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a  b  s  t  r  a  c  t

HDS  NiMo  catalyst  precursors  supported  on  SiO2, SiO2-TiO2 or SiO2-ZrO2, having  high  specific  surface
areas  and  highly  dispersed  Mo species  were  prepared  using  a  one-pot  sol-gel  methodology  or  by  wet
impregnation.  After  the  catalyst  precursor  sulfidation,  HRTEM  and  Raman  analyses  evidenced  the  effec-
tive  formation  of  MoS2 slabs  on the support.  For  the  NiMoS-Si  catalyst  (precursor  one-pot  synthesized),
there  was  a high  formation  of edge-bonded  oriented  MoS2 slabs,  whereas  for the  NiMoS/Si  prepared  by
impregnation,  basal-bonded  MoS2 slabs  were  more  abundant.  Coherent  with  the  formation  of  MoS2 slabs
and  the  promoting  effect  of  Ni, all of  the prepared  NiMoS  catalysts  were  active  in the  HDS  of  thiophene,
with  those  one-pot  supported  on  SiO2 or SiO2-ZrO2 being  the  most  active.  Due  to the  strong  interaction
between  Mo  and  Ti, the  NiMoS-SiTi  catalyst  did  not  show  consistent  formation  of MoS2 slabs  and  conse-
quently  it presented  the  lowest  activity.  No  observable  effect  in  the  HDS  activity  of  the  Zr incorporation
into  the  SiO2 framework  was noticed.  The  considerable  specific  activity  (SA)  of the  catalysts  NiMoS-Si  and
oS2 slabs
rystal orientation
hiophene HDS

NiMoS/Si,  was  respectively  related  to the  formation  of  the  most  active  edge-bonded  MoS2 slabs  and  to
the  well-active  Type  II HDS  catalysts  on  multilayer  basal-bonded  MoS2 slabs.  The  studied  NiMoS-Si  and
NiMo-SiZr  with  high  SA  values  evidences  that  the  one-pot  sol-gel  synthesis  methodology  used  to  prepare
the  catalyst  precursor  leads  to highly  active  HDS  catalysts  with  the  important  advantages  of reducing  the
preparation  time,  energy  consumption,  and  consequently  diminishing  the catalyst  production  cost.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The growing demand for high performance fuels associated
ith highly restrictive environmental laws have imposed rigor-

us constraints and led to the optimization of the hydrotreatment
rocesses in petroleum refineries to produce fuels with extremely

ow levels of precursor pollutants such as sulfur organic com-

ounds [1,2]. The conventional removal of sulfur from petroleum
uels is carried out by the well-known hydrodesulfurization process
HDS), in which the oil fractions react with hydrogen under severe

∗ Corresponding author.
E-mail addresses: ernesto.urquieta@gmail.com, urquieta@ufscar.br

E.A. Urquieta-González).

ttp://dx.doi.org/10.1016/j.apcata.2016.09.019
926-860X/© 2016 Elsevier B.V. All rights reserved.
operational conditions and in the presence of a catalyst producing
sulfidric acid and sulfur free compounds [1,2].

The commercial HDS catalysts usually consist of Mo  sulfides pro-
moted with Co or Ni sulfides supported on �-alumina [1]. There is
a constant search for more active catalysts which may  involve the
use of new active phases, additives, new carriers or combination
of them [3–5]. Regarding new supports, a challenge is to obtain
solids with high specific surface area allowing high dispersion of the
active phase in adequate interaction with the carrier surface. Thus,
aiming to improve the mentioned properties, new supports such
as SiO2 [6], MgO  [7], ZrO2 [8], TiO2 [9], zeolites [10], mesoporous

materials [11,12] and carbon nanotubes [12] have been studied.
ZrO2 [13] and TiO2 [14] have been used as HDT catalyst carriers, and
sulfided catalysts with higher intrinsic activity have been obtained
by some research groups [13–15]. However, ZrO2 and TiO2 have

dx.doi.org/10.1016/j.apcata.2016.09.019
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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ow specific surface area and pore volume and limited thermal sta-
ility that have restricted their application. Mixed oxides such as
l2O3-ZrO2 [16,17], TiO2-Al2O3 [18], ZrO2-SiO2 [19] and TiO2-SiO2

20,21], or ordered mesoporous silicas as MCM-41 [22], HMS  [23] or
BA-15 [24], with isomorphically substituted Ti [25] or Zr [11], have
een proposed as support for HDT catalysts in order to overcome
hose limitations.

As pointed out, besides of the physicochemical properties of
he support which determine the interaction with metal precur-
ors and the dispersion of the active phase, the textural properties,
s porosity and pore volume, have an important role in the activity
f the HDS catalysts. Several methods have been used to synthesize
upports with improved textural properties. The sol-gel method-
logy with its well-known advantages as purity, homogeneity, and
unable porosity of the obtained materials, as well as the possibil-
ty of preparing materials with high specific surface areas at low
emperatures [26], has been highly used. High specific surface area
l2O3 [27], SiO2 [28], TiO2 [29], ZrO2 [30], TiO2-Al2O3 [31], SiO2-
l2O3 [32] or ZrO2-TiO2 [33] supports have been synthesized by
ol-gel and have shown better performance and thermal stability
han when prepared by precipitation or co-precipitation.

The sol-gel method is a process in which a solution or sol under-
oes to a transition state and becomes a rigid mass (gel). This is a
ultistep procedure involving chemical and physical steps associ-

ted with the hydrolysis and polycondensation of organometallic
r inorganic precursors, drying, and densification. Basically, it is
sed in a homogeneous three-component system: a precursor of
he metallic oxide, a solvent, and an acid or basic catalyst. The

ost commonly used precursors are metal alkoxides M(OR)n,
uch as alkoxysilanes (Si(OR)4): tetramethoxysilane (TMOS) and
etraethoxysilane (TEOS) [34,35] or aluminum isopropoxide, zirco-
ium propoxide or titanium tetraisopropoxide [36,37].

In order to tune the porosity and the pore volume of the final
esired support, an organic template may  be also added into the
ol-gel mixture. In this sense, citric acid has been satisfactorily
sed, with the size and volume of the generated mesopores, linearly

ncreasing with the amount of citric acid added and, consequently,
lso increasing the specific surface area of the formed solid [38].
herefore, oxides or mixed oxides prepared by sol-gel, such as
iO2, SiO2-TiO2 or SiO2-ZrO2 could be versatile materials to be used
s catalyst support, as their textural properties could be tailored
37–39]. It is also claimed by several authors [38,40–43] that dur-
ng the sol-gel preparation, the presence of citric acid in the sol

ixture promotes the dispersion of the metallic species due to
heir ability to chelate metal ions. On the other hand, it has also
een reported that the addition of chelating ligands such as cit-
ic acid to the impregnating solution has a beneficial effect on the
ctivity of the HDS catalysts [41,44,45]. The improved activity has
een ascribed to a better dispersion of nickel (or cobalt) and molyb-
enum on the support and to a higher sulfidation temperature of
hose promoters (Ni or Co) when compared with catalysts prepared
ithout a chelating agent [46]. Both factors would enhance the for-
ation of the so-called Ni–Mo–S type II active sites [47], which are

onsidered the best active phase in hydrotreatment catalysts [7].
On the other hand, as an alternative to the conventional catalyst

reparation by impregnation, it has recently been quite applied the
ddition of the metallic precursor salts into the sol mixture used
n the sol-gel preparation of the support [17,30,43]. This one-pot

ethodology reduces the synthesis steps and it has been claimed
hat the obtained catalyst precursors present the active metallic
pecies better dispersed [48].

Taking into consideration the above discussion, the purpose of

he present work was to prepare silica, silica-titania and silica-
irconia supported NiMo oxides, the precursors of HDS NiMoS
atalysts, by a one-pot sol-gel methodology and to compare
heir properties with similar catalysts prepared by wet impreg-
sis A: General 528 (2016) 74–85 75

nation with a chelating agent on the corresponding carriers.
HDS of thiophene was used as a model reaction for evaluating
the catalytic activity of the sulfided catalysts. Atomic absorp-
tion spectroscopy (AAS), Energy-dispersive X-ray spectroscopy
(EDS), nitrogen physisorption, X-ray diffraction (XRD), tempera-
ture programmed reduction by hydrogen (H2-TPR), UV–vis diffuse
reflectance spectroscopy (UV–vis DRS), High resolution transmis-
sion electronic microscopy (HRTEM) and Raman spectroscopy were
used to sample characterization.

2. Experimental

2.1. Synthesis by a sol-gel methodology of silica, silica-titania and
silica-zirconia pure supports and of supported NiMo oxides

The silica, silica-titania and silica-zirconia pure supports were
obtained by a sol-gel synthesis methodology using a Si/Me ratio
of 10 (Me  = Ti or Zr), tetraethylorthosilicate, zirconium propoxide,
titanium isopropoxide, ethanol and citric (CA) and nitric acids. The
composition of the resultant sol mixture was: Si: 0.1Ti(Zr): 4H2O:
6EtOH: yCA, with y = 1 or 3 for the synthesis of pure silica or the
mixed oxides, respectively. The sol mixture was  dried at 70 ◦C for
72 h and the obtained gel calcined in static air at 550 ◦C during 2.5 h.

The supported NiMo oxides, the precursors of the supported sil-
ica, silica-titania and silica-zirconia NiMoS catalysts, were prepared
adding the necessary amount of Ni and Mo  salts in the sol mixture
of the respective support to generate solids with 3 wt% of NiO and
12 wt%  of MoO3 (one-pot synthesis methodology). For comparison
purposes, precursors of the catalysts with the same composition
were prepared by wet impregnation using a mixture contain-
ing citric acid (chelating agent), ammonium heptamolybdate and
nickel nitrate (CA/Mo mole ratio = 1), being subsequently dried and
calcined in the same conditions defined above. The correspond-
ing supported NiMo oxides were denominated as NiMo(ox)-Si;
NiMo(ox)-SiTi; NiMo(ox)-SiZr when the one-pot procedure was
used or as NiMo(ox)/Si; NiMo(ox)/SiTi; NiMo(ox)/SiZr when pre-
pared by wet  impregnation.

2.2. Pure supports, catalyst precursors and NiMoS catalysts
characterization

The chemical composition of the catalyst precursors was
obtained by atomic absorption spectroscopy (AAS) analyses that
were carried out in a Perkin Elmer 5000 series spectrometer.
Chemical analyses of the supports for the determination of the com-
position of Ti and Zr were also performed by EDS using an electron
microscope FEI Magellan L 400, operating at 15 V of acceleration
voltage. Supports and the catalyst precursors were characterized by
powder X-ray diffraction (XRD) in a Shimadzu DRX-600 spectrome-
ter using a CuK� radiation (� = 1.5406 Å). The textural properties of
the supports and the catalyst precursors were determined from N2
adsorption/desorption isotherms obtained at −196 ◦C K on an ASAP
2020 Micromeritics equipment. Prior to sorption experiments, the
samples were degassed under vacuum at 190 ◦C during 2 h. The
UV–vis diffuse reflectance spectra (UV-vis DRS) of supports and
catalyst precursors were recorded at room temperature using a
Varian Cary 5G spectrometer and barium oxide as a reference mate-
rial. The H2-TPR experiments were carried out in a Micromeritics
Pulse Chemisorb 2920 analyzer with the samples being previously
treated under nitrogen flow at 200 ◦C during 30 min. The measure-
ments were performed from room temperature to 1000 ◦C using a

heating rate of 10 ◦C min−1 and a H2 flow (10% V/V in N2). HRTEM
images of the sulfided catalysts were obtained using a FEI TECNAI
F20 microscope operating at 200 kV. Raman spectra of the sulfided
catalysts were obtained in a Horiba Jobin-Yvon Raman micro-
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Table  1
Chemical compositiona and textural properties of the pure supports and NiMo(ox) catalyst precursors.

Sample TiO2
b (wt%) ZrO2

b (wt%) MoO3
c (wt%) NiOc (wt%) ABET

e (m2g−1) Vp (cm3g−1) Dp (nm)

SiO2 – – – – 963 1.5 6.0
SiO2-TiO2 11.5 (11.7) – – – 822 1.4 6.4
SiO2-ZrO2 17 (17.5) – – 731 0.9 4.4
NiMo(ox)-Si – – 10 (12) 2.5 (3) 674 0.8 4.6
NiMo(ox)-SiTi – – 10 (12) 2.5 (3) 549 1.0 7.8
NiMo(ox)-SiZr – – 10.5 (12) 2.4 (3) 524 0.9 7.0
NiMo(ox)/Si – – 11 (12) 2.5 (3) 437 0.8 6.0
NiMo(ox)/SiTi – – 11 (12) 2.5 (3) 367 0.3 5.0
NiMo(ox)/SiZr – – 12 (12) 2.5 (3) 368 0.4 4.0
NiMoP(ox)/Al2O3

d – – 18.8 5.2 – – –

a In parenthesis is shown the nominal value.
b Determined by EDS.
c

s at −196 ◦C.
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Determined by AAS.
d Supplied by the manufacturer.
e Textural properties were determined from N2-adsorption/desorption isotherm

pectrometer LabRAM at room temperature using the 633 nm line
f a 5.9 mW He–Ne laser as the excitation source through an Olym-
us TM BX41 optical microscope. The NiMoS catalysts analyzed by
RTEM and Raman spectroscopy were sulfided by the same proce-
ure described in the following section 2.3.

.3. Hydrodesulfurization activity

The activity of the NiMoS catalysts was evaluated using the
ydrodesulfurization of thiophene as a model reaction. Samples of
he studied catalysts and the reference commercial one were pre-
iously separated on a 100 mesh sieve. The reaction was carried out
n the vapor phase using a fixed-bed microreactor operated under
ontinuous flow at 240, 260, 280 or 300 ◦C. To generate the sulfided
iMoS catalysts, an amount of 100 mg  of each catalyst precursor
as placed inside of the quartz reactor and subsequently sulfided

t 673 K during 2 h under a flow of 30 ml  min−1 of H2S (5% V/V in
2). The reactor feed was constituted by a mixture of 8.2% of thio-
hene in H2 (V/V) generated by passing 20 ml  min−1 of H2 through

iquid thiophene in a saturator at 20 ◦C and at atmospheric pres-
ure. The conversions of thiophene were kept below 20% to operate
n differential regime. The reactor effluent was analyzed online by
as chromatography using a Micro-GC Varian CP 4900 gas chro-
atograph equipped with a TDC detector and a CP-5CB module

olumn.
The thiophene conversion (XT ) to hydrodesulfurized products

as calculated using Eq. (1), where xiDS is the molar fraction of
he hydrodesulfurized product i and xTh the molar fraction of the
on-reacted thiophene.

T = 100 ×
(∑

xiDS/(xTh +
∑

xiDS)
)

(1)

he specific activity (SA) to the HDS of thiophene of the supported
iMoS studied catalysts in the used heterogeneous reactor work-

ng at steady-state conditions was calculated according to Eq. (2)
17,49].

A = [X × F] /m (2)

here X is the conversion of thiophene (Eq. (1)), F is the molar flow
f thiophene (mol s−1) fed to the reactor, and m refers to the metal
ols of the used catalyst (molMe), with molMe = (molMo+ molNi).

. Results and discussion
.1. Pure supports and catalyst precursors

Table 1 shows the chemical composition related with the Ti and
r oxides in the SiTi and SiZr mixed oxides and of Mo and Ni oxides
Fig. 1. XRD diffractograms of: (a) silica, silica-zirconia and silica-titania pure sup-
ports; (b) supported NiMo oxides.

in the catalyst precursors. As it can be seen, the experimental values
are approximately close to the nominal ones and the differences are
attributed to the inherent errors of the analytical procedures.

XRD patterns of the silica, silica-titania and silica-zirconia pure

supports and of the NiMo catalyst precursors prepared by the one
pot or impregnation procedures are shown in Fig. 1a and b, respec-
tively. It can be seen from Fig. 1a that the diffractograms of the
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Fig. 2. Pure supports: (a) N2 adsorption-deso

upports constituted by mixed oxides do not show the presence
f any crystalline phase related to TiO2 or ZrO2 oxides. This result
ould indicate that most of the Ti and Zr species are highly dispersed
n the amorphous silica framework, forming homogeneous link-
ges of Ti-O-Si or Zr-O-Si [37,50,51]. This high degree of mixing is
n evidence of the promoting effect of the citric acid acting as com-
lexing agent, decreasing the hydrolysis and condensation rates of
he Zr and Ti alkoxides, which are much faster than that of the sili-
on alkoxide, hence favoring the formation of highly homogeneous
ixed oxides [36,37].
The XRD patterns of the catalyst precursors (Fig. 1b) did not

how any diffraction of crystalline phases related to Mo  and Ni
xides, indicating that most of these species must be present as very
mall particles highly dispersed on the supports [52,53]. Similar
ehavior was also observed by Zepeda et al. [54,55] and Gutiér-
ez et al. [56], who respectively prepared supported Mo  and CoMo
xides on HMS  modified with Ti or supported Mo  and NiMo oxides
n SBA-15 and SBA-15 modified with ZrO2.

All of the pure supports (Fig. 2a) and catalyst precursors (Fig. 3)
xhibited typical type IV isotherms, which are characteristics of
esoporous materials. The similarity of the H2 hysteresis loop with

he H2 type, at relative pressure between 0.4 and 0.8, indicates the
resence of ink bottle type pores in these materials [37,57].

As it can be seen from Table 1, the pure silica presents a specific
urface area (ABET) of 963 m2/g, that is a consequence of the use
f citric acid as pores template. The formation of pores in the sol-
el synthesis of silica using citric acid was described by Takahashi
t al. [38,57]. According to these authors, the citric acid interacts
ith the silica species by weak hydrogen bonds occupying spaces

nside the structure of the support. Citric acid decomposes at a rel-
tively high temperature, allowing the retention of a large number
f siloxane bonds and minimizing shrinkage of the silica structure
uring heating. After citric acid decomposition, the space previ-
usly occupied results in a large number of pores with a relative
omogenous distribution sizes. This preparation route is possible

ecause citric acid has high solubility in water and ethanol, small
rystallization tendency from aqueous solution, weak interaction
ith the silica surface, and high decomposition temperature.
 isotherms; (b) Pore size distribution curves.

In comparison with pure silica, from Table 1 it is noticeable that
the specific surface area and porous volume of the silica-titania
and silica-zirconia supports decreased, but reaching values higher
than 700 m2/g. As reported by Wu et al. [36,51], that decrease is
attributed to the incorporation of Zr and Ti into the silica frame-
work, which results in the formation of Si-Ti or Si-Zr mixed oxides
with a composite texture constituted by compact and cross-linked
clusters generated from Si-O-Ti and Si-O-Zr linkages. Confirming
the behavior described by Wu et al. [36,50], the XRD diffractogram
of the studied SiTi or SiZr supports (Fig. 1a) do not show any crys-
talline phases related to TiO2 or ZrO2. The pore size distributions
of the pure supports (Fig. 2b) are relatively narrow, a fact that it is
also attributed to the use of citric acid as pores template [57].

As it was expected (Fig. 3), with the incorporation of Ni and
Mo by one-pot or impregnation, the specific surface area and
porous volume of the resultant solids decreased significantly and
the decrease was more pronounced for the catalyst precursors pre-
pared by impregnation (Table 1). These decreases can be mainly
attributed to the partially blockage of the mesoporous system of the
supports by the Mo  and Ni species. On the other hand, in compar-
ison with the others studied catalysts (Table 1), the impregnated
NiMo(ox)/SiTi and NiMo(ox)/SiZr catalyst precursors presented
very low pore volume. Here it must be considered that the cited
catalyst precursors underwent two calcination steps. Besides the
Mo and Ni oxides formation inside the mesopores, the heat treat-
ments could also have led to a Si-Ti or Si-Zr structure collapse, thus
strongly diminishing the pore volume.

In order to obtain more information related with the coordina-
tion and aggregation state of the Ni and Mo  species, UV–vis DRS
spectra of the pure mixed supports calcined at 550 ◦C, pure zirco-
nia prepared by sol-gel and commercial titania P25 (Fig. 4) were
recorded and compared to the ones of the supported NiMo oxides
(Fig. 5). In the spectra of the commercial TiO2 P25 (Fig. 4a), it can be
observed an absorption band at 230 nm and other two  absorption
bands at 280 and 325 nm that correspond to the ligand-to-metal

charge transfer O2 → Ti4+. The absorption band at ca. 230 nm cor-
responds to isolated Ti atoms in tetrahedral (Td) coordination and
the absorption bands at ca. 280 nm and at Exhibits 330 nm with an
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Fig. 3. N2 adsorption-desorption isotherms of the supported NiMo oxides prepared by: (a) one-pot; (b) wet  impregnation.

-zirco

a
(

r
s
2
b
s
b
T

Fig. 4. UV–vis DRS spectra of: (a) silica-titania; (b) silica

bsorption edge at 390 nm correspond to polymerized octahedral
Oh) titanium species (Ti–O–Ti clusters) [11,25,58].

No absorption arises from silica, which is transparent in this
egion of the UV–vis spectrum (not shown). Nevertheless, the
ilica-titania mixed oxide (Fig. 4b) shows an absorption band at
34 nm,  which is assigned to the ligand-to-metal charge-transfer
etween the ligand O2− and titanium (IV) ion, corresponding to

tructural Ti4+ with tetrahedral coordination, and an absorption
and at 278 nm corresponding to octahedral Ti, probably in a Ti-O-
i-O-Si type structure. These bands clearly show that the most of
nia; (c) P25 commercial titania; (d) tetragonal zirconia.

the titanium (IV) was  incorporated into the silica structure [52,59].
The UV–vis DRS spectrum of the silica-titania does not show any
absorption from 330 to 400 nm,  characteristic of Ti in anatase crys-
tal structure, which reinforces the idea that most of Ti4+ ions were
incorporated into the silica framework [11,59].

The UV–vis spectra of the pure zirconia (Fig. 4c) shows an
absorption band at 230 nm,  which is related to the transfer of the

ligand to metal in Zr-O-Zr type bonds [11]. In the UV–vis DRS spec-
tra of the silica-zirconia (Fig. 4d), it can be observed two absorption
bands at 218 nm and a shoulder at 270 nm.  The former is related
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ported on: (a) silica; (b) silica-zirconia; (c) silica-titania.
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Table 2
H2 consumption of the supported NiMo oxides during the H2-TPR analyses.

Sample Reduction Peaks H2 Consumption
(mol/gMo)

NiMo(ox)-Si 388 458 – 0.031
NiMo(ox)-SiTi 397 458 797 0.028
NiMo(ox)-SiZr 374 503 – 0.028
NiMo(ox)/Si 378 426 598 0.027
NiMo(ox)/SiTi 378 426 598 0.026
Fig. 5. UV–vis DRS spectra of the NiMo oxides sup

o the electronic transition of the ligand O2− to Zr4+ in tetrahedral
oordination [60]. This band is an evidence that Zr is well dispersed
n the silica framework. The shoulder at 270 nm is probably asso-
iated with an electron transfer from the ligand to the metal in
i-O-Zr type bonds [60,61].

From the literature data, the UV–vis DRS spectrum of supported
o oxide generally shows absorption bands between 200 and

00 nm [24], which correspond to Mo6+ ions with electronic config-
ration d0, originated from the electronic transition of the valence

evel to the conduction level, a phenomenon which is attributed to
he electron transfer from the ligand to metal (O2− → Mo6+) [62].
he position of these absorption bands depends on the molybde-
um coordination and degree of agglomeration. Isolated molybdate
pecies with tetrahedral coordination (Td) exhibit absorption bands
etween 220 and 280 nm [24], while species with octahedral (Oh)
bsorb in a wide range of wavelength where the maximum of the
bsorption band depends on the state of agglomeration of Mo6+ Oh
pecies. Polymolybdate with octahedral coordination (MoO3) have
bsorption bands between 300 and 330 nm and, with the increasing
ispersion of octahedral Mo  species, the absorption band shifts to

ower wavelengths between 280 and 300 nm [11,63,64]. Thus, the
pectra of the supported NiMo oxides (Fig. 5) show the presence
f a mixture of Mo6+ ions species in tetrahedral (Td) and octahe-
ral coordination (Oh). However, the proportion of different types
f Mo species changes with the support composition. The spectra
f the NiMo(ox)-Si and NiMo(ox)-SiTi samples show a less intense
V–vis absorption band between 220 and 240 nm (Mo6+ Td) and a
ore intense absorption band at around 300 and 330 nm (Mo6+ Oh),

ndicating the formation of more polymeric molybdenum species.
n opposite trend occurred in the NiMo(ox)-SiZr sample, in which
n increase in the intensity of the absorption band of Mo  species
n tetrahedral coordination (220–240 nm)  is observed, which is a
ood evidence that the Mo  species are more dispersed. Compared
ith the NiMo(ox)-SiTi sample, the NiMo(ox)/SiTi one also showed

n intense absorption band at 230 nm (Mo6+Td) indicating that
o  in this sample prepared by impregnation is well dispersed on
he SiTi support. Only in the spectra of samples NiMo(ox)/Si and
iMo(ox)/SiZr (Fig. 5) it was observed a well-defined absorption
and at 450 nm that is related to octahedral Ni2+ [24,52,56].
NiMo(ox)/SiZr 370 426 598 0.024

The H2-TPR profiles for the NiMo catalyst precursors are shown
in Fig. 6 and Table 2 displays the H2 consumption data, whose
values are satisfactorily close to the theoretical ones. As it can be
seen, the H2-TPR profile of the precursor NiMo(ox)-Si exhibits a
main reduction peak at 388 ◦C with a shoulder at 467 ◦C and a
low-intensity broad peak in the high-temperature region (600 to
900 ◦C). The hydrogen consumption at temperatures lower than
500 ◦C can be ascribed to the reduction steps of octahedrally coordi-
nated molybdenum species (Mo6+ to Mo4+) weakly bonded with the
silica surface and also to the reduction of Ni species; above 500 ◦C
occurs the reduction of Mo4+ to Mo0 [65]. The H2 consumption at
temperatures higher than 600 ◦C is attributed to the reduction of
tetrahedral coordinated Mo  species in strong interaction with the
support [66]. In comparison with the NiMo(ox)-Si sample, the sam-
ple NiMo(ox)/Si prepared by impregnation shows a very similar
reduction profile (Fig. 6), which demonstrates that irrespective of
the preparation procedure, the resultant nature and dispersion of
the silica supported NiMo species were very similar.

In comparison with the H2-TPR profile of the NiMo(ox)-Si, the
H2-TPR profile of the NiMo(ox)-SiTi (Fig. 6) clearly shows that
titanium incorporation into the silica framework led to a slight
increase in the reduction temperatures of Mo.  The increase of tem-
peratures in the first reduction step could be also consequence of
the reduction of octahedral coordinated Ni2+ ions in NiTiO3-like
structures [65]. This increase in the reduction temperatures was

also observed by Gutiérrez et al. [24] in the reduction behavior of
supported NiMo oxides on Ti-SBA-15, which was attributed to a
higher interaction of Ni and Mo  with titanium. The higher inter-
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Fig. 6. H2-TPR profiles of the precursor NiMo oxides s

ction of Mo with the SiTi support can be better evidenced at
emperatures higher than 700 ◦C corresponding to the reduction
f tetrahedral molybdenum species in strong interaction with the
upport. On the other hand, the H2-TPR profile for the impregnated
iMo(ox)/SiTi sample (Fig. 6) shows lower Mo  reduction temper-
tures with peaks at 378, 426 ◦C and 589 ◦C mainly attributed,
espectively, to the reduction of Mo6+ to Mo4+, Mo4+ to Mo0 and
he reduction of tetrahedral Mo  previously discussed [66]. The
igher Ni and Mo  reduction temperatures in the H2-TPR pro-
le of the SiTi supported NiMo oxides suggest that the Ni and
o species resultant from the one-pot synthesis interact more

trongly with the SiTi support than those resultant from impreg-
ation.

Opposite behavior was observed for the NiMo oxides supported
n SiZr, where a decrease in the Mo  reduction temperatures (Fig. 6),
ith reduction peaks at 370 ◦C (Mo6+ to Mo4+) and a broad peak at

bout 458 ◦C (Mo4+ to Mo0) was observed. This profile indicates
n easier reduction of octahedral molybdenum when supported
n a SiZr support. In addition, it must be mentioned that the H2-
PR profile of the NiMo(ox)-SiZr sample also shows a decrease in
he hydrogen consumption at temperatures higher than 600 ◦C that
orrespond to the reduction of Mo  (Td) species (600 to 800 ◦C), indi-
ating a smaller formation of those Mo(Td) species, which are more
ifficult to reduce [13,24,52,56].

As discussed above, the H2-TPR profiles of the NiMo catalyst
recursors (Fig. 6) prepared by conventional impregnation or by
he one-pot methodology only showed some differences in the Ni
r Mo reduction temperatures as a function of their interaction
ith the incorporation of Ti or Zr in the silica framework. Those
rofiles do not show any important difference related with the
sed preparation procedure despite higher Mo  reduction tempera-
ures should be expected for the NiMo catalyst precursors prepared
y one-pot. This result is consistent with data published by other
uthors [17,30,38,43], who supported their findings based on the
ormation of highly dispersed Mo  particles. As evidenced by XRD

Fig. 1) and UV–vis DRS (Fig. 5), the NiMo catalysts prepared by the
iscussed methods showed very similar characteristic related with
igh dispersion and similar nature of the formed Mo  species.
rted on: (a) silica; (b) silica-titania; (c) silica-zirconia.

3.2. Sulfided catalysts

High resolution TEM images of the sulfided NiMoS-Si catalyst are
displayed in Fig. 7 and Fig. S1. As can be seen the pictures clearly
show typical fringes of MoS2 slabs with 0.61 nm interplanar dis-
tance that are characteristics of the (002) atomic planes of MoS2
slabs [67,68]. Based on HRTEM images published by Li et al. [67]
and Hyden et al. [68] and other authors [67–71], the most of the
MoS2 slabs in Fig. 7 could perhaps be assigned as edge-bonded ori-
ented. These slabs present lengths between 2.5 and 6.8 nm and are
constituted by two to seven atomic layers.

Fig. 8 shows the HRTEM images of the sulfided NiMoS/Si catalyst
prepared by impregnation and it can be observed that the MoS2
slabs also show interplanar distances of 0.61 nm that are charac-
teristics of the (002) atomic planes. However, it can be seen that
there is less formation of edge-bonded oriented MoS2 slabs when
compared to the NiMoS-Si one-pot prepared catalyst (Fig. 7). On
the other hand, the images in Fig. 8b and Fig. 8c also show slabs
with interplanar atomic distances of 0.26 nm of the (100) atomic
planes that can be attributed to the top view of MoS2 structures
that could perhaps be basal-bonded as suggested in earlier stud-
ies [67–71]. Pawelec et al. [70] described that the edge sites of the
edge-bonded MoS2 slabs, which are perpendicular to the support
surface, might have a lower metal–support interaction in compar-
ison with the MoS2 slabs basally bonded with the support surface.
That lower interaction of the edge-bonded MoS2 with the sup-
port could also support the H2-TPR results (Table 2), where the
NiMo(ox)-Si catalyst prepared by one-pot presented only two Mo
reduction peaks and it was completely reduced at lower tempera-
tures. The assignment that the formation of the edge-bonded MoS2
slabs on the NiMoS-Si catalyst is superior to that on the NiMoS/Si
one can be attributed to the random distribution of the ammonium
heptamolybdate in the bulk formed gel that generated its catalyst
precursor.

Fig. S2 presents HRTEM images of the sulfided NiMoS-SiTi cat-

alyst prepared by the one-pot methodology. As it can be seen, the
images show only few typical fringes of MoS2 slabs, indicating that
the silica-titania support does not favor the formation of highly
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Fig. 7. (a); (b); (c) and (d): HRTEM images of the sulfide

rystalline MoS2 during the sulfidation process under the used con-
itions.

Fig. 9 shows the Raman spectra of the studied NiMo catalysts
n the sulfided-form using commercial bulk MoS2 as reference. The
aman spectrum of the bulk MoS2 shows two main Raman-active
odes, the E2g

1 (393 cm−1) and A1g (420 cm−1). The E2g
1 mode

epresents an in-plane vibration, and the A1g one corresponds to
n out-of-plane lattice expansion [72–74]. The Ramam spectra of
he studied sulfided catalysts show these two Raman modes, thus
orroborating the formation of the molybdenum sulfide. In Fig. 9,
t is also possible to observe in the spectra of the sulfided cata-
ysts an increase in the frequency of the two mentioned vibration

odes (blue shift), indicating an interaction of the sulfide with the
upport that partially suppress the vibration of the MoS2 atoms
72,75]. Fig. 9 also shows that there is a difference in the intensity
f the vibration modes of the sulfided catalysts compared to the
ulk MoS2, which is related to the number of layers of the formed
olybdenum sulfide [76]. The Raman spectrum of the NiMoS/Si

atalyst showed the highest intensity compared to the others with
 value close to the bulk MoS2, thus indicating the formation of
ulti-layers of MoS2 on its surface. As it can be evidenced in Fig. 9,

ll the catalysts prepared by impregnation showed vibration modes
f higher intensity when compared with the samples prepared by
he one-pot methodology.
Comparing the HRTEM images of the NiMoS-Si (Fig. 7), NiMoS/Si
Fig. 8) and NiMoS-SiTi (Fig. S2) catalysts and their respective
aman spectra (Fig. 9), it is possible to observe the evolution of
he intensities of the vibration modes. The Raman spectrum of the
oS-Si catalyst whose precursor was one-pot prepared.

NiMoS-SiTi catalyst (Fig. 9) shows low intensity and the HRTEM
images (Fig. S2), only little formation of molybdenum sulfide. On
the other hand, the Raman spectra of the NiMoS-Si and NiMoS/Si
catalysts (Fig. 9) show vibration modes with higher intensity and
their respective HRTEM images (Figs. 7 and 8, respectively) coher-
ently show important formation of MoS2. Thus, as the HRTEM
images of the sample prepared by impregnation (NiMoS/Si) showed
the formation of higher and more defined particles of MoS2 (Fig. 8),
its Raman spectrum consequently was the most intense.

3.3. Catalytic activity

As shown in Table 3, the HDS of thiophene at 300 ◦C on the stud-
ied catalysts mainly resulted in the formation of 1-butene, n-butane
(derived from the hydrogenation of butenes [64]), trans-2-butene
and cis-2-butene with no important differences in the selectivity. As
it is well known, there are many proposed mechanisms for the HDS
reaction [53]. Particularly for thiophene an accepted general mech-
anism for the sulfur removal [77], begins with the hydrogenation of
the unsaturated bond of the thiophene ring, followed by the cleav-
age of the C-S linkage in two steps: the formation of butadiene, an
intermediate for the subsequent formation of the other products.
The hydrogenation of butadiene for the formation of butene-1 and
the consecutive steps to the formation of the cis-and trans-butene-2

isomers occur quickly [77].

Fig. 10 shows the specific activity of the sulfide NiMo cat-
alysts that was calculated using Eq. (2). As can be seen the
NiMoS-Si and NiMoS-SiZr one-pot prepared catalysts and the
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Fig. 8. (a); (b); and (c): HRTEM images of the sulfided NiMoS/Si catalyst whose precursor was prepared by impregnation; (d) magnification of image (c).

F
b

N
o
f
S
F
c

Table 3
Thiophene conversiona and reaction product selectivityb obtained on the studied
NiMoS catalysts at 300 ◦C (1 atm;100 mg  of catalyst; feed of 8.2% (V/V) of thiophene
in H2).

Sample Conversion (%) Selectivity (%)

1-butene n-butane c-2-buteno t-2-buteno

NiMoS-Si 11,4 19,7 2,2 47 31
NiMoS-SiTi 6,6 19,5 2,3 47 31,2
NiMoS-SiZr 11,5 19,4 2,8 46,5 31,2
NiMoS/Si 11 20,2 1,0 48 30,6
NiMoS/SiTi 9,8 19,7 3,4 46 31
NiMoS/SiZr 9,9 20 2,8 46 31,1

a Calculated from Eq. (1). ∑
ig. 9. Raman spectra of the studied supported NiMoS catalysts and of a sample of
ulk MoS2.

iMoS/Si ones, impregnated prepared, present highest values
f specific activity in temperatures higher than 260 ◦C. The
ollowing order of specific activity is observed: NiMoS-Si > NiMoS-

iZr > NiMoS/Si > NiMoS/SiTi > NiMoS/SiZr > NiMoS-SiTi. From
ig. 10 it is interesting to notice that the NiMoS-Si and NiMoS-SiZr
atalysts show higher specific activity than a reference sulfided
b Calculated as Si = 100 (xiDS/ xiDS), where xiDS is the molar fraction of the desul-
furized product.

commercial HDS catalyst (NiMoPS/alumina in Table 1) and those
ones prepared by wet impregnation. As can be seen from Table 1,
the commercial sample presents nearly of 90% more active species
than the NiMoS-Si and NiMoS-SiZr samples. Considering that
the commercial catalyst precursor was sulfided under the same
conditions, the used time might have been insufficient to sulfide
all of their active species and this could be the reason of its
unexpectedly low activity.

In Fig. 10 it is also observed that there is no important difference

between the SA values of the NiMoS-Si and NiMoS-SiZr catalysts
that can be explained from the XRD and UV–vis DRS data of the
last that evidenced a lack of detectable crystalline zirconia clusters
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Fig. 10. Specific activity (SA) of the studied supported NiMoS catalysts and of a com-
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ercial NiMoPS/alumina catalyst as a function of the reaction temperature during
hiophene HDS at 240, 260, 280 and 300 ◦C (1 atm;100 mg  of catalyst; feed of 8.2%
V/V) of thiophene in H2).

s consequence of its high distribution into the silica framework
19]. On the other hand, the incorporation of Ti into the silica sup-
ort led to a thiophene HDS activity loss, as it can be observed
rom the values of SA of the NiMoS-SiTi and NiMoS/SiTi catalysts
hen are respectively compared with the values of the NiMoS-Si

nd NiMoS/Si ones (Fig. 10). This decrease in the activity may  be
xplained by the more interaction between Ni and Mo with the
ilica-titania support, as was also noticed by Olguin et al. [78],
ho studied NiMo catalysts supported on alumina-titania. Those

uthors explained that during sulfidation of the catalyst precursors
ue to the strong interaction of Mo  with the titanium incorporated

n the alumina framework simultaneously occurs the formation
f MoS2 and inactive HDS MoO2, which is hardly sulfided. Cor-
oborating this lower MoS2 formation, the HRTEM images of the
iMoS-SiTi catalyst (Fig. S2) do not clearly show the formation of
oS2 slabs in some extension. The effect of the Ti incorporation into

he silica framework was smaller in the catalyst NiMoS/SiTi pre-
ared by wet impregnation, which showed from the H2-TPR results
Fig. 6) lower interaction of the active species with the support.

From Fig. 10 it is also possible to observe a tendency to an
ncrease of the specific activity of the NiMoS catalysts with the
ncrease of specific surface area of their respective precursors
Table 1). Nevertheless, even the precursor of the NiMoS-SiTi cata-
yst has showed higher specific surface area (Table 1), it presented
ower specific activity than the NiMoS/SiTi one. That behavior can
e explained as result of the higher interaction of their active
pecies with the support as discussed from its H2-TPR data (Fig. 6).

In fact, the interaction of the active species with the support can
xplain the tendency for the obtained specific activity of the cata-
ysts (Fig. 10), where active species having lower interaction with
he support had higher specific activity. Moreover, the more active
atalysts showed more intense bands of molybdenum sulfide in the
aman spectra (Fig. 9) and, as observed in the TEM images, more

ormation of MoS2 slabs in the case of the NiMoS-Si and NiMoS/Si
atalysts (Fig. 7 and 8, respectively).

Moreover, as it was discussed before, the HRTEM images of
he NiMoS-Si prepared by one-pot (Fig. 7) allowed to assign the
ormation of more molybdenum sulfide slabs with edge-bonded
rientation than those ones formed on the NiMoS/Si, which were

ssigned as more basal-bonded oriented (Fig. 8). It has been
roposed in the literature [9,79,80] that the MoS2 edge-bonded ori-
nted slabs present higher activity than the basal-bonded oriented
nes, which could perhaps also explain the superior activity of the
sis A: General 528 (2016) 74–85 83

NiMoS-Si sample (Fig. 10). Araki et al. [9] using NO chemisorption
data estimated the number of HDS active catalytic sites and ver-
ified that the catalysts having more edge-bonded oriented MoS2
slabs presented a higher value of NO uptake than catalysts hav-
ing a higher number of basal-bonded MoS2 slabs. Araki et al. [9],
also observed that the activity on the basal bonded MoS2 slabs
increased with the increase of the sulfidation temperature, which
was attributed to a decrease in the electronic interaction between
the basal-bonded MoS2 slabs and the support, as consequence of
the transformation of single-layered MoS2 slabs to multilayered
ones.

Based on several studies, Araki et al. [9] and Shimada [80] con-
cluded that the catalytic performance of Co(Ni)–Mo–S structures
also depends on the orientation of the MoS2 slabs on the support,
because the upper edge sites of the “edge-bonded” MoS2 slabs,
that are perpendicular to the support surface, have weaker elec-
tronic interaction with the support than the single “basal-bonded”
layered MoS2 slabs, which have high interaction with the support,
forming Co(Ni)-Mo-S Type I catalysts. Furthermore, the upper edge
sites in the edge-bonded MoS2 slabs or in the multilayered basal-
bonded ones have less steric hindrance than either the edge sites
of the basal-bonded single-layered MoS2 slabs or the edge sites of
the bottom layers of the basal-bonded multilayered MoS2 slabs.

Based on the obtained results and the discussion above, it can
be concluded that the higher HDS catalytic activity of the silica
supported NiMoS catalyst prepared by the one-pot methodology
(NiMoS-Si) was consequence by the formation of the more active
edge-bonded MoS2 slabs. On the other hand, based on the Raman
(Fig. 9) and HRTEM (Fig. 8) results, the considerable HDS activity
of the impregnated NiMoS catalyst supported on silica (NiMoS/Si),
may  be attributed to the formation of well-active Type II HDS cata-
lysts on multilayer basal-bonded MoS2 slabs [9,80]. At this point, it
is important to emphasize that according to several studies [81–85],
the high HDS activity of the edge located MoS2 active sites results
from the strong promoting effect of Ni (or Co) that are incorporated
in the edges of the MoS2 slabs forming the well-described Ni-Mo-S
or Co-Mo-S type structures.

The studied NiMoS-Si and NiMo-SiZr catalysts with high SA
values (Fig. 10) put in evidence that the used one-pot synthesis
procedure to prepare the catalyst precursor leads to highly active
HDS catalysts with the important advantages in reducing the prepa-
ration time, energy consumption and, consequently, reducing the
catalyst production cost.

4. Conclusions

HDS precursor NiMo catalysts supported on SiO2, SiO2-TiO2 or
SiO2-ZrO2 with high specific surface area were prepared by a one-
pot procedure or by wet  impregnation adding a chelating agent
into the respective salts solution. XRD, H2-TPR and UV–vis DRS data
evidenced that both methods led to catalysts precursors with Mo
oxide highly disperse on the supports with only little differences
between them caused by the incorporation of Ti or Zr into the amor-
phous silica framework. After the precursor sulfidation, the HRTEM
and Raman analyses showed the effective formation of MoS2 slabs
on the support. For the NiMoS-Si catalyst, whose precursor was
one-pot prepared, the HRTEM images evidenced high formation
of edge-bonded oriented MoS2 slabs, and for the NiMoS/Ti one the
HRTEM images indicated more formation of slabs basal-bonded ori-
ented. In the NiMoS-SiTi catalyst, the obtained HRTEM images did
not show consistent formation of MoS2 slabs which was attributed

to the strong interaction between Mo  and Ti incorporated into the
silica framework.

Coherent with the formation of MoS2 slabs and the important
promoting effect of Ni in the HDS activity of Mo,  all the prepared cat-
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lysts were active in the HDS of thiophene, with those supported on
iO2 or SiO2-ZrO2 and whose precursor was one-pot prepared being
he most actives. Because of the lower formation of MoS2 slabs on
he NiMoS-SiTi catalyst it presented the lowest HDS specific activ-
ty. No observable effect was  noticed in that activity related with the
ncorporation of Zr into the silica framework that was  attributed to
he lack of formation of crystalline zirconia clusters as consequence
f its high distribution into the silica framework.

Taking into consideration the Raman and HRTEM data, the high-
st specific activity of the NiMoS-Si catalyst was clearly related
ith the predominant formation of the more active edge-bonded
oS2 slabs. Also based on Raman and HRTEM results, the consid-

rable HDS activity obtained on the impregnation prepared NiMoS
atalyst supported on SiO2 was attributed to the formation of the
ell-active Type II HDS catalysts on multilayer basal-bonded MoS2

labs.
The studied NiMoS-Si and NiMo-SiZr with high SA values put

n evidence that the used one-pot synthesis methodology to pre-
are the catalyst precursor leads to highly active HDS catalysts with
he important advantages of reducing the preparation time, energy
onsumption and consequently reducing the catalyst production
ost.
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Pawelec, Fuel 149 (2015) 149–161.
[5] M.A. Guzmán, R. Huirache-Acuña, C.V. Loricera, J.R. Hernández, J.N. Díaz de

León, J.A. de los Reyes, et al., Fuel 103 (2013) 321–333.
[6] A. Sampieri, S. Pronier, J. Blanchard, M.  Breysse, S. Brunet, K. Fajerwerg, C.

Louis, G. Perot, Catal. Today 107–08 (2005) 537–544.
[7] I.V. Babich, J.A. Moulijn, Fuel 82 (2003) 607–631.
[8] G.M. Dhar, B.N. Srinivas, M.S. Rana, M.  Kumar, S.K. Maity, Catal. Today 86

(2003) 45–60.
[9] Y. Araki, K. Honna, H. Shimada, J. Catal. 207 (2002) 361–370.
10] G. Lara, J. Escobar, J.A. De Los Reyes, M.C. Barrera, J.A. Colin, F.R. Murrieta, Can.

J.  Chem. Eng. 83 (2005) 685–694.
11] T. Klimova, O. Gutiérrez, L. Lizama, J. Amezcua, Micropor. Mesopor. Mater. 133

(2010) 91–99.
12] H. Shang, C. Liu, Y. Xu, J. Qiu, F. Wei, Fuel Process. Technol. 88 (2007) 117–123.
13] S.K. Maity, M.S. Rana, B.N. Srinivas, S.K. Bej, G.M. Dhar, T. Rao, J. Mol. Catal.

A-Chem. 153 (2000) 121–127.
14] A.K. Datye, S. Srinivasan, L.F. Allard, C.H.F. Peden, J.R. Brenner, L.T. Thompson,

J.  Catal. 158 (1996) 205–216.
15] M.S. Rana, B.N. Srinivas, S.K. Maity, G.M. Dhar, T. Rao, Stud. Surf. Sci. Catal. 127

(1999) 397–400.
16] S. Damyanova, L. Petrov, M.A. Centeno, P. Grange, Appl. Catal. A-Gen. 224

(2002) 271–284.
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