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In the present work, we studied the effect of the addition of niobium to CoMo/MCM-41 and NiMo/MCM-
41 catalysts on their characteristics and performance in the hydrodesulfurization of dibenzothiophene.
The MCM-41 support was synthesized at room temperature according to a well-known procedure. The
metal species (Nb, Mo, Ni or Co) were deposited by successive impregnation using aqueous solutions
of the corresponding metal salts. MCM-41 and Nb-containing MCM-41 supports were characterized by
X-ray diffraction, N, physisorption, FT-Raman spectroscopy, X-ray photoelectron spectroscopy, UV-vis
diffuse reflectance spectroscopy and scanning electron microscopy. The CoMo and NiMo catalysts in oxide
state, in addition to the above techniques, were characterized by temperature-programmed reduction
and the sulfided catalysts were characterized by high resolution transmission electron microscopy. The
results show that the incorporation of small amounts of Nb (3-5wt.%) increased the catalytic activity of
both NiMo and CoMo catalysts in dibenzothiophene hydrodesulfurization and affected their selectivity.
The effect of Nb on the selectivities of the NiMo and CoMo catalysts was different: for the NiMo catalysts,
Nb increased selectivity towards the HYD route, whereas for the CoMo catalysts, it increased selectivity
towards the DDS route. The analysis of the effect of Nb on the catalysts’ selectivity was performed based
on the kinetic constants calculated for the different steps of the DBT HDS network.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction MoS; active phase promoted with Co or Ni. The promoter’s role is

the modification of the electronic properties of the active phase and

In the last few years, the world community has decided to lower
sulfur content in petroleum-derived fossil fuels. In many countries,
petroleum-derived diesel fuel should have less than 50 ppm of S or
even lower sulfur content (below 10 ppm) [1-3]. The hydrodesul-
furization (HDS) process is one the most important processes used
in a refinery to remove sulfur-containing aromatic compounds
such as thiophenes, benzothiophenes, dibenzothiophenes and their
alkyl-substituted derivatives from petroleum fractions [4-6]. At the
industrial level, this reaction is carried out in fixed bed reactors at
a temperature range from 300 to 400°C and hydrogen pressure
from 3 to 13 MPa. The common catalysts used for removal of sul-
fur from heavy oil fractions consist mainly of an Al,03-supported
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improvement of its dispersion, thus enhancing the catalytic activity
in sulfur elimination. It is generally thought that catalytically active
sites are sulfur vacancies associated with Mo atoms located on the
edge surface of MoS; crystallites. The catalytic properties of these
sites strongly depend on the neighboring promoter atoms of Co or
Ni in the so-called Co(Ni)-Mo-S structures [6].

In order to obtain the currently required sulfur levels, it is
necessary to increase the severity of the hydrotreatment pro-
cess (perform it at a higher hydrogen pressure and temperature),
increase the reactor volume, etc., which means a strong investment
in the development of new HDS capacities. To do this in the most
efficient and economic way is a major challenge for the refiners,
catalyst manufacturers and process designers.

Mesoporous MCM-41 has been the focus of much research inter-
est since its discovery in 1992 because it offers a uniform pore size
between 15-100A and a high specific surface area (~1000 m?/g)
[7]. Mesoporous MCM-41 is an interesting option as a catalytic
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support for different applications. MCM-41 has been investigated,
giving promising results for HDS reactions [8-18]. In the litera-
ture, there is evidence that the performance of supported catalysts
depends not only on the high surface area of the support, but also
is related to the support’s surface properties, which can be modi-
fied during the preparation procedure or by the addition of some
additives to the support.

Among many different materials, niobium-containing solids
have attracted special attention in the field of heterogeneous
catalysis. Probably, this is due to a versatility of possible applica-
tions of niobium species in catalysis, namely, they can be used as
active phases, supports or promoters [19]. It was found that Nb-
containing materials are effective supports and catalysts for liquid
and gas phase oxidation processes [20], selective oxidation [21-23],
epoxidation [24,25], hydrogenation [26,27] and photocatalysis [28]
among other important catalytic reactions. It was observed that
niobium could modify adsorption and catalytic properties when
added to metal oxide catalysts or supports. In addition to the above
mentioned catalytic applications of Nb-containing catalysts, it was
also tested as an active phase for HDS. Among the advantages of
this active phase, low cost and moderate acidity can be mentioned
[29-35]. Previous reports indicated that in the unsupported state,
niobium sulfide exhibits better activity than bulk molybdenum sul-
fide in the hydrotreatment of certain model compounds [36]. In
addition, sulfided niobium catalysts supported on alumina or car-
bon showed higher activities in thiophene HDS than the reference
MoS;/Al; 03 catalyst [30,31]. Likewise, in work [35], a positive effect
of the addition of niobia to the alumina support on both hydrodesul-
furization and hydrodenitrogenation activities of NiMo catalysts
was observed. In this case, the enhanced catalytic performance was
attributed to the increase in acidity of the support’s surface. In the
very recent work [37], Nb-modified mesoporous SBA-15 and HMS
materials have been used as supports for NiMo HDS catalysts. How-
ever, in the latter work the focus was on the effect of the addition
of thioglycolic acid at different steps of the catalyst preparation,
whereas the effect of niobium in the support was not discussed.

Given the interesting properties of Nb-modified catalysts, the
purpose of the present study was to evaluate the viability of the
use of Nb-modified MCM-41 materials as supports for CoMo and
NiMo catalysts and to determine the effect of Nb on their catalytic
performance in the hydrodesulfurization of dibenzothiophene.

2. Experimental
2.1. Synthesis of MCM-41

The MCM-41 silica support was synthesized according to
a previously published procedure [18]. In a typical synthesis,
the aqueous precursor’'s gel was synthesized using a sodium
silicate solution (Na,SiO3) prepared by the reaction between
sodium hydroxide (NaOH, >97.0%, Reactivo Quimica Meyer)
and fumed silicon oxide (SiO,, particle size=0.2-0.3 wm, surface
area=2004+35m?/g, Sigma-Aldrich) followed by their addition
on an aqueous micelar mixture based on tetraethylammonium
hydroxide (TEAOH, 20% in H, 0O, Sigma-Aldrich) and cetyltrimethy-
lammonium bromide (CTMAB, >98%, Sigma-Aldrich). The molar
composition of the final gel was Na,SiO3 =1 (formed from NaOH =2
and SiO, =1), TEAOH =0.2, CTMAB =0.25 and H, 0 =40. The alkalin-
ity of the clear solution was decreased by the dropwise addition of
diluted sulfuric acid (H,SO4, 95-98.0%, ].T. Baker Chemicals), until
the pH reached a value between 9 and 10, keeping the mixture
under magnetic stirring for 2 h. The resulting mixture was aged
at room temperature for 24 h without stirring. Then, the obtained
solid was separated by vacuum filtration and washed several times
with distilled water. After drying at room temperature for 12 h, it

was pulverized to fine particles. For the calcination procedure, the
temperature was increased from room temperature to 550°C at a
linear rate of 1°C/min, which was held for 8 h.

2.2. Preparation of NiMoxNbM and CoMoxNbM catalysts

The Ni(Co)MoxNb/MCM-41 catalysts were prepared by suc-
cessive impregnation using an excess volume of precursors’
aqueous solutions. The ammonium niobate(V) oxalate hydrate
(NH4[NbO(C504)(H20)](H20)yn, 99.99%, Sigma-Aldrich) was intro-
duced first. Prior to the preparation of the catalysts, Nb-containing
supports were dried (100 °C, 6 h) and calcined (500°C, 4 h) increas-
ing the temperature at a linear rate of 1°C/min. The Nb-loaded
samples were impregnated with ammonium heptamolybdate
tetrahydrate ((NH4)sMo07024-4H,0, 81-83% MoOs3 basis, Sigma-
Aldrich) and cobalt(Il) sulfate heptahydrate (CoSO4-7H,0, >99%,
Sigma-Aldrich) or nickel(II) sulfate hexahydrate (NiSO4-6H,0, 99%,
Sigma-Aldrich). After the impregnation of each metal, the catalysts
were dried (100 °C, 6 h)and calcined (500 °C, 4 h). The nominal com-
position of the catalysts was 3 wt.% of NiO (or CoO) and 15 wt.% of
MoOs5 that corresponds to a metal content of 2.4 wt.% for Ni (or Co)
and 10 wt.% for Mo, respectively. This composition allows to obtain
an atomic ratio of 0.28 Ni(Co)/(Ni(Co) + Mo), which is typical of the
metal composition for industrial catalysts.

Prepared samples were denoted as M (for MCM-41 sup-
port); xNbM (for Nb-containing MCM-41 supports); CoMoxNbM or
NiMoxNbM (for CoMo and NiMo catalysts), where x represents Nb
loading in the mesoporous supports (x=0, 3, 5 and 10 wt.%).

2.3. Support and catalysts characterization

2.3.1. X-ray diffraction

Small-angle (SA-) and wide-angle (WA-) powder XRD patterns
were obtained using a Bruker D8 Advance diffractometer at room
temperature and CuKa radiation (A = 1.5406 A). Crystalline phases
observed in the obtained diffraction patterns were identified with
the help of the Joint Committee on Powder Diffraction Standards-
International Center of Diffraction Data (JCPDS-ICDD) library using
Powder Diffraction File (PDF) card number [38].

2.3.2. Nitrogen physisorption

Textural characteristics were measured using a Micromeritics
ASAP 2020 automatic analyzer at liquid N, temperature (—196 °C).
Prior to the experiments, the samples were degassed overnight
under vacuum at 270 °C. Specific surface areas were calculated by
the Brunauer-Emmett-Teller method (Sggr), the total pore volume
(Vp)was determined by N; adsorption at a relative pressure of 0.98
and pore diameter was determined from the adsorption branch of
the isotherms by the Barrett-Joyner-Halenda method (D,qsgji )-

2.3.3. Elemental analysis

Co (or Ni), Mo and Nb contents in the fresh samples were
determined using Scanning Electron Microscopy coupled to
Energy-Dispersive X-ray analyzer (SEM-EDX) using a Jeol 5900 LV
microscope with Oxford ISIS microanalyzer. Before analysis, the
sample was deposited on a carbon holder and evacuated at high
vacuum.

2.3.4. Micro-Raman spectroscopy

Micro-Raman analysis was carried out using an HR LabRam800
system equipped with an Olympus BX40 confocal microscope. A
Nd:YAG laser beam (532 nm) was focused by a 50 X microscope
objective to ~1 wm in diameter on the sample’s surface. The power
of the laser towards the sample was regulated by a neutral density
filter (OD=1) to prevent sample heating and structural changes
induced in the sample. A cooled CCD camera was used to record
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the spectra, usually averaged for 100 accumulations in order to
improve the signal to noise ratio. All spectra were calibrated using
the 521 cm~! line of a silicon wafer.

2.3.5. X-ray photoelectron spectroscopy

XPS measurements were performed with a JEOL JPS-9200
instrument equipped with a Mg Ka radiation source (1253.6eV).
The spectrometer was operated at a pass energy of 10eV with an
X-ray power of 300 W. The base pressure in the analyzing chamber
was maintained in the order of 1 x 108 mbar. The binding energy
was determined using the carbon C (1s) line as a reference with
binding energy of 284.6 eV. Quantification and deconvolution were
performed using the Gaussian functions of the Origin 8.1 software.

2.3.6. Ultraviolet-visible diffuse reflectance spectroscopy

UV-vis DRS spectra of supports and catalysts were recorded on
a Varian Cary 100 Conc. spectrophotometer equipped with a dif-
fuse reflectance attachment. Polytetrafluoroethylene reference was
used.

2.3.7. Temperature-programmed reduction

Prior to TPR analysis, the catalyst samples were pretreated at
400°C for 2 h under static air and cooled down to room temper-
ature. The data was recorded using a Micromeritics AutoChem Il
2920 automatic analyzer equipped with a TCD detector with an
H,/Ar flow. The temperature was increased from ambient temper-
ature (25°C) to 1000°C at a rate of 10°C/min.

2.3.8. High resolution transmission electron microscopy
A Jeol 2010 microscope was used for the HRTEM characteri-
zation of the selected sulfided catalysts. Resolving power of this

equipment was 1.9 A. Before the analysis, the sulfided samples
were dispersed in heptane in an ultrasonic bath, and a drop of this
suspension was deposited on a carbon-coated grid. More than 300
crystallites were measured for the estimation of slab length and
layer stacking distributions of MoS, particles in different catalysts.

The average slab lengths (L) and stacking numbers (N) were cal-
culated according to Eq. (1). In this equation, M; is the slab length
or stacking layer number of a stacked MoS; unit, and x; is the num-
ber of slabs or stacks in a certain range of length or stacking layer
number [39].

> (M)
ity ()

The average fraction of Mo atoms on the edge surface of the
MoS, crystals (fyo) Was used as an indicator of the active phase
dispersion. The fyo value was determined using Eq. (2) [40], assum-
ing that the MoS, crystals are perfect hexagons [41].In Eq. (2), the
numerator is the number of atoms in the active surface (Moegg.)
and the denominator is the total number of Mo atoms in the crystal
(Moygtq); t=number of layers in the MoS, particles and n; = number
of Mo atoms in one edge, determined from the average length L as
shown in Eq. (3).

L (orN)= (1)

fro = MOcage Yy (61— 6) 2
" Mogoa Zle (3nl.2 —-3n; + 1)
L
ni = a + 0.5 (3)

2.4. Catalytic activity tests

The dibenzothiophene hydrodesulfurization tests were carried
out in a batch reactor under the following reaction conditions:
300°C temperature,7.3 MPa total pressure and 8 h reaction time.
Before the catalytic activity tests, the catalysts were sulfided ex situ

DBT !
kW
S DDS route
* *
HYD route | k, k3
THDBT " CHB
S H,S

Scheme 1. Dibenzothiophene hydrodesulfurization reaction network used to
calculate the catalytic constants based on the model proposed by H. Farag [42,43].
DBT =dibenzothiophene; THDBT = tetrahydrodibenzothiophene; BP =bipheny];
CHB = cyclohexylbenzene.

at atmospheric pressure upon the following conditions: 400°C, 4 h,
in a stream of 20 mL/min of a mixture of HyS (15 vol.%)/Hy. The
sulfided catalysts were transferred to a batch reactor in an inert
atmosphere (Ar). Previously, the reactor was filled with 40 mL of
dibenzothiophene solution in hexadecane with 0.032 mol/L DBT
concentration.

In order to characterize the hydrogenation (HYD route) and the
direct desulfurization (DDS route) abilities of the catalysts, the com-
position of the reaction products was determined by taking samples
of the reaction mixture every hour and analyzing them on an Agi-
lent Technologies chromatograph, GC 6890 model, equipped with
a flame ionization detector and 50 m length HP-1 capillary column.
ChemStation Plus software was used for the integration of detected
GC signals. Selectivity of the catalysts was characterized by their
rate constants.

The kinetic constants were calculated based on the kinetic
model proposed by H. Farag [42,43] for the reaction network shown
in Scheme 1. This kinetic model is based on the assumption of the
existence of two different kinds of catalytic active sites of (i) hydro-
genation and (ii) direct desulfurization. In this approach, the total
rate can be expressed as Rygia; =Ruyp + Rpps. The solved differen-
tial equations to calculate the catalytic constants are included in
the Supplementary Information section. Five rate constants were
calculated: k, overall pseudo-first-order rate constant; k;*, k™, k3™
and k4*, apparent rate constants, which were ky*=k,K,, where
kn is the intrinsic kinetic rate constant and Ky, is the equilibrium
adsorption constant of each compound. The overall rate constant
k=ki*+ky*=k1K; +kyKy, where ky and k, are the intrinsic kinetic
rate constants for the DDS and HYD routes, and K; and K, are the
equilibrium adsorption constants of DBT over the catalytic active
sites for DDS and HYD, respectively. According to the Scheme 1,
rate constants k1 * and k4* are related to hydrogenolysis reactions
(C—Sbond cleavage), whereas k,* and k3* correspond to the hydro-
genation of DBT and CHB, respectively. The kinetic equations were
compiled until converged. For all the catalysts tested in this study,
good fitting was obtained between the experimental points and
the fitted curves based on the equations used to calculate catalytic
constants involved in HDS of DBT reaction network.

3. Results and discussion
3.1. Support and oxide catalyst characterization
3.1.1. Small- and wide-angle X-ray diffraction

Fig. 1a and b show the small- (SA) and wide-angle (WA) diffrac-
tograms for the mesoporous materials used as catalyst supports. It
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Fig. 1. (a) Small-angle and (b) wide-angle X-ray diffraction patterns of the prepared
mesoporous supports.

can be seen that MCM-41 (denoted as “M”) exhibited an intense
reflection at 20 =2.2° and three weaker ones at 3.8°, 4.3° and 5.9°
assigned to typical Bragg reflections (100), (110), (200) and (210),
characteristic of high-quality hexagonal mesostructures with long-
range 2D hexagonal arrangement of the channels and p6mm space
group symmetry (Fig. 1a) [7]. Fig. 1a also shows the SA-XRD
patterns of the niobium-modified MCM-41 mesoporous supports
(denoted as “xNbM”). The highly ordered hexagonal pore structure
of the MCM-41 was still preserved after Nb impregnation, mean-
while the relative intensities of the reflections characteristic of
the MCM-41 were smaller for the xNb/MCM-41 supports. This can
be attributed to the modification of the MCM-41 pore walls with
Nb, 05 species, which reduces the scattering contrast between the
pores and the walls of the molecular sieve [44] or to some dis-
tortion of the long-range pore order. The structural parameters of
the starting MCM-41 were not modified by Nb-incorporation, pre-
senting approximate values of 40 (+0.2A), 46 (+0.2A) and 21A
(£1.7 A) for basal interplanar spacing values (d;q), lattice param-
eter (ap) and pore wall thickness (), respectively. On the other
hand, WA-XRD patterns (Fig. 1b) of the parent MCM-41 showed
a broad band in the range of 15-40° 20, which is characteristic of
amorphous silica material [45]. Nb-containing MCM-41 supports
showed similar diffractograms as of starting MCM-41 silica. No sig-
nals attributable to the presence of the Nb,05 crystalline phase
were detected, which points out the small crystallite size (less than
5nm) or high dispersion of the deposited Nb(V) oxide species.

The diffractograms of the prepared NiMo and CoMo catalysts
are shown in Fig. 2. Fig. 2a shows the SA-XRD patterns of the pre-
pared NiMo catalysts. One main reflection can still be seen in these
diffractograms at about 2.2° (20). However, the relative intensity of
this signal for the catalysts was much smaller than that observed

for the corresponding supports (Fig. 1a). In addition, instead of the
other three weak signals which were observed for the supports at
3.8°,4.3° and 5.9° (20), in the diffraction patterns of the catalysts
only one small-intensity, poor-resolved signal can be seen at about
4° (20). The catalysts of a CoMo series showed similar behavior
when their SA-XRD patterns (not shown) were compared to those
of the corresponding supports. The above results indicate that even
if the hexagonal pore arrangement of the MCM-41 and xNb/MCM-
41 supports was still maintained in the NiMo and CoMo catalysts,
the long-range 2D hexagonal pore order in the catalysts was sig-
nificantly affected by the incorporation of the metal oxide species.
Probably, this can be due to the agglomeration of the deposited
metal species inside the support’s pores and on its external surface,
leading to pore blockage, or to some destruction of the MCM-41-
support structure during the impregnation of aqueous solutions
of metal species upon heating. However, these assumptions need
further experimental confirmation.

Fig. 2b and ¢ show WA-XRD patterns of the prepared CoMo and
NiMo catalysts, respectively. Similarly to WA-XRD patterns of the
supports (Fig. 1b), the diffractograms of the fresh catalysts pre-
sented a broad peak between 15 and 40° (20) attributed to the
amorphous silica of the MCM-41 support [45]. In addition to this
broad peak, some small intensity signals can be seen in the diffrac-
tion patterns of some of the NiMo and CoMo catalysts. These signals
were assigned to the presence of some crystalline phases of the
Co (or Ni) and Mo oxide species. Thus, some mesoporous cata-
lysts exhibited signals at 22.7° and 28.5° (20) which correspond
to (110) and (220) reflections of the MoO3 phase (PDF #76-1003).
Another weak peak observed in the XRD patterns of the CoMo cat-
alysts at 26.3°(20) can be assigned to the presence of some traces
of the cobalt molybdenum oxide CoMoO,4 phase (PDF #21-0868).
Although the small intensity of this signal and the absence of other
signals of the above-mentioned crystalline phases did not allow
us to make a more precise assignation, the appearance of this sig-
nal evidences that some agglomeration of cobalt oxide species
took place in all prepared catalysts, independently on the sup-
port’s Nb loading. For the catalysts of the NiMo series, a signal at
26.7° (20) was observed in the XRD patterns of the NiMo5NbM and
NiMo10NbM catalysts that can be due to the (220) reflection of the
NiMoOy crystalline phase (PDF #45-0142). It seems that the for-
mation of these crystalline species was promoted on the MCM-41
supports modified with niobium at Nb loadings larger than 5 wt.%.

3.1.2. N, physisorption

MCM-41 prepared at room temperature (Supporting Informa-
tion, Figs. S1a) presented a Type-IV isotherm, typical of a uniform
mesoporous material, in agreement with the literature [18,46]. The
N, adsorption-desorption isotherms of the xXNbM supports (Fig.
S1a),CoMoxNbM (Fig. S1b) and NiMoxNbM (Fig. S1c) catalysts were
similar to that of the MCM-41 silica support. They had the same
shape and the only difference observed was in the overall amount
of adsorbed nitrogen, which was smaller than for the MCM-41 sup-
port. This can be ascribed to the increase in the materials’ density
due to the incorporation of Nb, Ni(Co) and Mo oxide species on the
MCM-41 surface.

Table 1 shows the textural and structural characterization
results of the prepared supports. When the textural character-
istics of the starting MCM-41 (M) materials and Nb-containing
MCM-41 supports (xXNbM) are compared, it can be noted that the
incorporation of Nb resulted in a significant decrease in the textu-
ral characteristics (Sger and Vp). For example, when just 3 wt.% of
Nb were incorporated in the MCM-41 material, the specific sur-
face area of the support decreased from 1027 to 810m?/g (21%
decrease), whereas the total pore volume changed from 1.06 to
0.78 cm3/g (26% decrease). On one side, such a strong decrease in
the textural characteristics of the MCM-41 material after Nb incor-
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Fig. 2. Small-angle (a) and wide-angle X-ray diffraction patterns of the supported CoMoxNbM (b) and NiMoxNbM (c) catalysts, x represents supports’ Nb loading (x=0, 3, 5

and 10 wt.%).

Table 1

Structural and textural characteristics of the mesoporous supports.
Sample * Sger (m?/g) P Vp (cm?/g) © Dads-ppn (A) 9 digo (A)© ao (A)f 3(A)e
M 1027 1.06 25 40.7 47.0 22
M-T 854 0.85 26 38.2 441 18
3NbM 810 0.78 25 40.5 46.8 21
5NbM 758 0.71 27 40.1 46.3 18
10NbM 663 0.62 28 40.5 46.8 18

3 M=MCM-41, M-T =water treated MCM-41 material; XNbM =xNb/MCM-41, where x=0, 3, 5 and 10 wt.% of Nb.

b Specific surface area determined by the BET method.
¢ Pore volume obtained at relative pressure of 0.98.

d Pore diameter determined from the adsorption branch of the isotherms by the BJH method.

¢ Basal interplanar spacing values (digo).
f Lattice parameter (ap) for a hexagonal pore structure: ap =2d;00/+/3.
& Pore wall thickness (3) estimated as 8 =ag — Daqs-gj-

poration can be ascribed to the agglomeration of the deposited
Nb, 05 species. However, we think that another possible explana-
tion can be ascribed to the preparation method used in the present
work for the incorporation of niobium. Namely, the Nb(V) precur-
sor salt was impregnated on the MCM-41 surface using an excess
of the aqueous solution, and then the solvent (water) was evap-
orated upon heating of the above mixture on a magnetic stirrer.
From the literature [47-49] it is known that the textural char-
acteristics of silica-based mesoporous materials such as SBA-15,
HMS and MCM-41, can be drastically affected by the exposure
to water or even to air humidity during long-time storage. To
prove this supposition, an additional experiment was performed
in which the parent MCM-41 material was impregnated with the
same amount of pure water (without Nb(V) precursor) following
the same preparation method as described above. The obtained
sample was denoted as “M-T” material, and its textural characteris-
tics are also shown in Table 1, whereas its small-angle XRD pattern
and nitrogen adsorption-desorption isotherm can be consulted in
the Supporting Information section (Fig. S2). It can be seen that
the water-treated M-T sample also showed a noticeable decrease
in the specific surface area and pore volume (17 and 20 %, respec-
tively), in addition to a small increase (~1A) in pore diameter and
a decrease in pore wall thickness (~4 A). Some dissolution of silica
from the MCM-41 pore walls might have taken place in aqueous
solutions upon heating. Therefore, the impregnation method used

could also be partially responsible for the decrease in the textural
characteristics of the xXNbM samples. Similar instability of MCM-
41 in aqueous solutions, especially at neutral and basic pH values,
have been reported previously by Pham et al. [49]. This effect was
also observed during the preparation of Nb-containing supports
(Table 1), when Nb loading was varied between 3 and 10 wt.%, the
average pore diameter increased from 25 to 28 A, while the pore
wall thickness decreased from 22 to 18 A.

The textural characteristics of the synthesized CoMo and NiMo
catalysts are shown in Table 2. It can be noted that the incorpo-
ration of the above-mentioned metal oxides on the M and xXNbM
supports resulted in a further decrease in the specific textural char-
acteristics of the samples (Sger and Vp). This decrease could be due
to agglomeration of the deposited cobalt, nickel and molybdenum
oxide species inside the mesoporous support pores that can cause
pore plugging. This seems to be reasonable and in line with the
powder WA-XRD characterization of the catalysts (Fig. 2b and c),
where the formation of traces of crystalline MoO3, CoMoO,4 and
NiMoO,4 phases were detected. On the other side, a deterioration
of the MCM-41 and xNb/MCM-41 pore walls by the impregnation
of aqueous solutions of metal precursors cannot be ruled out. In
addition, Kumar-Rana and Viswanathan have suggested [50] that
the thermal decomposition of the heptamolybdate precursor dur-
ing calcination of the prepared Mo/MCM-41 catalysts can also cause
a destruction of the MCM-41 pore-ordering.
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Table 2

Textural characteristics and chemical composition of the prepared CoMo and NiMo catalysts.

Sample @ Textural properties Elemental composition (wt.%) ¢ Atomic ratio ¢
Sger (M?/g) Vp (cm?/g) Dads-gji (A) Co (Ni) Mo Nb Ni(Co)/(Ni(Co)+Mo) Nb/Mo

CoMoM 755 0.64 25 2.2 104 - 0.26 -
CoMo3NbM 630 0.55 26 2.1 9.8 3.6 0.26 04
CoMo5NbM 510 047 26 2.1 9.6 5.9 0.26 0.6
CoMo10NbM 479 0.44 25 2.3 10.6 104 0.26 1.0
NiMoM 713 0.76 25 2.2 10.7 - 0.27 -
NiMo3NbM 655 0.63 25 2.4 9.6 3.0 0.29 03
NiMo5NbM 522 0.52 26 2.0 10.6 53 0.26 0.5
NiMo10NbM 410 0.41 26 2.0 10.7 10.5 0.27 1.0

2 CoMoxNbM = CoMoxNb/MCM-41; NiMoxNbM = NiMoxNb/MCM-41; where x=0, 3, 5 and 10 wt.% of Nb.
b Sper, specific surface area determined by the BET method; Vp, total pore volume obtained at relative pressure of 0.98; Dags-gju, pore diameter determined from the

adsorption branch of the isotherms by the BJH method.
¢ Nominal composition of the catalysts: 2.4 wt.% of Co (or Ni) and 10 wt.% of Mo.

4 Nominal atomic ratios: Ni(Co)/(Ni(Co) + Mo)=0.28 and Nb/Mo=0.0, 0.4, 0.6 and 1.0 for x=0, 3, 5 and 10 wt.% of Nb, respectively.

3.1.3. Elemental analysis

The real metal contents in the prepared CoMo and NiMo cat-
alysts supported on MCM-41 and xNb/MCM-41 materials were
determined by SEM-EDX analysis (Table 2). It can be observed that
the cobalt, nickel, molybdenum and niobium loadings in the meso-
porous catalysts and their respective atomic ratios were close to
the theoretically expected values.

3.1.4. FT-Raman spectroscopy

Raman spectra of pure silica MCM-41 (M) and Nb-containing
MCM-41 supports (xNbM, where x=3, 5 and 10 wt.%) are presented
in Fig. 3. The spectrum of the bulk Nb, O5 obtained after the calcina-
tion of ammonium niobate(V) oxalate hydrate at 500 °C for4 hin an
air atmosphere is also shown for comparison purposes. In this spec-
trum, the following signals can be observed: a broad band centered
at673cm™!, a group of signals with maxima at about 192, 245 and
320cm~! and a low-intensity broad band at 916 cm~!. According
to literature [51,52], all these signals can be attributed to different
vibration modes of crystalline Nb,Os. Thus, the first most intense
signal (673 cm~1) corresponds to symmetric stretching modes of
octahedrally-coordinated NbOg structures. The second group of
signals (between 350 and 170cm™!) is characteristic of bending
modes of the Nb—O—Nb linkages. And, finally, the weak broad band
at 916cm~! is due to the symmetric stretching mode of Nb=0
surface sites of pentahedrally coordinated NbOs structures [52].
It should be mentioned that the tetrahedrally-coordinated struc-
tures (NbOy4) are rarely found in niobium oxide compounds, since
the Nb>* atom is too large to fit into an oxygen-anion tetrahedron
[53].

The pure silica MCM-41 sample (M, Fig. 3) exhibits two Raman
bands at 484 and 785 cm~! assigned to the asymmetric and sym-
metric stretching vibrations of the Si—O—Si bonds, respectively.
Other bands at 638 and 402 cm~! are characteristic of the dehy-
drated amorphous silica surface [54], while the band at 976 cm™!
is associated with the stretching mode of vibrations of the surface
silanol groups (—Si—OH) [55]. When the spectra of Nb-containing
supports (3NbM, 5NbM and 10NbM) are compared to that of the
starting MCM-41 sample, it can be noted that the intensity of the
vibration mode ascribed to the Si—OH groups (976 cm~1) decreases
with increasing niobium content in the sample. This could be due
to the interaction of surface silanol groups of MCM-41 with the
deposited niobium oxide species. On the other hand, the most
intense band of the bulk Nb,0s5 (673 cm~!) cannot be observed in
the spectra of the 3NbM and 5NbM samples, suggesting that in
these samples, there are no agglomerated Nb(V) oxide species and
only highly-dispersed isolated niobium oxide species are present. A
further increase in the Nb loading to 10 wt.% resulted in the almost
complete disappearance of the silanol groups signal (976 cm~!)and
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Fig. 3. Raman spectra of the prepared M and xXNbM mesoporous supports with dif-
ferent Nb loadings (x=0, 3, 5 and 10 wt.%). The spectrum of the bulk Nb, 05 obtained
after the calcination of ammonium niobate(V) oxalate hydrate at 500°C for 4h is
also included.

the appearance of a very low-intensity band at 673 cm~!. It seems
that at this Nb-charge, most of the Si—OH groups were transformed
into Si—O—Nb ones due to the Nb grafting on the MCM-41 surface,
and an excess of the deposited Nb(V) oxide formed some small
Nb,O5 clusters or crystals not detectable by XRD.

3.1.5. X-ray photoelectron spectroscopy

M, xNbM and Nb,Os materials were also characterized by XPS.
Results obtained by this technique are shown in Fig. 4 and Table 3.
XPS signals were assigned according to the official web page of
National Institute of Standards and Technology (NIST) [56].
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Fig.4. Deconvoluted XPS spectra of mesoporous supports in (a) O1s, (b) Nb3d and (c) Si2p regions. The spectra of the bulk Nb,Os obtained after the calcination of ammonium
niobate(V) oxalate hydrate at 500 °C for 4 h are also shown in charts (a) and (b) for comparison purposes.

Table 3
Surface atomic concentrations of the O1 s species as determined by XPS elemental
analysis.

Sample Tetrahedral SiO4 Silanol groups (Si-OH) Ratio SiO4/Si-OH
M 55.7 443 1.4
3NbM 57.8 42.2 1.3
5NbM 83.2 16.8 49

10NbM 84.9 15.1 5.6

The peaks’ deconvolution revealed two distinct O1s (Fig. 4a) and
Si2p (Fig. 4c) binding energy signals, indicating the existence of two
different species. The first Si2p characteristic band corresponding
to O—Si—O of tetrahedral SiO4 species of silica was observed at
about 101.0eV (£0.1) (Fig. 4c). This band is consistent with the
01 s signal observed at about 531.6 eV that corresponds to the oxy-
gen of SiO4 species (0O—Si—O, Fig. 4a). Another Si2p signal with the
maximum between 105.3-103.9 eV (Fig. 4c) and a second O1s peak
centered at 535.1-534.1 eV (Fig. 4a) can be ascribed to the surface
silanol species (—Si—O—H). A progressive decrease in the relative
intensity of the Si2p and O1s signals attributed to the silanol groups
and a shift to lower binding energies can be observed with the
increasing Nb loading in the supports. This could be related to the
grafting of Nb(V) species on the hydroxyl groups of the MCM-41
support, in which surface —Si—O—H groups are transformed into
the —Si—0—Nb ones. This assumption was confirmed by the calcu-
lation of the ratio of the intensities of O1s signals of the SiO4/Si-OH
types for the XNbM supports with different Nb loadings (Table 3). It
was found that the above ratio increased with Nb loading from 1.4
for the M support to 5.6 for the 10NbM one. Therefore, results from
both FT-Raman and XPS suggest that the Nb species were attached
to the MCM-41 surface through the interaction with the silanol
groups.

The X-ray photoelectron spectrum of the bulk Nb,O5 obtained
after the thermal treatments of ammonium niobate(V) oxalate
hydrate (500 °C, 4 h) revealed the presence of a well-resolved dou-
blet with signals at 206.1 eV (3ds);) and 208.8 eV (3d3;) (Fig. 4b).
The separation of 2.7 eV between the above-mentioned peaks cor-
respond to Nb>* in an oxide environment (Nb,Os). This assignation
is corroborated by a symmetric peak in the O1s region centered at
about 531.3 eV (Fig. 4a). No binding energy peaks of Nb3d were

observed in the spectra of the 3NbM and 5NbM samples, probably
because of low niobium content. However, in the spectrum of the
10NbM sample, Nb3d signals could be observed. They were slightly
shifted to lower binding energy values compared to the signals of
the bulk Nb,Os, probably due to the interaction with the MCM-41
silica support.

3.1.6. UV-vis diffuse reflectance spectroscopy

A UV-vis DRS characterization of the prepared supports and
catalysts was performed to obtain more information about the
coordination and aggregation state of the deposited Co (or Ni), Mo
and Nb oxide species. The MCM-41 DR spectrum does not exhibit
any absorption band (Fig. 5a), indicating that this material does not
absorb UV or visible light. However, the bulk Nb,Os obtained after
the thermal treatments of ammonium niobate(V) oxalate hydrate
at 500 °Cfor4 h presented a broad band with the maximum at about
325nm that is produced by the ligand-to-metal charge transfer
(LMCT) 02~ — Nb°* in octahedral coordination. In the spectra of the
xNbM samples, main signals were observed at about 242, 246 and
250 nm for the Nb loadings of 3, 5 and 10 wt.%, respectively, which
was significantly different from the position of the main signal of
the bulk Nb(V) oxide (325 nm). As previously reported by Ziolek
and Sobczak [57], the absorption signals of the XNbM samples can
also be produced by LMCT in Nb(V) oxide species, but these species
should be pentahedrally-coordinated as Nb(V) linked to a silica sur-
face or they can have octahedral coordination, but high dispersion.
A slight shift of the peak maximum from 242 nm to 250 nm with
an increase in the Nb loading from 3 to 10 wt.% can be related to
an increase in the degree of agglomeration of the deposited Nb(V)
oxide species. These results are in line with the above described
Raman results for the xNbM supports (Fig. 3).

Mo®* has a d° electronic configuration, and therefore, the
absorption bands in the UV-vis DR spectra of the Mo-based
catalysts are due to the ligand-to-metal charge transfer (LMCT)
02~ - Mob* [58-60]. Different types of Mo oxide species can
be found in the supported Mo catalysts, namely, polymolybdate
Mof*oxide species and small MoO3 clusters and crystallites in
which Mo has an octahedral coordination sphere (O;) and iso-
lated tetrahedrally-coordinated molybdates Mo®*(Ty). All of them
generally absorb at wavelengths between 220 and 330 nm [61]. Fur-
thermore, the exact position of the absorption bands and/or energy
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Fig. 5. UV-vis DR spectra of the xXNbM supports (a), CoMoxNbM (b) and NiMoxNbM (c) catalysts, where x represents Nb loading in the supports (0, 3, 5 and 10 wt.%). The
spectrum of the bulk Nb,Os obtained after the calcination of ammonium niobate(V) oxalate hydrate at 500 °C for 4 h is also included in (a).

band gap (Eg) indicate the coordination and agglomeration degree
of the Mo species in the sample [61].

The UV-vis DRS results obtained for the synthesized CoMo and
NiMo catalysts are shown in Fig. 5(b and c). Broad absorption sig-
nals formed by two principal overlapped bands can be seen in the
spectra of all catalysts. The first band is located at 250 nm for the
CoMo catalysts and at 260 nm for the NiMo ones. The second band
is situated at about 330 nm in both the CoMo and NiMo catalysts. In
order to clarify which is the metal species that each of the above-
described absorption signals can be attributed to UV-vis DR spectra
of monometallic Co, Ni and Mo catalysts supported on M and xXNbM
materials were collected (Fig. S3). A comparison of the spectra of
mono- and bimetallic catalysts showed that the first signal with the
maximum at 250-260 nm could be ascribed to an electronic tran-
sition with 02~ — Ni2* [62] or 02~ — Co?* [63,64] charge transfer
of octahedrally-coordinated Ni or Co oxide species (small NiO or
CoO clusters). A low-intensity shoulder, which can be appreciated
in the visible region of the spectra of the NiMo and CoMo cata-
lysts (at about 400-420 nm wavelength) confirms the octahedral
coordination of the Ni and Co oxide species and is attributed to
their d-d electronic transitions. On the other hand, it is known that
tetrahedrally-coordinated Mo oxide species (such as [MoO4]%~ and
[Mo,07]27) and low-polymerized octahedrally-coordinated Mo®*
oxide species also present absorption in the wavelength interval of
250-280nm [58-61]. Therefore, our catalysts can also have some of
the above-mentioned Mo species. The second signal observed in all
spectra shown in Fig. 5 can be unambiguously assigned to the pres-
ence of agglomerated octahedrally-coordinated Mo oxide species
(such as small MoOs clusters or agglomerated polymolybdates).
The incorporation of niobium oxide into the MCM-41 support did
not produce a noticeable change in the type of the deposited Ni, Co
or Mo oxide species in the catalysts, nor in the calculated band gap
energy (Eg), which was 3.4 eV for all cases.

3.1.7. Temperature-programmed reduction

Fig. 6 shows the reduction profiles of the synthesized CoMo and
NiMo catalysts. Table 4 shows the corresponding H, consumptions
and the total degree of reduction of the catalysts. The TPR profiles
obtained for the catalysts of the CoMo and NiMo series have a sim-
ilar shape (Fig. 6a and b, respectively): one well-defined intense

Table 4
Reduction behavior of CoMo and NiMo catalysts determined from the TPR results
and fy, fraction for the corresponding sulfided catalysts estimated from the HRTEM
results.

Sample ? H, consumption (mmol/g) ° ag ¢ fvto @
200-600°C 600-1000°C Total
CoMoM 1.87 0.68 2.56 0.72 0.26
CoMo3NbM 2.12 0.47 2.60 0.74 0.28
CoMo5NbM 2.19 0.40 2.58 0.73 0.26
CoMo10NbM 1.86 0.42 2.28 0.65 0.23
NiMoM 2.09 0.60 2.68 0.76 0.22
NiMo3NbM 235 0.40 2.75 0.78 0.26
NiMo5NbM 2.62 0.29 291 0.82 0.24
NiMo10NbM 2.32 0.32 2.64 0.75 0.23

3 CoMoxNbM = CoMoxNb/MCM-41; NiMoxNbM = NiMoxNb/MCM-41; x=0, 3, 5
and 10 wt.%.

b Hydrogen consumption determined from the TPR results.

¢ ag, degree of the reduction of Co (or Ni) and Mo oxide species determined from
the total H, consumption of each sample and the theoretical value corresponding
to their complete reduction (3.50 mmol/g).

4 fuo, fraction of Mo atoms on the edge surface (catalytically active surface) of
MoS; particles estimated using Egs. (1)-(3).

reduction signal at a low-temperature region (200-600 °C, Zone I)
of the thermograms and broad low-intensity hydrogen consump-
tion at a high temperature interval (600-1000 °C, Zone II). The first
intense H, consumption peak was located at about 507-517°C
for the CoMoM and CoMoxNbM catalysts and at a slightly lower
temperature of about 412-436°C for the NiMoM and NoMoxNbM
catalysts. This low-temperature reduction peak can be assigned to
the first step of reduction (Mo®*— Mo**) of octahedral Mo oxide
species, Mo5*(0y,), probably of the agglomerated polymolybdate
species or small MoOs crystals, detected by WA-XRD (Fig. 2b and ¢)
and UV-vis DRS (Fig. 5b and c). According to the literature [65-67],
CoO and NiO species in the Co/MCM-41 and Ni/MCM-41 cata-
lysts can also be reduced in a single reduction step (from Co2* to
Co? [65] and from Ni%* to Ni® [65-67]) at the same temperature
interval (between 300 and 600 °C), being NiO easier to be reduced
than the CoO. The hydrogen consumption at the high temperature
zone (Zone II) can be associated with the second step of reduction
(from Mo** to Mo?) of polymeric octahedral Mo oxide species and
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Fig. 6. TPR profiles of the catalysts: (a) CoMoxNbM and (b) NiMoxNbM, where x represents Nb loading in the supports (0, 3, 5 and 10 wt.%).

with the first step of reduction of isolated tetrahedral Mo species
(Mob*(Tq)) in strong interaction with the silica support [68,69]. The
broadness of the signal observed in Zone II indicates the coexis-
tence of Mo oxide species with different degrees of agglomeration
and coordination.

The incorporation of different amounts of Nb(V) oxide into the
mesoporous MCM-41 supports did not result in a significant change
in the TPR profiles of the CoMo and NiMo catalysts (Fig. 6). For
the CoMoxNbM catalysts, an increase in the Nb loading in the sup-
port almost did not affect the position of the main reduction peak
(507 °C), whereas for the NiMoxNbM catalysts, it produced a slight
decrease in the temperature of reduction of octahedral Mo oxide
species (from 436 to 412 °C). In the last case, it seems that the incor-
poration of Nb in the catalysts makes easier the reduction of the
deposited Mo oxide species, which can be attributed to an increase
in their dispersion on the Nb-containing supports. A more detailed
analysis of the effect of Nb on the reduction behavior of the syn-
thesized CoMoxNbM and NiMoxNbM catalysts revealed that the
presence of Nb in the MCM-41 supports resulted in an increase in
the H, consumption at a low temperature interval (Zone I) and a
decrease at a high temperature interval (Zone I, Table 4). This effect
was more pronounced for the catalysts of the NiMo series than for
the CoMo ones. Finally, it should be mentioned that in contrast to
the previously published work [70], we did not detect any reduc-
tion signal that can be attributed to the reduction of the Nb(V) oxide
species in the TPR profiles of the XNbM supports (not shown) and
xNbM-supported catalysts.

3.2. Characterization of sulfided catalysts

3.2.1. High resolution transmission electron microscopy

HRTEM is the most effective technique for the examination of
the morphology of sulfide active phases, since it allows visual-
ization of MoS, crystallite slabs on the support’s surface. In the
HRTEM micrographs of all characterized CoMo and NiMo catalysts
(supported on pure silica MCM-41 or on Nb-containing materials),
crystallites with the typical layered structure with interplanar dis-
tances of about 6.2 A were observed (Fig. 7). These structures can be
ascribed to the MoS, active phase particles with the 6.1 A interlayer
distances. It can be observed in Fig. 7 that the addition of 3 wt.% of

Nb to the MCM-41 resulted in some changes in the dispersion of
the MoS, particles. Previously, it was reported that the sulfided
niobium species, NbS,, have a crystallographic structure similar to
that of the MoS,, but with a slightly larger interplanar distance
(6.3 A). However, the formation of such sulfided NbS, phase is not
possible in the case of our catalysts because it forms at a high tem-
perature (about 950°C followed by quenching from an annealing
temperature of 750°C) [71].

Fig. 8 shows the length (L) and stacking number (N) distribu-
tions of MoS; slabs in the sulfide NiMo and CoMo catalysts. Both
length and stacking distributions are broader for the CoMoM and
NiMoM catalysts supported on the Nb-free MCM-41 material than
for the xNbM-supported counterparts. Therefore, the presence of
Nb in the mesoporous MCM-41 supports resulted in more narrow
distributions in the crystal length and stacking degree of the MoS,
particles. The average length and stacking numbers of the MoS;
crystallites calculated from the statistical analysis for the sulfided
NiMo and CoMo catalysts are also shown in Fig. 8. It can be observed
that the average crystallite size of the MoS; phase in the NiMo cat-
alysts decreased from 54 to 46 A after the addition of 3 wt.% of Nb
in the MCM-41 support, whereas for the similar CoMo catalysts
this decrease was from 45 to 42 A. Regarding the average stacking
degree, for the majority of the catalysts, Nb addition to the MCM-
41 support also resulted in a decrease in the average stacking of
MoS; slabs. The average values of L and N were used to estimate
the fraction of Mo atoms on the catalytically active surface of the
MoS, particles (fy, fraction). Table 4 shows the calculated fy, val-
ues. These values also confirm an increase in the proportion of Mo
atoms available for the interaction with the reactant molecules in
the CoMo and NiMo catalysts supported on xNbM, especially at low
Nb loadings (3-5 wt.%), in comparison with the corresponding cat-
alysts supported on MCM-41 silica. Therefore, it can be concluded
that the addition of a small amount of Nb (around 3 wt.%) to MCM-
41 is beneficial for the dispersion of the sulfided NiMo and CoMo
catalysts.

3.3. Dibenzothiophene hydrodesulfurization reaction

Scheme 1 shows the mechanism of hydrodesulfurization (HDS)
of dibenzothiophene (DBT), which occurs through two parallel
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Fig. 7. HRTEM micrographs of selected sulfided catalysts: (a) CoMoM, (b) CoMo3NbM, (c) NiMoM and (d) NiMo3NbM.

reaction routes. The first pathway is called the direct desulfur-
ization (DDS) and comprises the direct elimination of the S atom
from the dibenzothiophene molecule via C-S bond cleavage, yield-
ing biphenyl (BP). The second route is the hydrogenation (HYD)
pathway, which consists of two steps: partial hydrogenation of
one of the benzene rings of DBT, followed by the hydrogenolysis
of the C-S bond and sulfur elimination. This pathway yields first
tetrahydrodibenzothiophene (THDBT) and then the correspond-
ing cyclohexylbenzene product (CHB). The latter can suffer further
hydrogenation, leading to the formation of dicyclohexyl (DCH) (not
shown in Scheme 1). At high DBT conversion, the possibility of fur-
ther hydrogenation of the BP product to CHB also exists. The ratio
between the two reaction pathways depends on both, the nature
of the S-containing molecule and the catalyst [72].

In the present work, synthesized NiMo and CoMo catalysts were
first sulfided exsitu and then tested in the DBT HDS reaction. Results
obtained with the pure silica MCM-41 support and with the Nb-
containing MCM-41 materials were compared to observe the effect
of Nb on the catalytic performance of the NiMo and CoMo catalysts.

Table 5 shows the DBT conversions obtained with different
catalysts at different reaction times (2, 4 and 8 h) and product dis-
tributions obtained at two DBT conversion values (40 and 80%). The
DBT conversions obtained with the CoMo catalysts at 8 h reaction
time changed in the following order: CoMo3NbM > CoMo5NbM
> CoMo10NbM ~ CoMoM. For the NiMo catalysts, the order was:
NiMo3NbM > NiMo5NbM ~ NiMo10NbM > NiMoM, respectively. In
both cases, Nb-containing catalysts resulted to be more active than
catalysts not containing Nb. The main desulfurized reaction prod-

ucts were biphenyl and cyclohexylbenzene. For the NiMo series
catalysts, considerable amounts of the THDBT intermediate were
also detected at low (40%) DBT conversion. At high DBT conversion
(80%), traces of DCH were found for the NiMo catalysts, whereas for
the CoMo ones and the NiMo10NbM sample, undesirable crack-
ing products (benzene and cyclohexane) were formed in small
amounts (below 2.4%). The relative amounts of the obtained prod-
ucts depended on the promoter (Co or Ni) used and on the support’s
Nb loading (Table 5). As expected, the DDS product (BP) was formed
in a larger proportion with the CoMo catalysts, while the products
of the HYD route (THDBT + CHB + DCH) were predominantly formed
with the NiMo catalysts. This result is in good agreement with pre-
vious literature reports for CoMo/Al,03 [73] and NiMo/Al,03 [74]
catalysts.

A more detailed analysis of the catalysts’ selectivity and the
effect of Nb on the reaction routes was made on the basis of
the calculated rate constants shown in Table 6. The obtained
overall pseudo-first-order rate constants’ values (k) varied in
a wide range, from 1.07 x 10~ to 2.34 x 107> L/(s-8cat). Among
the CoMoxNbM catalysts, the most active samples were the
CoMo3NbM and CoMo5NbM: both presented the rate constant k
equal to 1.98 x 107> L/(s-gcat). The activity of these two catalysts
was about 1.5 times higher than that of the corresponding CoMoM
sample without Nb. For the NiMo catalysts, Nb addition to the
MCM-41 support also resulted in an increase of the activity. In this
case, all Nb-containing catalysts showed higher k values than the
reference NiMoM sample. The NiMo3NbM catalyst resulted to be
the most active among all catalysts prepared in the present work.
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Table 5
Catalytic performance of the synthesized catalysts in hydrodesulfurization of DBT.

Catalyst DBT conversion (%)* Product composition (%) ° Product composition (%) ©
2h 4h 8h THDBT BP CHB BP CHB DCH B+CH

CoMoM 26 52 86 0.0 61.4 38.6 55.7 43.5 0.0 0.8
CoMo3NbM 35 67 98 0.0 70.2 29.8 66.1 329 0.0 1.0
CoMo5NbM 35 66 96 0.0 66.2 33.8 65.4 34.3 0.0 0.3
CoMo10NbM 22 45 87 0.0 61.6 384 56.2 43.0 0.0 0.8
NiMoM 28 52 88 8.8 422 49.0 37.6 59.6 2.8 0.0
NiMo3NbM 39 73 95 11.8 36.0 52.2 31.2 65.4 34 0.0
NiMo5NbM 33 68 93 12.8 344 52.8 294 67.4 3.2 0.0
NiMo10NbM 35 66 93 13.0 31.2 55.8 25.6 68.4 3.6 24

2 At different reaction times.

b At 40% of DBT conversion. THDBT = tetrahydrodibenzothiophene; BP =biphenyl; CHB = cyclohexylbenzene.
¢ At 80% of DBT conversion. BP =biphenyl; CHB = cyclohexylbenzene; DCH = dicyclohexyl; cracking products: B=benzene and CH = cyclohexane.
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Fig. 8. Length (a) and stacking (b) distributions of MoS, crystallites in selected sul-
fided NiMo and CoMo catalysts. Average length (L) and average stacking number (N)
of MoS, crystallites are shown for each catalyst.

Table 6
Apparent rate constants of CoMo and NiMo catalysts for HDS of DBT in the reaction
network shown in Scheme 1.

Catalyst @ Rate constants, x 10° (L s~ gcar,) © Ratio kp*[k*
k ki* ko* ks* kq*
CoMoM 1.32 0.81 0.50 0.13 38.19 0.62
CoMo3NbM 1.98 137 0.61 0.06 42.57 0.44
CoMo5NbM 1.98 1.28 0.70 0.03 42.57 0.54
CoMo10NbM 1.07 0.67 0.40 0.11 38.19 0.60
NiMoM 1.38 0.61 0.78 0.23 23.65 1.28
NiMo3NbM 2.34 0.92 1.42 0.71 28.01 1.54
NiMo5NbM 2.09 0.74 1.35 0.52 25.99 1.68
NiMo10NbM 1.99 0.64 134 0.49 20.77 2.10

3 CoMoxNbM = CoMoxNb/MCM-41; NiMoxNbM = NiMoxNb/MCM-41; x=0, 3, 5
and 10 wt.%.

bk, overall pseudo-first-order rate constant; ki*, k»*, k3* and k4*-, apparent rate
constants (k,* =knK,, where k, is the intrinsic kinetic rate constant and K, is the
equilibrium adsorption constant of each compound).

The value of k obtained with this catalyst (2.34 x 1075 L/(s-gcat)) was
1.7 times higher than that of the similar catalyst without niobium
(NiMoM).

From the above results, it can be concluded that the activity of
the NiMo and CoMo catalysts supported on the xXNbM materials
passes through the maximum at niobium loadings about 3-5 wt.%.
A further increase in the support’s Nb loading to 10 wt.% resulted in
a decrease in the activity of the CoMoxNbM and NiMoxNbM cata-
lysts that can be attributed to a decrease in the dispersion of MoS,
(fmo fraction, Table 4).In general, it can be seen that both the overall
pseudo-first-order rate constants (k) of the NiMo and CoMo cata-
lysts (Table 6) and the corresponding fy, fractions (Table 4) follow
similar trends with Nb loading in the MCM-41 supports. Catalysts
with larger fyo fractions show higher k values. However, the mag-
nitude of the changes in the k and the f;, values was different.
For example, the addition of 3 wt.% of Nb to the MCM-41 support
produced an increase of k in 1.5-1.7 times for the CoMo and NiMo
catalysts, respectively, whereas the fy;, fraction increased in less
than 10 %. Therefore, the effect of niobium in these catalysts is not
limited to improving MoS; dispersion. There should be another rea-
son for such a strong increase in the HDS activity of the sulfide
NiMo and CoMo catalysts supported on Nb-containing MCM-41
materials. Further investigation is now in progress to clarify this
point.

Table 6 shows also the apparent rate constants k;*, k>*, k3™ and
-k4*, which were calculated based on the kinetic model proposed
by H. Farag [42,43] for the reaction network shown in Scheme 1. In
this approach, the existence of two different kinds of catalytic active
sites of (i) hydrogenation (HYD) and (ii) direct desulfurization (DDS)
is assumed. The total rate can be expressed as Rroa) = Ruyp + Rpps
and the overall pseudo-first-order rate constant (k) is related to the
apparent constants k1* and ky* as k=kq* + ky* =k Kq + k2K, where
kyand k; are the intrinsic kinetic rate constants for the DDS and HYD
routes, and Ky and K, are the equilibrium adsorption constants of
DBT over the catalytic active sites for DDS and HYD, respectively.
Therefore, the k,*/k{* ratio characterizes the ability of each cata-
lyst for the HYD and DDS routes of the reaction. The apparent rate
constants k3* and k4* are also related to the intrinsic kinetic rate
constants k3 and k4 and the equilibrium adsorption constants of
BP and THDBT (K3 and Ky, respectively) as k,* =k, K,. According to
Scheme 1, k1* and k4* rate constants are related to hydrogenoly-
sis reactions (C-S bond cleavage), whereas k;* and k3* constants
correspond to the hydrogenation of DBT and BP, respectively. As
it can be observed in Table 6, the CoMoxNbM catalysts had higher
values of the k;* and k4* rate constants than the corresponding
NiMoxNbM catalysts, which is in line with the high ability of the
CoMo catalysts for hydrogenolysis reactions. On the contrary, the
NiMoxNbM catalysts showed higher values of the k,* and k3* con-
stants of hydrogenation reactions than the CoMoxNbM ones. The
effect of the addition of 3-5 wt.% of Nb in the supports consisted in
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an increase of all apparent rate constants, with the only exception
of k3* of the CoMo series catalysts. In the case of the CoMo cata-
lysts, the apparent constant k;* corresponding to the DDS pathway
of the HDS reaction suffered a larger increase with the addition of
3-5wt.% of Nb than the k;* and k4* constants related to hydro-
genation. As a result, Nb-containing CoMo3NbM and CoMo5NbM
catalysts showed lower k,*/k;* values than the reference CoONoM
sample without Nb, which means that the addition of Nb to the
silica support produced an increase in the CoMo catalysts’ selectiv-
ity towards the direct desulfurization of DBT. On the contrary, for
the NiMoxNbM catalysts, the k,* and k3* constants increased more
after the addition of Nb to the supports. An increase in the k; * value
was less strong leading to an increase in the k,*/k; * ratio for the Nb-
containing catalysts in comparison with the NiMoM sample. In this
case, Nb loading to the MCM-41 supports resulted in an increase in
the hydrogenation ability of the NiMo catalysts.

Resuming the above catalytic results, it can be concluded that
the addition of small amounts of Nb (3-5wt.%) to the MCM-41
supports had a positive effect on both catalytic activity and selec-
tivity of the prepared catalysts. For the CoMo catalysts, Nb addition
improved catalysts’ selectivity towards the DDS pathway of the
reaction, whereas for the NiMo catalysts, Nb addition increased
their selectivity to hydrogenation. A more detailed study is needed
to explain the reasons for these changes in activity and selectivity.
A few researchers suggested previously that an increase in the HYD
activity of the catalysts can be attributed to an increase in the acidic
environment of the support, which affects the electron-deficient
character of the active metal, favoring the adsorption of aromatic
compounds and their hydrogenation [75,76]. However, the differ-
ent effect of Nb on the selectivity of the CoMo and NiMo catalysts
points out to the importance of not only the acidic properties of the
support, but also the promoter’s nature.

4. Conclusions

CoMo and NiMo catalysts supported on pure silica MCM-41 and
on Nb-containing MCM-41 materials with different Nb loadings
were prepared and tested in the hydrodesulfurization of dibenzoth-
iophene. Characterization of the Nb-containing MCM-41 supports
by Raman and XPS showed that only Nb(V) oxide species were
present in them. These species were highly dispersed at low Nb
loadings (3-5wt.%) and existed as Nb oxide grafted to the sur-
face silanol groups of the MCM-41 material. At high Nb loading
(10 wt.%), in addition to the grafted Nb species, some agglomerated
Nb, 05 species were detected as clusters or small crystals by Raman
but were not detectable by XRD. CoMo and NiMo catalysts sup-
ported on 3NbM and 5NbM materials with well-dispersed grafted
Nb oxide species showed higher catalytic activity than the corre-
sponding CoMo and NiMo catalysts supported on MCM-41 silica.
Selectivity of these catalysts was also affected by the addition of
Nb, namely the CoMo catalysts increased their selectivity towards
the DDS route of DBT hydrodesulfurization, while the NiMo cata-
lysts became more selective for the HYD route of the reaction. This
behavior could be due to the promoter’s nature. However, it can be
stated that the addition of Nb imptoved the activity and the char-
acteristic selectivity of both CoMo and NiMo catalysts. This was
confirmed by the calculated overall pseudo-first-order rate con-
stant and the apparent rate constants for different steps of the DBT
reaction network. Nevertheless, a more detailed study and charac-
terization of the sulfided CoMo and NiMo catalysts supported on the
Nb-containing MCM-41 materials is required to explain the reasons
for the strong modifications in the catalytic activity and selectivity.
On the other hand, a further increase in the supports’ Nb loading
to 10 wt.% resulted in some agglomeration of the deposited Nb, 05
species that leads to a decrease in the support’s textural properties,

worse dispersion of the sulfided MoS, species and lower catalytic
activity.
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