significant change
(Table 2).

The chemical composition and textural characteristics of syn-
thesized Mo, NiMo and CoMo catalysts are given in Tables 1 and 2.
Experimentally determined NiO, CoO and MoO3 loadings in all

catalysts were close to the expected ones (Table 1). A significant
decrease in BET surface area and total pore volume was observed
after Mo and promoter (Ni, Co) incorporation to the supports
(Table 2). The form of the N, adsorption-desorption isotherm and
the shape of the hysteresis loop did not suffer a notable change
after successive incorporation of Mo and Ni (Co) species to the SBA-
15 and ZrSBA-15 supports (Fig. 1). In line with this, (100), (110)
and (2 00) reflections of p6mm hexagonal structure of SBA-15 sup-
ports were still observed in the small-angle XRD patterns of Mo,
NiMo and CoMo catalysts (Fig. 2). The intensity of these reflections
becomes lower after Mo and Ni (Co) incorporation (especially for
pure silica SBA-15 support), probably because Mo is a strong X-ray
absorber [17] or due to some loss of long range order of the sup-
port’s mesopore structure induced by a partial blocking of the pore
channels by the deposited Ni (Co) and Mo oxide species. Results
from the calculation of the pore wall thickness for the supports and
catalysts (last column, Table 2) confirm that zirconia grafting on
the SBA-15 surface, as well as the impregnation of Mo and Ni (Co)
oxide species resulted in a small increase in the thickness of the
pore walls of the starting SBA-15 support. This indicates that all
the metal species mentioned above were deposited mostly inside
the SBA-15 mesopore channels.

The X-ray diffraction patterns of the SBA-15 support and cor-
responding Mo, NiMo and CoMo catalysts in the 26 interval from
3° to 80° are shown in Fig. 3. The X-ray pattern of the support
shows a broad signal between 15° and 35°, which is attributed
to the amorphous silica. The XRD pattern of the Mo/SBA-15 cat-
alyst revealed the formation of the crystalline orthorhombic MoO3
phase (JCPDS card 35-609) pointing out a low dispersion of Mo
oxide species on the pure silica support. After the addition of nickel
to the Mo/SBA-15 sample, these reflections disappeared indicat-
ing an increase in the dispersion of Mo oxide species. However, the
addition of cobalt led to a different result. Thus, CoMo/SBA-15 sam-
ple exhibited a small peak of 3-CoMoO4 phase (JCPDS card 21-868)
[32], which overlaps with the broad diffraction of the amorphous
support. Similar results have been reported previously for CoMo
catalysts supported on different mesoporous silica materials (HMS,
MSU and SBA-15) [33-35]. No reflections belonging to molybde-
num, nickel or cobalt oxides were observed in the XRD patterns of
all catalysts supported on ZrSBA-15 (not shown). This result points
outagood dispersion of the deposited metal species in the catalysts
supported on ZrSBA-15. A comparison of the XRD results for the

(100)

Intensity (a.u.)

(a)
(b)
(©)

(d)
T ¥ T x T T T x T
1.0 1.5 2.0 25 3.0
268 (Degree)

(100) ZrSBA-15

(200)
(110)

Intensity (a.u.)

T
1.0 1.5 2.0 25 3.0
28 (Degree)

Fig. 2. Small-angle XRD patterns of (a) support; (b) Mo; (c) NiMo; and (d) CoMo catalysts supported on SBA-15 and ZrSBA-15.
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Fig. 3. Powder XRD patterns of (a) SBA-15 support and corresponding (b) Mo/SBA-
15, (d) NiMo/SBA-15 and (e) CoMo/SBA-15 catalysts; and reflections of crystalline
phases: (c¢) orthorhombic MoOs (JCPDS card 35-609) and (f) 3-CoMoO4 (JCPDS card
21-868).

CoMo catalysts supported on SBA-15 and ZrSBA-15 clearly shows
that zirconium incorporation into the SBA-15 support resulted in
the formation of highly dispersed CoMo phases and inhibited the
formation of the crystalline 3-CoMoO, phase.

Further characterization of the catalysts by diffuse reflectance
spectroscopy (DRS) and temperature-programmed reduction (TPR)
was undertaken in order to inquire more into the characteristics
of the deposited Ni, Co and Mo oxide species and their change
with the support’s composition. UV-vis diffuse reflectance spec-
tra of Mo, NiMo and CoMo catalysts supported on SBA-15 and
ZrSBA-15 are shown in Fig. 4. In this figure, absorption bands cor-
responding to ligand-to-metal charge transfer (LMCT) 02~ — Mo®*
can be observed in the 200-360 nm region. The exact position of
these bands reflects the local symmetry around the Mo®* species
depending on their coordination and aggregation state [36]. The
isolated molybdate species in tetrahedral coordination, Mo(Td),
show a characteristic absorption band at ~250 nm, whereas the sig-
nal of polymolybdate species in octahedral coordination, Mo(Oh), is
observed in the wider region (between 260 and 330 nm) depend-
ing on the degree of agglomeration of these species. In addition,
both types of Mo®* species show the second strong absorption
band at about 220 nm. The spectra of unpromoted Mo/SBA-15
and Mo/ZrSBA-15 catalysts (Fig. 4) clearly demonstrate that the
characteristics of Mo oxide species change with the support’s com-
position. Thus, a mixture of Mo oxide species in octahedral and
tetrahedral coordination was present in the catalysts supported
on pure silica SBA-15. On the ZrSBA-15 support, the Mo catalyst
also presents absorption corresponding to both tetrahedral and
octahedral Mo®" species. However, the proportion of agglomer-
ated Mo(Oh) species (absorbance between 300 and 330 nm) in this
catalyst is significantly lower, whereas the intensity of absorption
between 260 and 300 nm is much higher than for the Mo/SBA-15
sample. These changes in the DR spectrum of the Mo catalyst with
the incorporation of ZrO, in the SBA-15 support can be attributed
to an increase in the dispersion of Mo(Oh) species in presence of
zirconia. It seems that Ni addition in the Mo/SBA-15 catalyst also
produced an increase in the proportion of dispersed octahedral Mo
species at the expense of the agglomerated octahedral ones (Fig. 4).
So, for the Mo/SBA-15 catalyst, the addition of both Ni promoter
and ZrO, in the support resulted in an increase in the dispersion of
octahedral Mo species. In contrast to the SBA-15-supported Mo and
NiMo catalysts, when the ZrSBA-15 material is used as a support,

the spectra of Mo and NiMo samples are almost the same (Fig. 4).
Therefore, the effect of Ni addition on the dispersion of Mo species
is much smaller in this case, probably because a good dispersion
of the deposited Mo species has already been achieved in unpro-
moted Mo/ZrSBA-15 catalyst. Addition of a Co promoter to both Mo
catalysts supported on SBA-15 and ZrSBA-15 produced a blue shift
of the Mo absorption edge (Fig. 4), which can be due either to an
increase in the dispersion of octahedral Mo species in presence of
cobalt or to the change in the coordination of the Mo oxide species
from octahedral to tetrahedral.

The TPR results for Ni, Mo and NiMo catalysts supported on
SBA-15 and ZrSBA-15 are shown in Fig. 5. The reduction profile of
the Mo/SBA-15 catalyst shows hydrogen consumption in a broad
temperature interval (between 400 and 900°C) with three main
reduction peaks at 531, 632 and 762 °C. The low-temperature peak
(531°C) can be attributed to the first step of reduction (from Mo®*
to Mo**) of polymeric octahedral Mo species weakly bound to the
silica surface (probably small clusters of MoOs ) [37,38]. In addition,
hydrogen consumption at an intermediate temperature (632 °C)
can be ascribed to the reduction of octahedral Mo®* species of the
crystalline MoO3 phase detected by XRD [38]. The peak at about
762 °C can be ascribed to the second step of reduction of the octahe-
dral Mo species of different degrees of agglomeration (from Mo** to
Mo?) and to the first step of reduction of isolated tetrahedral Mo%*
species in strong interaction with the support [37,38]. The above
reduction profile of the Mo/SBA-15 catalyst is well in line with
previous results obtained for similar Mo catalysts supported on
other ordered mesoporous silicas (for example, Mo/MCM-41 [39])
and with its DRS characterization, where the presence of different
types of oxide Mo species was detected. When Ni was added in the
Mo/SBA-15 catalyst, three principal changes were observed in the
reduction behavior of the Mo oxide species: a considerable decrease
in the temperature corresponding to the main reduction peak (from
531°C for Mo/SBA-15 to 404 °C for NiMo/SBA-15), disappearance
of the second reduction peak observed at 632 °C for the Mo/SBA-
15 sample and a strong increase in the hydrogen consumption at
a low-temperature region (320-500 °C). All the above indicates an
increase in the proportion of easy to reduce dispersed octahedral
Mo species at the expense of tetrahedral ones. For the Mo and NiMo
catalysts supported on ZrSBA-15 (Fig. 5), the reduction of Mo®*
species occurs at lower temperature in comparison with that on
the pure silica support. Thus, for the unpromoted Mo catalyst, one
main peak at 477 °C with a shoulder at 635 °C were observed and
attributed to the first and second steps of reduction of dispersed
octahedral Mo®* species. Nickel addition to the Mo/ZrSBA-15 cat-
alyst leads to further decrease in the temperatures of reduction
of octahedral Mo oxide species (from 477°C for the Mo/ZrSBA-
15 to 365°C for the corresponding Ni-promoted sample). Among
all catalysts studied, the NiMo/ZrSBA-15 catalyst showed the pres-
ence of Mo oxide species reducible at the lowest temperature. The
above results indicate that the effect of the Ni promoter is simi-
lar in the case of the pure silica SBA-15 and zirconia-containing
SBA-15 supports. It appears that in both cases the reason for this is
the better dispersion of Mo species in presence of nickel. Another
interesting observation can be made from the results shown in
Fig. 5, when the TPR profiles of the Ni samples supported on SBA-
15 and ZrSBA-15 are compared. The Ni/SBA-15 sample exhibits one
broad low-temperature reduction region (200-500 °C) that can be
ascribed to the reduction (Ni2* — Ni®) of octahedrally coordinated
Ni2* species weakly bound to the silica surface [39]. When zirco-
nia is added to the SBA-15 support, Ni oxide species are reduced at
a significantly higher temperature (between 300 and 600°C) and
a new reduction peak with a maximum at about 514 °C appears in
the TPR profile of the Ni/ZrSBA-15 sample as a result of the stronger
interaction of nickel species with the zirconia-containing support.
Therefore, zirconia addition to the SBA-15 support leads, on the
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one hand, to an increase in the temperature of reduction of the
Ni2* species, and on the other, to a decrease in the temperature
of reduction of the Mo oxide species. As a result, the reduction of
both Ni and Mo oxide species on the ZrSBA-15 support takes place
almost in the same temperature interval (between 300 and 700 °C)
which probably could favor the formation of a mixed NiMoS phase
during the activation of the NiMo/ZrSBA-15 catalyst.

The TPR results for Co, Mo and CoMo catalysts supported on
SBA-15 and ZrSBA-15 shown in Fig. 6 indicate that the effect that
the addition of the cobalt promoter has on the ease of reduction
of Mo oxide species is much smaller than that of nickel. Only a
decrease of about 10-50 °C in the temperature of reduction of octa-
hedral Mo species is observed for ZrSBA-15 and pure silica SBA-15
supports, respectively. So it can be assumed that the effect that
the cobalt promoter has on the dispersion of octahedral Mo oxide
species was not as strong as that of nickel. However, some other
differences were detected in the reduction behavior of the CoMo
catalysts supported on SBA-15 and on the Zr-containing support,
namely a notable increase in hydrogen consumption near 600°C
in the TPR profile of the CoMo/ZrSBA-15 sample. According to lit-
erature [38], reduction of crystalline MoO3 phase takes place at
this temperature; however, in the case of our CoMo/ZrSBA-15 cat-
alyst, the formation of this crystalline phase was not detected by
powder XRD. DRS characterization also pointed out a good disper-
sion of Mo species in this sample. Probably this reduction peak
can be attributed to the reduction of mixed CoMo oxide species
formed on this Zr-containing support; however, this supposition
needs further experimental confirmation. The Co/SBA-15 catalyst
has one well-defined reduction peak at 295 °C with a shoulder at

about 480 °C, which could be assigned to the stepwise reduction of
C0304 (Co3* — Co?* — CoY) [40-42]. When zirconia is added to the
SBA-15 support, Co reduction takes place at a substantially higher
temperature (515 and 690°C, Fig. 6). This shift in the reduction
temperature of Co oxide species can be ascribed to an interac-
tion between cobalt and zirconia, which replaces the cobalt-silica
interaction [43,44]. In addition, a comparison of the TPR profiles of
Co/SBA-15 (main reduction peak at 295°C) and Ni/SBA-15 (main
reduction peak at about 400 °C) renders evident that the interac-
tion of cobalt with the pure silica SBA-15 is much smaller than that
of nickel. Probably, this very small interaction of Co species with
the SBA-15 support is a reason for the formation of the 3-CoMoO,4
phase detected by powder XRD in the CoMo/SBA-15 catalyst. When
the SBA-15 support was modified by ZrO, incorporation, a signif-
icant increase in the temperature of NiZ* and Co%* reduction was
observed. However, this increase was much stronger for the cobalt
(around 200-220 °C) than for the nickel promoter (~100°C). In line
with this, formation of the 3-CoMoO,4 phase was avoided on the
zirconia-containing support. Resuming all above results, it can be
concluded that the change in the chemical composition of the SBA-
15 support due to the incorporation of zirconia affects much more
strongly the Co-support interaction than the Ni-support one and
this could also have implications in the molybdenum promotion by
Ni or Co species and its catalytic behavior.

HRTEM characterization of sulfided Mo, NiMo and CoMo cat-
alysts was performed in order to get more information about
the dispersion of catalytically active MoS, species. Fig. 7 shows
the HRTEM micrographs of unpromoted and Ni- or Co-promoted
Mo catalysts supported on SBA-15 and ZrSBA-15. Fig. 8 shows
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Fig. 5. TPR profiles of (a) Ni, (b) Mo and (c) NiMo catalysts supported on SBA-15 and ZrSBA-15.
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the slab length and stacking degree distributions for the same
catalysts. The typical fringes due to MoS, crystallites with 6.1A
interplanar distances were observed on micrographs of all sul-
fided catalysts. Inhomogeneous dispersion of the MoS, phase can
be seen in the unpromoted Mo catalyst supported on siliceous
SBA-15 (micrograph (a), Fig. 7). In this case, MoS, crystallites with
lengths between 20 and 80 A and stacking from one to five layers
were observed (Fig. 8). In addition, some very large MoS, crystals
(500-2000 A) were also found on the external surface of SBA-15
particles (not shown). Nickel addition to this catalyst resulted in
better dispersion and more homogeneous distribution of MoS,
crystals (Figs. 7(b) and 8). Particles with lengths between 20 and
60 A and stacking from 2 to 5 layers are predominant in this case.
When cobalt was used instead of nickel, larger MoS, particles were
observed with length between 40 and 60 A and stacking from 3 to 5
layers (Fig. 7(c)). Zirconium incorporation in the support resulted,
as expected, in better dispersion of MoS; active phase (Fig. 7(d)-(f)).
It can be clearly observed that in general in ZrSBA-15-supported
catalysts the dispersion of the MoS, active phase is much better
and more homogeneous than in the catalysts with similar metal
loading supported on pure silica SBA-15 (Fig. 8). Zirconia addi-
tion in the support produced a decrease in the average stacking
degree and length of MoS; particles (Table 2). Short MoS, particles
(30-36 A) were formed predominantly in the sulfided Mo, NiMo
and CoMo/ZrSBA-15 catalysts. However, some differences in the
stacking degree can be observed between these three catalysts.
It seems that the sulfided NiMo/ZrSBA-15 catalyst is formed by
more stacked particles of the active phase than the corresponding
unpromoted and Co-promoted Mo/ZrSBA-15 analogs (Table 3).

3.2. Catalytic activity in deep HDS

In the present study, catalytic activity of Mo, NiMo and
CoMo catalysts supported on SBA-15 and ZrSBA-15 was tested in
simultaneous hydrodesulfurization of dibenzothiophene (DBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT). These two sulfur-
containing molecules were selected as characteristic examples of
the refractory sulfur compounds contained in the gas oil frac-
tion of petroleum [45]. It is known that the HDS of DBT-type
derivatives occurs through two parallel reactions (Fig. 9), namely,
(i) direct desulfurization (DDS) yielding the corresponding prod-
ucts of biphenyl-type, and (ii) hydrogenation with subsequent
desulfurization (HYD), yielding first pre-hydrogenated intermedi-
ates (tetrahydrodibenzothiophenes, and then the corresponding
hexahydro-derivatives) and, finally, cyclohexylbenzene-type com-
pounds [46,47]. It has been shown that under HDS conditions (i.e.,
in presence of an organic sulfur compound) biphenyl-type prod-
ucts do not hydrogenate readily into cyclohexylbenzene-type ones
[48].

The conversions of DBT and 4,6-DMDBT obtained over Mo, NiMo
and CoMo catalysts supported on SBA-15 are shown in Fig. 10. It
can be observed that DBT conversion reached at 8 h changes in
a wide range. The lowest conversion (30.3%) was obtained with
the unpromoted Mo/SBA-15 catalyst. Catalytic activities of both Ni-

Table 3
Average length and average stacking degree of MoS, crystallites in different
catalysts.

Catalyst Average length Average stacking
(A) (number of layers)
Mo/SBA-15 48 2.8
NiMo/SBA-15 38 34
CoMo/SBA-15 43 3.8
Mo/ZrSBA-15 36 25
NiMo/ZrSBA-15 31 2.8
CoMo/ZrSBA-15 30 2.0

and Co-promoted Mo catalysts supported on SBA-15 resulted to be
significantly higher than that of the Mo/SBA-15 catalyst (Table 4).
Thus, 68% of DBT conversion was obtained at 8 h reaction time with
the NiMo/SBA-15 catalyst and 43.8% with the CoMo one. However,
these DBT conversions were still lower than that obtained with
the reference NiMo/vy-Al,03 sample. The conversion of 4,6-DMDBT
was also increased after the addition of nickel to the Mo/SBA-15
catalyst. In contrast, the behavior of the CoMo/SBA-15 in HDS of 4,6-
DMDBT was quite different. Surprisingly, the Co-promoted catalyst
had a slightly lower activity for the elimination of this sterically hin-
dered molecule than the unpromoted Mo/SBA-15 sample. These
activity trends should be related with the characteristics of the Ni-
and Co-promoted Mo/SBA-15 catalysts described above. Thus, the
low activity of the Co-promoted sample is due probably to the for-
mation of the agglomerated 3-CoMo0O,4 phase detected by XRD. On
the other hand, in the Ni-promoted Mo/SBA-15 sample, Mo oxide
and sulfided species were found to be better dispersed than in the
corresponding unpromoted Mo catalyst (Table 3), which explains
its higher activity in the DBT and 4,6-DMDBT hydrodesulfurization.

Fig. 11 and Table 4 show the catalytic activity of Mo, NiMo
and CoMo catalysts supported on ZrSBA-15 in DBT and 4,6-DMDBT
hydrodesulfurization. It can be clearly observed that ZrO, loading in
the SBA-15 support resulted in an increase in the activity of all three
catalysts in HDS of the sulfur-containing model compounds used.
DBT conversions higher than 90% were reached at 8 h reaction time
over both NiMo and CoMo/ZrSBA-15 catalysts, whereas the con-
version of 4,6-DMDBT was higher than 80% over the Ni-promoted
catalyst and more than 70% over the corresponding Co-promoted
sample. The NiMo/ZrSBA-15 catalyst resulted to be the most active
among all the catalysts tested, including the reference NiMo/vy-
Al,03 sample, for the HDS of both DBT and 4,6-DMDBT. This result
seems to be in accordance with the TPR characterization of this
catalyst. Although the Co-promoted Mo catalysts were less active
than the Ni-promoted counterparts, the effect of zirconia addition
to the SBA-15 support was more beneficial for the CoMo catalyst
than for the NiMo one. This can be clearly noted comparing the
difference in the activity of the CoMo catalysts supported on the
SBA-15 and the ZrSBA-15 (Table 4). For both model compounds
used (DBT and 4,6-DMDBT), the CoMo catalyst’s activity increased
more than twice after the addition of ZrO, to the SBA-15 support.
The difference in the activity of the NiMo catalysts supported on
SBA-15 and ZrSBA-15 was smaller (about 50-60%). The magnitude
of the above changes in the activity of the NiMo and CoMo cata-
lysts after ZrO, incorporation in the SBA-15 supports seems to be
related to the strength of the promoter-zirconia interaction which
was larger for Co than for Ni (as it was shown by TPR).

To elucidate the effect of Ni and Co promoters on the selec-
tivity of the Mo catalysts supported on SBA-15 and ZrSBA-15
in HDS of DBT and 4,6-DMDBT, the reaction product distribu-
tions were compared for different catalysts (Tables 5 and 6). The
product distributions obtained for the unpromoted Mo catalysts
supported on both SBA-15 and ZrSBA-15 show a high propor-
tion of pre-hydrogenated intermediates in the products of DBT
(Table 5) and 4,6-DMDBT (Table 6) transformations, especially for
the Mo/ZrSBA-15 sample. This is in accordance with the results of
our previous study [23], in which it was also observed that zir-
conium(IV) incorporation into the SBA-15 support resulted in an
increase in the hydrogenation ability of the Mo catalysts, in addi-
tion to an increase in their overall activity. However, unpromoted
Mo catalysts, even supported on Zr-containing SBA-15 materials,
were not able to realize efficiently the C-S bond cleavage leading to
sulfur elimination especially from the pre-hydrogenated interme-
diates of 4,6-DMDBT. Addition of the promoters (Ni and Co) to the
Mo catalysts supported on SBA-15 and ZrSBA-15 resulted in a sig-
nificant increase in hydrogenolysis reactions leading to an increase
in the proportion of the sulfur-free products. The ratios of the prin-
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Activity of Mo, NiMo and CoMo catalysts supported on SBA-15 and ZrSBA-15 in hydrodesulfurization of DBT and 4,6-DMDBT at 300 °C.

Catalyst Pseudo-first-order rate constant (L/(S x gcat.)) DBT conversion (%) 4,6-DMDBT conversion (%)
DBT 4,6-DMDBT 4h? 8h 4h 8h
Mo/SBA-15 2.5%x 1076 3.0x 1076 13.5 30.3 16.4 34.5
NiMo/SBA-15 7.8 x 1076 6.0x 1076 42.2 68.0 32.6 57.5
CoMo/SBA-15 39x10°6 2.5x10°6 21.2 438 13.6 30.0
Mo/ZrSBA-15 3.6x10°6 43x10°¢ 19.4 35.3 23.0 47.8
NiMo/ZrSBA-15 12.7 x10°6 9.7x 1076 68.5 94.5 52.3 86.4
CoMo/ZrSBA-15 10.3 x 1076 6.8x 1076 55.5 91.5 36.7 72.7
NiMo/y-Al, 03 12.6x10°6 52 %1076 68.1 92.0 28.0 55.1

2 Reaction time.
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Fig. 11. DBT and 4,6-DMDBT conversions obtained over (a) Mo, (b) NiMo and (c) CoMo catalysts supported on ZrSBA-15.

Table 5

Selectivity of Mo, NiMo and CoMo catalysts in hydrodesulfurization of dibenzothiophene (at 30% of DBT conversion).

Catalyst t302 (h) Products® (%) Reaction product ratios
4HDBT BP CHB BCH BP/4HDBT® CHB/4HDBTY BP/(CHB +BCH)®

Mo/SBA-15 8.0 9 41 49 1 4.6 5.4 0.8
NiMo/SBA-15 2.7 7 47 44 2 6.7 6.3 1.0
CoMo/SBA-15 5.8 4 70 26 0 17.5 6.5 2.7
Mo/ZrSBA-15 6.7 20 36 44 0 1.8 2.2 0.8
NiMo/ZrSBA-15 1.5 7 50 42 1 7.1 6.0 1.2
CoMo/ZrSBA-15 2.2 2 75 23 0 375 115 33
NiMo/y-Al;05 1.7 7 66 27 0 94 3.8 2.4

Time required to reach 30% of DBT conversion.

a
b
c
d
e

cipal desulfurized products (BP/(CHB+BCH)) from Table 5 show
that for all Ni- or Co-promoted catalysts studied, the preferential
pathway of DBT hydrodesulfurization is the direct desulfuriza-
tion. Cobalt promoter especially favors this route. The maximum
BP/4HDBT and BP/(CHB+BCH) ratios (37.5 and 3.3 respectively)
were reached with the CoMo catalyst supported on the ZrSBA-
15, probably because of the formation of a larger amount of the
Co-promoted Mo species in this catalyst due to an appropri-
ate Co-support interaction. Regarding the product distributions
obtained for the hydrodesulfurization of 4,6-DMDBT (Table 6), the
preferential pathway of HDS, as expected, was found to be the
HYD route. Methylcyclohexyltoluene (MCHT) was the principal
desulfurized product obtained with all the catalysts tested. Addi-
tion of nickel and, especially, of cobalt promoters also enhanced
the cleavage of the C-S bond in the pre-hydrogenated prod-
ucts of 4,6-dimethyldibenzothiophene. The lowest proportion of

Table 6

4HDBT, tetrahydrodibenzothiophene; BP, biphenyl; CHB, cyclohexylbenzene; BCH, bicyclohexyl.

BP/4HDBT ratio represents the ratio of the catalyst’s abilities for hydrogenolysis and for hydrogenation of DBT.

CHB/4HDBT ratio characterizes the catalyst’s ability for sulfur elimination from the pre-hydrogenated 4HDBT intermediate.

BP/(CHB +BCH) represents the ratio of the desulfurized product obtained via the DDS pathway to those obtained via the HYD pathway.

the tetrahydro- and hexahydro-dimethyldibenzothiophenes was
obtained with the CoMo catalyst supported on the ZrSBA-15. It
seems that the low hydrogenation ability of the Co-promoted Mo
catalysts limits their overall activity in the HDS of refractory sulfur-
containing compounds, such as 4,6-DMDBT, which because of steric
hindrance prefers the HYD pathway of the reaction.

The described above activity and selectivity trends observed in
the simultaneous HDS of DBT and 4,6-DMDBT molecules over Ni
or Co-promoted Mo catalysts supported on SBA-15 and ZrSBA-15
materials seem to be related to the dispersion of oxide and sulfided
molybdenum phases, as well as to the proportion of the Ni (Co)-
promoted MoS; species. The dispersion of Mo species increases
with the addition of the Ni promoter to both Mo/SBA-15 and
Mo/ZrSBA-15 samples, while the effect of the cobalt promoter is
enhanced when the ZrO,-containing SBA-15 support is used, prob-
ably due to a stronger Co-zirconia interaction. In addition, the

Selectivity of Mo, NiMo and CoMo catalysts in 4,6-DMDBT hydrodesulfurization (at 30% of 4,6-DMDBT conversion).

Catalyst t30? (h) Products® (%) Product ratios
4H 6H DMBP MCHT DMBCH MCHT/(4H + 6H)° DMBP/(MCHT + DMBCH)4

Mo/SBA-15 7.0 44 13 8 29 6 0.5 0.23
NiMo/SBA-15 3.8 27 8 9 46 10 13 0.16
CoMo/SBA-15 8.0 8 4 15 65 8 5.4 0.20
Mo/ZrSBA-15 5.0 54 15 7 21 3 03 0.29
NiMo/ZrSBA-15 24 27 0 7 53 13 2.0 0.11
CoMo/ZrSBA-15 34 7 0 17 67 9 9.6 0.22
NiMo/y-Al, 05 4.4 17 0 15 55 13 3.2 0.22

2 Time required to reach 30% of 4,6-DMDBT conversion.

b 4H, tetrahydrodimethyldibenzothiophene (4HDMDBT); 6H, hexahydrodimethyldibenzothiophene (6HDMDBT); DMBP, dimethylbiphenyl; MCHT, methylcyclohexyl-

toluene; DMBCH, dimethylbicyclohexyl.

¢ MCHT/(4H +6H) ratio characterizes the catalyst ability for sulfur elimination from the pre-hydrogenated intermediates.
d DMBP/(MCHT + DMBCH) represents the ratio of the desulfurized product obtained via the DDS pathway to those obtained via the HYD pathway.
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temperature of reduction of the dispersed octahedrally coordinated
Mo®* species in the NiMo/ZrSBA-15 catalyst was the lowest among
all the catalysts tested. Therefore, the highest total amount of HDS
active sites can be expected in this catalyst in comparison with all
other tested samples, which explains its highest HDS activity.

4. Conclusions

In the present work, Ni- and Co-promoted Mo catalysts sup-
ported on SBA-15 and ZrSBA-15 mesoporous ordered materials
were characterized and tested in the simultaneous HDS of diben-
zothiophene and 4,6-dimethyldibenzothiophene. It was found that
the chemical composition of the SBA-15 support used has a very
strong effect on the behavior of the promoted Mo catalysts in deep
hydrodesulfurization, especially of sterically hindered molecules
such as 4,6-DMDBT.

The Ni promoter significantly decreased the temperature of
reduction of oxide Mo species on both supports used, while the
effect of Co addition on MoS* reduction was relatively small. In line
with the characterization results, catalytic activity of Ni-promoted
Mo catalysts was much higher than that of unpromoted or Co-
promoted counterparts.

The presence of the agglomerated (3-CoMoO4 phase was
detected by powder XRD in the CoMo/SBA-15 catalyst. However,
the formation of this phase was avoided when the SBA-15 support
was modified by ZrO,, due to an increase in the Co interaction with
the ZrO,-containing support.
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