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In the present work NiW-based catalysts supported on binary MgO-TiO, mixed oxides (MT-x, were x is
the mol% of TiO,) were prepared by aqueous and non-aqueous methods. The results from the charac-
terization techniques (N, adsorption/desorption, XRD, UV-vis DRS and HRTEM) were used to establish a
relationship between the preparation method and the structural changes of W phases as well the catalytic
activity. N, adsorption/desorption isotherms showed higher surface areas with the increase on mol% of
TiO,. Catalysts characterization showed that the preparation method did not change the original struc-
ture of the supports. Furthermore, the presence of NiO and NiWO,4 was not observed in any sample, thus,
the supports allowed a good dispersion of Ni and W species. DRS spectra showed the presence of W6* in
octahedral coordination and tetrahedral Ni?*. Correlation of the catalytic activity in the DBT HDS reaction
and the fraction of W atoms on the edge of WS, crystallites indicated that the aqueous impregnation on
MT25, followed by drying at 393 K leads to the formation of a greater number of catalytically active sites
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available for interaction with DBT molecules.
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1. Introduction

Hydrodesulfurization process is of paramount importance, since
oil products must be purified to diminish air-polluting emissions
of sulfur oxides, which contribute to acid rain. Thus, many oil
streams in a refinery must therefore treated by the process of
hydrodesulfurization (HDS) [1]. In this context, deep fuel HDS
implies full removal of the refractory sulfur compounds, such
as dibenzothiophenes, alkylbenzothiophenes and alquildibenzoth-
iophenes [2]. Typically the catalytic activity is carried out over
materials containing MoS, (WS, ) nanoslabs promoted by Co or Ni
and supported on y-Al,03, Topsoe et al. [3] named these structures
as non-stoichiometric “CoMoS” and “NiWS” phases, as suggested by
Topsoe etal.[3]. The CoMoS phase was shown to be MoS,-like struc-
tures with the promoter (Co or Ni) atoms located at edge planes of
MoS, in five-fold coordinated sites [3]. Moreover, these authors
claim that a single slab structure (called Type I Co-Mo-S) interacts
strongly with the support, probably via Mo-0-Al linkages located
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at the edges on alumina-supported catalysts, whereas for the mul-
tiple slab (called Type II Co-Mo-S) these interactions are smaller
[3].

Industrial hydrodesulfurization uses bimetallic catalysts based
on Mo/W, promoted by Ni/Co and supported on y-Al,03. It is well
known that the nature of the support plays an important role to
improve the HDS activity. For example, it has been found that titania
supported CoMo catalysts have 1.9 times the HDS activity of their
alumina counterparts [4]. In this line, modification of hydrodesul-
furization catalysts by incorporation of acid and basic supports has
been performed [5]. Basic supports allow a high and stable dis-
persion of catalytically active Mo species. Besides, a basic support
could inhibit the coke formation [6]. Researchers found that MoS,
supported on MgO is more active in dibenzothiophene (DBT) HDS
than when it is supported on Al,03, the enhanced activity was
attributed to high Mo dispersion on MgO support [7,8].In literature,
there are several studies about the activity of catalysts supported
on MgO-Al,03 in HDS [9,10]. However, some works reported the
loss of HDS activity with catalysts NiMo supported on MgO-Al,03
mixed oxides, due to the formation of solid NiO-MgO solution and
MgMoO,4 spinel during aqueous impregnation [11-13]. Aqueous
impregnation of Ni and Mo on MgO presents serious problems,
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the high MgO surface area allows a reaction with water leading
to Mg(OH), formation [14]. In order to solve this problem Zdrazil
et al. [15] propose the use of organic solvents such as dimethyl-
sulphoxide and methanol. Apparently, the textural properties of
MgO are stable with these solvents. However, (NH4)sMo070,4 and
Ni(NOs3 ), solubility in those solvents is very low, which complicates
the conventional impregnation process. On the other hand, a num-
ber of papers report on the role of additives in the sintering of MgO
[16-18]. Additions of tetravalent Si, Ti and Zr enhance sintering.
Thereby, some authors reported that the addition of TiO, promotes
MgO densification and grain growth at relative low temperature
[19]. Furthermore, the mixing of solid oxides produces systems that
have novel acid or basic properties. These properties can be mod-
ified varying their mixing concentration. In the MgO-SiO, system,
which has a basic behavior, its basicity strongly depends on MgO
content [20,21] being maximal for 50 wt% MgO. TiO,-MgO mixed
oxide shows a basic behavior [22]. The substitution of titanium
ions for magnesium ions in magnesia lattice. This deforms magne-
sia crystalline structure and produces unbalanced electron charges
[22], thus it contributes to the basicity observed in these mate-
rials. In the present work, two series of NiW catalysts supported
on MgO-TiO, were synthesized, they were impregnated by aque-
ous and non-aqueous methods. The aim of this work is to explore
the effect of the solvent used for impregnation on the stability of
the support MgO-TiO,(x) during the preparation and activation of
NiW/MgO-TiO, catalysts and consequently on the activity in HDS
of DBT.

2. Experimental
2.1. Preparation of MgO-TiO, supports

MgO-TiO, supports with 10, 25 and 50 mol% of TiO, were
prepared by sol-gel method [23]. Magnesium ethoxide and tita-
nium isopropoxide (Aldrich-Chemical >75%) were dissolved into
methanol and 2-propanol respectively (1 g alcoxide/100 mL alco-
hol). Then, both solutions were mixed and stirred during 4h at
343 K. The gel was obtained by hydrolysis with dropwise addition
of deionized water. Then, the gel was dried at 393K for 12 h and
then calcined at 823K for 6 h. Nomenclature for supports: MT10
for 10 mol% TiO,; MT25 for 25 mol% TiO, and MT50 for 50 mol%
TiO,.

2.2. Synthesis of NiW/MgO-TiO, catalysts

In order to obtain catalyst with 26wt.% WO3 and 4wt.%
NiO, the support (100-150 mesh) was co-impregnated, using
the incipient wetness method, with a solution of ammonium
metatungstate (NH4)sW12039-H,0 (Aldrich >65%) and nickel
nitrate Ni(NO3),-6H,0 (Aldrich >70%) using H,O as solvent for
aqueous impregnation and methanol for non-aqueous impregna-
tion. After 12 h, the obtained solids were dried at 393 K for 10 h and
calcined at 673K for 4 h. The solids were characterized and eval-
uated, before and after the calcination process. Nomenclature for
catalysts is shown in Table 1.

2.3. Characterization of the solids

Surface area, pore volume, and pore size distribution of the sup-
ports and catalysts were obtained from N, adsorption/desorption
isotherms using the conventional BET and BJH methods. The sam-
ples were outgassed at 573 K under vacuum. Afterwards, the N,
adsorption measurements were carried out at 73 K. XRD patterns
were recorded in the 20° <26 <80° range on a Phillips X'Pert
diffractometer using CuKo radiation (A =1.5406 A) and a goniome-
ter speed of 1°(2@) min~!. UV-vis spectra of the samples were

Table 1

Nomenclature of prepared catalysts.
Catalyst Mol% TiOy Impregnation method Treatment
NiW/MT10-AD 10 Aqueous Dried
NiW/MT25-AD 25 Aqueous Dried
NiW/MT50-AD 50 Aqueous Dried
NiW/MT10-NAD 10 Non-aqueous Dried
NiW/MT25-NAD 25 Non-aqueous Dried
NiW/MT50-NAD 50 Non-aqueous Dried
NiW/MT10-AC 10 Aqueous Calcined
NiW/MT25-AC 25 Aqueous Calcined
NiW/MT50-AC 50 Aqueous Calcined
NiW/MT10-NAC 10 Non-aqueous Calcined
NiW/MT25-NAC 25 Non-aqueous Calcined
NiW/MT50-NAC 50 Non-aqueous Calcined

recorded in the wavelength range 200-900 nm using AvaSpec-2048
spectrophotometer equipped with a diffuse reflectance attach-
ment. Sulfided catalysts were characterized by high resolution
transmission electron microscopy (HRTEM). HRTEM studies were
performed using a JEOL-JEM-2010 microscope. The solids were
ultrasonically dispersed in 2-propanol and the suspension was
collected on carbon coated grids. Slab length and layer stacking
distributions of WS, crystallites in each sample were stablished
from the measurement of at least 300 crystallites detected on sev-
eral TEM micrographs taken from different parts of the sample
dispersed on the microscope grid.

2.4. Catalytic activities measurements

The HDS of DBT was performed in a 500 mL batch reactor, mag-
netically stirred (700 rpm) (Parr Instrument Co.). The conditions of
the tests were as follows: temperature of 593 K under a hydrogen
atmosphere of 5MPa for 8h, using 200 mg of presulfided cata-
lyst and 1.25 x 10-3 mol of DBT dissolved in 100 mL hexadecane
(Aldrich-Chemical). Before each reaction, the catalysts were acti-
vated by ex situ sulfidation in a U-shape glass flow reactor. First, the
sample was flushed in a nitrogen flow and gradually increased the
temperature up to 423 K. After reached this temperature the flow
was switched to the sulfidation mixture (H,/H,S 15 vol% H,S) with
a flow of 40mLmin~! and then increased the temperature up to
673 Kin ca. 2.5 h. The sulfidation continued under these conditions
for 2 h. Then the sample was cooled down to room temperature,
changing the sulfidation mixture to nitrogen when the temperature
decreased to 423 K. The sulfided sample was carefully transferred to
the reactor in an argon atmosphere with the aim to avoid contact
with air. Then the reactor was flushed with nitrogen and heated
under stirring to reach the reaction temperature, hydrogen was
then introduced (Prot =5 MPa). The reaction time was counted from
this moment. The total pressure was controlled constantly during
the course of reaction by adding hydrogen to compensate for its
consumption. Samples were periodically collected and analyzed
quantitatively by gas chromatography. The catalytic activity was
expressed by the initial reaction rate (mol DBT transformed per
second and per gram of catalyst).

3. Results and discussion
3.1. Supports and catalysts characterization

Textural properties for the supports and catalysts were
determined by N, physisorption. Fig. 1 shows nitrogen
adsorption-desorption isotherms of the supports synthesized.
According to IUPAC classification, the MT10 and MT25 supports
showed isotherm type IV, while it was type IIl when the samples
had 50 mol% of titania, in agreement with the reported in another
work [21]. For the three mixed oxides the pore size distribution was
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Fig. 1. N, adsorption-desorption isotherms of MgO-TiO, supports.

Table 2
Textural properties of supports and NiW catalysts.

Sample Sper (M2 g 1) V, (cmg~1) D, (nm)
MgTi10 100 0.29 7
MgTi25 166 0.38 7
MgTi50 181 0.56 11
NiW/MT10-AD 70 0.13 7
NiW/MT25-AD 117 0.16 5
NiW/MT50-AD 36 0.10 14
NiW/MT10-NAD 70 0.14 8
NiW/MT25-NAD 66 0.13 7
NiW/MT50-NAD 41 0.12 6
NiW/MT10-AC 145 0.28 6
NiW/MT25-AC 126 0.23 6
NiW/MT50-AC 57 0.15 11
NiW/MT10-NAC 105 0.30 9
NiW/MT25-NAC 96 0.21 6
NiW/MT50-NAC 82 0.19 10

bimodal. The BET area and pore diameter changed in the following
trend: MT50>MT25>MT90 (Table 2). Since the TiO, shows an
Sger ~ 10m? g~1 [24], from these results we concluded that TiO, is
a textural promoter for magnesia. Thus, the textural properties of
the mixed oxides depend mainly on the relative concentration of
their components, as it was reported somewhere else [23]. Results
from the textural characterization (Sggr, Vp and Dy ) of the catalysts
are shown in Table 2. In general, textural characteristics of all NiW
catalysts were lower than those of the corresponding supports. A
comparison of the obtained results indicates that deposition of Ni
and W species resulted in a decrease in the textural characteristics
of the support. These findings can be explained by the mechanism
of metals deposition during the impregnation process: the Ni
and W species fills in the pores of high-surface area supports,
diminishes their diameter and fully blocks the majority of them.
Such a process can lead to a decrease in the volume of small pores
and eventually, to a decrease of the surface area [25]. However,
it is widely known that the presence of foreign ions could inhibit
the sintering during the calcination of hydroxides to oxides [26].
From this approach, the stabilizing effect caused by the presence
of anions W during hydration of MgO to Mg(OH), and then in
the MgO-TiO, restructuring after calcination, may explain the
increased Sggr values of the catalysts with the highest amount
of MgO, NiW/MT10-AC and NiW/MT10-NAC with respect to the
starting MT10, Table 2, these results are in agreement with those
reported by Zdrazil [27].

Fig. 2 shows XRD patterns for the supports MgO-TiO,. All of
them exhibited diffraction patterns in which three well-resolved

26 (degree)

Fig. 2. Powder XRD patterns of MgO-TiO, supports. P: periclase.

P P
BB NiW/MT50

Mmmmmmmw
SN s i oo
mm m NiW/MT50

W
W

20 30 40 50 60 70 80

260 (Degree)

Fig. 3. Powder XRD patterns of dried NiW catalysts supported on MgO-TiO,. P:
periclase; B: brucite.

signals can be observed: the most intense signal is situated at 42.5°
(260) and two less intense peaks at about 68° and 36° (20). According
to the MgO-JCPD file number 064930, these peaks can be assigned
to the MgO periclase type [9,28]. Moreover the presence of any
diffraction lines arising from the TiO, anatase phase (26°, 38° and
58° 26) was observed in the XRD diffraction patterns [23]. The
MT50 material showed the same peaks with less intensity. This
probably is due to a poor crystallinity on this sample. Which could
correspond to large interactions between the crystalline phases.

Fig. 3 shows the XRD patterns of the catalysts dried. The posi-
tion of the supports reflections and their intensities almost did not
change after the impregnation of Ni and W species, indicating that
the long-range periodicity order of the supports was preserved in
the dried catalysts. The presence of small signals at 30° and 36° (26)
were identified as Mg(OH), brucite type [28], which is indicative
of a surface not completely dehydroxylated [28]. These peaks were
observed in catalysts impregnated by aqueous and non-aqueous
methods. All signals intensity decreased in the catalysts supported
on MT50.
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Fig. 4. Powder XRD patterns of calcined NiW catalysts supported on MgO-TiO,. P:
periclase.

The peaks attributed to the Mg(OH), did not appear in the XRD
patterns of the calcined catalysts, Fig. 4. However, the main signals
of MgO remained in the same position. Newly, the peaks inten-
sity was lost in the catalysts supported on MT50. No signals due to
the presence of any crystalline phase corresponding to the impreg-
nated oxides such WOs3, NiO or NiWO4 were detected [24]. These
results suggest a good dispersion of the metal oxide species present
in the NiW catalysts supported on MgO-TiO,. However, highly dis-
ordered (thus undetectable to the technique used) poly-tungstates
domains could not be ruled out [29,30].

In literature, UV-vis diffuse reflectance (UV-vis RD) spectra
for tungsten-based catalysts in the oxide state generally show
200-400 nm bands, which correspond to tungsten oxides species
with tetrahedral symmetry (250-280nm) and octahedral sym-
metry (290-390nm) [31-33]. However, for MgO-TiO, supported
catalysts, these bands may be overlapped with the bands caused by
02~ — Ti*" charge transfer of TiO, in this region [34]. In Fig. 5, the
DRS spectra of dried NiW catalysts and corresponding supports are
showed. We observed a band around 250 nm, which is characteris-
tic of TiO,. After impregnation, this band showed higher intensity in

A

50

MT10

the spectra of all catalysts, indicating that there may be species W&*
in octahedral coordination (290-390 nm). In the calcined catalysts
(Fig. 6) the bands show a slight shift-blue suggesting the forma-
tion of species of W8* with tetrahedral coordination (250-280 nm)
during calcination.

Figs. 5B and 6B, show a broadening of the spectrum around
400-800 nm. In the spectra of all the catalyst, we observed a band
at 620 nm which indicates the presence of tetrahedral Ni2*. The
presence of these species could be associated to the formation of
Ni-support spinels [35-38].

Although supports MgO-TiOy are stable under the conditions
of aqueous and non-aqueous impregnation, Ni and W interactions
with the starting supports remain unexplained from these results.

3.2. Catalytic activity in hydrodesulfurization of
dibenzothiophene

Fig. 7 resumes the results obtained for the dibenzothiophene
catalytic activity test. Catalysts dried impregnated by aqueous
method showed the highest activity. HDS activity of catalysts cal-
cined impregnated by non-aqueous method decreased probably,
due to the low solubility of the precursor salts on methanol, thus,
diminished the dispersion of the metal oxide and led to the for-
mation of solid solutions with the support. On the other hand, it is
probable that the addition of 25 mol% of TiO, decrease the presence
of strong Ni-support interactions and allows the nickel is in higher
availability for the formation of the active phases, this are well
exhibited by the significant increase on catalytic activity observed
in the samples with low TiO, content (Fig. 7).

Table 3 shows the amounts of the main reaction products
obtained with the dried catalysts impregnated by aqueous method.
The main desulfurized product obtained with all the catalysts in
the HDS of DBT was biphenyl, which points out that the DDS
pathway of the reaction was the predominant reaction route. In
general, the activity catalysts supported on MgO-TiO, is consider-
ably less than that obtained with a commercial catalyst supported
on Al,03. Furthermore, the selectivity of the catalysts supported on
MgO-TiO, promotes direct desulfurization pathway and increases
slightly with increasing TiO, content (HYD:DDS ratio increased). It
is well known that the selectivity obtained by NiW based catalysts
follows the hydrogenation pathway. This may be due to the MgO
content and its basic character, the strong interaction metal-MgO
could affect the number of stacks and the length of the slabs of
NiWS active phases. Then, this could shift the selectivity toward
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Fig. 5. UV-vis diffuse reflectance spectra of supports and dried NiW/MgO-TiO, catalysts.
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Table 3

Activity and selectivity for the dried NiW catalysts impregnated by aqueous method in the DBT HDS at 593 K.

Catalyst? Initial reaction rate (x 108 molppr ™' geac ') Selectivity (%)°
Biphenyl Cyclohexylbenzene
NiW/MT10-AD 23.2 82 18
NiW/MT25-AD 26.2 70 30
NiW/MT50-AD 15.8 70 30
NiW/Al, 04 423 28 72

2 Samples were pre-activated by ex situ sulfidation.
b The selectivity is given at @15% of DBT conversion.
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Fig. 7. Activity of NIW/MgO-TiO; catalysts in HDS of DBT at 593 K.

direct desulfurization instead of hydrogenation as the commercial
catalyst.

3.3. High resolution transmission electron microscopy for sulfided
NiW catalysts

The catalytic activity differences between catalysts suggested
some differences between the Ni and W sulfided species. HRTEM
characterization for the sulfided NiW catalysts was performed in
order to obtain more information about the dispersion of cat-
alytically active WS, species. Fig. 8A shows HRTEM micrograph
obtained from the dried NiW catalysts impregnated by aqueous
method on MgTi25 support. The typical fringes of WS, crystallites
with 0.61 nm interplanar distances were observed in all sulfided

Table 4
HRTEM statistical analysis for the sulfided NiW catalysts. Average slab length (L);
average stacking degree (N) and estimated f;, fraction [39].

Sulfided catalyst L N fw

NiW/MT10-AD 6.18 2.35 0.38
NiW/MT25-AD 3.87 2.30 0.59
NiW/MT50-AD 418 247 0.59
NiW/MT10-NAC 5.05 1.66 0.32
NiW/MT25-NAC 3.88 1.58 0.41
NiW/MT50-NAC 434 1.53 0.35

catalysts. Statistical analysis of the average stacking and length
of WS, crystallites are shown in Fig. 8A. In general WS, particles
observed in the catalysts were low-stacked, with a few stacks of
five and six layers. The content of TiO, did not noticeable modify
the stacking degree. However, the average length of the crystallites
showed the following trend: NiW/MT10 > NiW/MT50 > NiW/MT25.
The average length of the catalyst NiW/MT25-AD was 3.87 nm.

Fig. 8B shows a typical HRTEM micrograph observed in the
calcined catalysts impregnated by non-aqueous method on MT10
support. Unlike catalysts previously mentioned in this work, these
solids showed a very few stacks of five and four slabs, Fig. 8B. Fur-
thermore, they did not show stacks of six slabs. These results agree
with those obtained in the HDS activity, the catalyst NiW/MT50-AD
shows the highest average stack, thus promoted the displacement
of selectivity to the hydrogenation pathway. So it seems that the
addition of TiO, decreased the interaction metal-MgO, however,
this cannot be concluded from the results obtained in this work
and requires more research in the future.

Based on Kasztelan’s geometrical model [39], the average
length and number of layers were used to estimate the fraction
of tungsten atoms (fy) on the edge surface of WS, crystal-
lites (Table 4). This fraction changes in the following order:
NiW/MT10NAC < NiW/MT50-NAC < NiW/MT10-AD < NiW/MT25
-NAC<NiW/MT50-AD ~ NiW/MT25-AD. Thus, the aqueous
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impregnation on MgO-TiO, with 25mol% of TiO,, followed by
drying at 120°C leads to the formation of a greater number
of catalytically active sites available for interaction with DBT
molecules.

Many different effects could be discussed in order to explain
these results, it is well known that pH and metal concentration of
an impregnating solution and zero point of charge (ZPC) of the car-
rier are related to the amount and surface structure of supported
metal oxides. The deposition of the hydroxide species over the sur-
face is affected for the gradual solvent elimination. In the case of
aqueous solution only the HWGOgl’ [40,41] and the Ni(HZO)é+ [42]
hydroxide species are present at our impregnation conditions. As
the solubility of the salt is different depending on media, the for-
mation of other surface species may be occur when the solvent
was changed to methanol. (NH4)sW12039-H>0 solubility is very
low, however species W species react rapidly with the MgO of
the support [43]. W ions are retained on the surface strongly and
this reaction stops when surface is saturated by W species. These
W-MgO close interactions may diminish their availability to form
the active phases NiWS.

On the other hand, when the samples are calcined the impreg-
nated HWGO;’ species form the WOy particles that are wide
recognized to form strong metal-oxygen bonding. After this pro-
cess the catalysts are subjected to another thermal treatment at
high temperature (400 °C) in presence of Hy/H-S in order to obtain
the active phase (NiWS). When samples are only dried and then sul-
fided, the impregnated HWg0,1°~ species form directly the active
phase.

It is not possible to stablish a specific reason why the maximum
activity was obtained with this MT25 support. Nevertheless under
the evidence presented in this manuscript and especially the results
of HRTEM analysis, it is possible to suggest that the maximum in
HDS activity observed in the NiW/MT25-AD catalyst is related to the
morphology displayed by the WS, active phase in this sample as
well the increase on the textural properties (117 m2 g=1). The aver-
age slab length (L) and stacking degree (N) in this sample resulted
3.87 and 2.30 respectively. With these parameters the fraction of
W atoms in the edge of slabs were obtained resulting in the high-
est fy values (0.59) among series. As example the same f,, value of
0.59 was obtained for the sample NiW/MT50-AD nevertheless the
surface area fall until 36 m2 g1, in this case the distribution not the
dispersion was affected and therefore the catalytic activity decrease
40% compare to NiW/MT25-AD catalyst. Finally it has to be consid-
ered that a decrease on the interaction between Ni and support

could led a higher quantity of Ni atoms available to promote the
WS, active phase.

4. Conclusions

From the activity measurements of NiW/MgO-TiO, catalysts
in the HDS reaction of DBT and their characterization results, it
was concluded that the non-aqueous method impregnation used
in this study and calcination process do not improve the activity
of NiW/MgO-TiO,, catalysts. Since the NiW/MT25-NAD catalyst
showed the largest number of active sites available for reaction
with molecules DBT, the maximum HDS activity obtained by this
solid can be explained in terms of the morphology displayed by
the WS, active phases and the improvement of textural proper-
ties. Although the results presented in this study do not explain the
interaction of Ni and W with Mg, it is possible that the addition of
Ti in some way diminishes the strong interaction Metal-Mg and
promotes the catalytic activity.
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