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Abstract This work showed that the use of Al,05-TiO,
as carriers has a positive effect on the activity of supported
NiW catalysts in the hydrodesulfurization of dibenzothio-
phene and 4,6-dimethyldibenzothiophene carried out in a
batch reactor at 320 °C and total H, pressure of 5.5 MPa.
Two Al,03-TiO, mixed oxides with Al/Ti atomic ratios of
10 and 2 were synthesized by sol—gel method together with
the pure Al,O; synthesized as reference support. For NiW/
Al,O53-TiO, and NiW/Al,Oj; catalysts, a metal load of 17
and 5.5 wt% of W and Ni were considered respectively. It
was found that both Al,O3-TiO,-supported -catalysts
exhibited higher activity than alumina-supported one. The
catalyst with a largest TiO, content (NiW/AT2) demon-
strated to be 23 % more active with respect to NiW/Al,O;.
Solids were characterized by temperature-programmed
reduction (TPR), high resolution transmission electronic
microscopy and X-ray photoelectronic spectroscopy (XPS)
techniques. A decrease in support—metal interaction (from
TPR) was observed when Ti content increased, which
could lead to a higher amount of NiWS phase (from XPS).
Besides, a slight increase in the slabs length in WS, was
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observed for titania-containing catalyst with respect to
NiW/AL, O3, indicating that the dispersion can still be
optimized. The atomic ratio Al/Ti = 2 of the NiW/Al,O5—
TiO, catalyst proved to be a potential substitute for current
catalysts for sulfur reduction in ultra-clean diesel.
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1 Introduction

The severe environmental restrictions on the amount of
sulfur in diesel have made necessary to improve the cata-
lysts used in hydrodesulfurization (HDS). This, because the
refractory sulfur compounds such as dibenzothiophene
(DBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT),
which exhibit steric hindrance by the alkyl groups on their
molecular structure, are present in the oil cuts. Thus, these
compounds display a route to hydrogenation in the HDS
reaction [1]. In contrast to hydrotreating (HDT) common
catalysts, NiMo and CoMo supported on Al,O3, the NiW/
Al,O5 catalysts and their outstanding hydrogenating prop-
erties exhibit, therefore, potential for deep HDS [2, 3].
However, this catalyst shows incomplete sulfidation and
migration of Ni species into the alumina structure. Also
there is segregation of NiS, species and lack of promotion
for the NiWS phase is obtained. This mixed phase is
responsible for the activity in these systems [4-7]. In par-
ticular, the formation of strong W—O-Al bonds prevents
sulfidation of the W phase, while the high affinity between
the Ni*" ions and surface vacancies AI>" on the support
limits the availability of the Ni, on its deposition on the
edges of WS, crystallites [8]. To avoid this problem, NiW

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-015-0437-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-015-0437-2&amp;domain=pdf

242

Top Catal (2016) 59:241-251

has been tested on TiO, support, showing promising results
[9, 10]. Nevertheless, it has been discarded for industrial
purposes because low specific areas (10-150 m* g~') and
low thermal stability for TiO,. Consequently, the modifi-
cation and development of new supports has been used as a
strategy to modify the surface properties, to optimize the
formation of the active phase and to improve the catalytic
performance [11].

In order to improve these two supports, it has been
proposed to use the binary system of Al,03;—TiO,, because
it has shown higher catalytic activity than alumina [12—14].
It has been reported that the presence of TiO, in the support
facilitated the reduction and sulfidation for Ni-W phases,
and decreased interactions between W oxide precursors
with the support. Also, the presence of the Ti induced more
WS, species than on alumina, favoring the hydrogenation
route in the HDS of probe molecules, which requires
hydrogenation of one of its aromatic rings before
hydrodesulfurization [15-20].

In these systems, the synthesis method and composition
are important aspects to control the interaction between the
active phase and the support [16, 21]. A significant increase
in HDS activity was found for the NiW/Al,O3;-TiO, cat-
alysts prepared by coprecipitation or supported on alumina
impregnated with titania [9, 22, 23]. It has been proposed
that TiO, would transfer electrons to the active phase
helping NiWS sulfide reducibility with the formation of
sulfur vacancies [24]. Duan et al. [20] found that for NiW/
Al,O5-TiO,, synthetized by sol-gel method had higher
activity than NiW/Al,05 in the HDS of diesel oil. They
found that the optimal TiO, content was around 15 wt%.
Also, some of us [25] reported that the impregnation pH of
the active phase is important to these systems. At high pH
impregnation solutions the Ni—W interactions would be
higher than at low pH impregnation solutions because the
relation between the W solution species formed and the
support point zero charge (PZC).

The use of the sol-gel method may allow the synthesis
of mixed oxides of Al,O3-TiO,, in this system interactions
between the active phase and the support might be sub-
stantially different from those published previously [19,

might benefit the efficiency of the NiW catalytic systems.
In addition, it is necessary to shed light on issues such as
the NiWS phase formation or if the WOy entities are
entirely sulfided, i.e., the genesis of sulfides phases. Con-
sequently, this paper focuses on NiW catalysts supported
on titania-alumina synthesized by the sol-gel method, with
the aim to understand more deeply the genesis of the NiWS
active phase and its relationship with catalytic perfor-
mance. For this purpose, the catalysts were characterized
by X-ray photoelectron spectroscopy (XPS), high resolu-
tion transmission electron microscopy (HRTEM), temper-
ature-programmed reduction (TPR), temperature-pro-
grammed desorption of ammonia (TPD-NHj;), elec-
trophoresis (Potential {) and nitrogen physisorption. Cat-
alytic evaluation in HDS was carried out in model reactions
using dibenzothiophene (DBT) or 4,6-dimethyldibenzoth-
iophene (4,6-DMDBT).

2 Experimental
2.1 Synthesis of Materials

Various NiW/Al,05-TiO, catalysts were prepared with
different molar Al/Ti ratio in the support (Al/Ti = oo, 10
and 2; see Table 1). Tungsten and nickel loadings in cat-
alysts were 17 and 5.5 wt%, respectively (see Table 2).
Low temperature sol-gel technique [26] with HNO;5 as
hydrolysis catalyst and calcination at 400 °C for 5 h in
static air atmosphere was used to prepare Al,O; and the
different Al,O3-TiO, mixed oxides. The structural con-
formation and textural properties of the supports were
described previously by Nuilez et al. [28]. The supports
were impregnated by successive incipient wetness tech-
nique; firstly tungsten was impregnated and then nickel
was deposited. Aqueous solution of ammonium meta-
tungstate hydrate (NH4)¢W,040-xH,0, and nickel nitrate
hexahydrate, Ni(NOs3),-6H,O, were used as precursors of

Table 2 Metal loading of the catalysts determined by ICP-OES

26]. In addition to improving the textural properties, these Sample Ni (wt%) W (wt%)
materials eghlblted p.argcular structural con.ﬁgu.ratlon that NiW/AL 53 153
may result in synergistic effects or a combination of sur- .
. . . NiW/AT10 6.0 16.6
face properties of both oxides [27]. Thus, this system .
. . . . NiW/AT2 4.7 18.6
would allow modulating support—metal interactions, which
Table 1 Textural properties of R . . 5 1 3 1
the synthetized supports Support Al/Ti atomic ratio  Nomenclature ~ Sggr (m”“g~") V,(cm” g7) d, (nm) PZC
Al O3 0 Al 259 0.95 9.5 8.5
ALO;-TiO, 10 ATI0 343 1.0 79 8.2
ALOs-TiO, 2 AT2 359 1.1 7.7 7.6
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W and Ni respectively. After each impregnation step, the
catalysts were aged for 12 h at room temperature, and then
dried at 120 °C for 12 h. The dried NiW catalysts were
calcined at 400 °C for 5 h, and then stored in a moisture-
free container for further characterization or sulfidation.

2.2 Materials Characterization

The BET surface area, pore volume, and pore size for the
synthesized supports were measured with a Quantachrome
Autosorb-1 instrument using N, adsorption—desorption
isotherms at -192 °C. Before the measurement, the sample
was degassed (<1072 Pa) at 350 °C. The surface area was
obtained from the adsorption isotherm data (0.1 <P/
Py < 0.3) using the multi-point Brunauer—Emmett-Teller
(BET) method. The total pore volume was determined by
N, adsorption at P/Py = 0.99. The pore size was obtained
from desorption isotherm by the Barrett—Joyner—Halenda
(BJH) method.

Determinations of the Zeta ({) potential were made with
a Malvern Zetasizer 3000. For this, fine particles of support
(50 mg) were dispersed in a 0.01 M solution of KOH at
25 °C. The pH value of the solutions was adjusted with
aqueous solutions of NH,OH or HNO; (0.01 M each). The
metal loading of the oxide precursors was determined by
inductively coupled plasma—atomic emission spectroscopy
(ICP-AES), PerkinElmer Optima 3300 DV. For these
analyses, the samples were previously digested in a mixture
of HF, HCI and HNOs in a microwave oven for 2 h.

Temperature-programmed reduction (TPR) and tem-
perature-programmed desorption of ammonia (TPD-NHj3)
experiments were carried out with a Micromeritics TPR/
TPD 2900 apparatus provided with a thermal conductivity
detector (TCD) interfaced to a data station. For each TPR
or TCD-NHj; test, about 50 mg of sample were placed into
a quartz cell (U-shaped) and pretreated in situ at 250 °C for
1 h under He flow to remove water and other contaminants.
Additionally, a moisture trap was used to prevent TCD
interference. After this, the samples were cooled to room
temperature. TPR analysis was performed under a stream
of 10 vol% of H,/Ar, with a heating rate of 15 °C min~" up
to 1100 °C. For the TPD- NH; experiment, the samples
were ammonia-saturated in a stream of 5 % NHs/He
(50 mL min_l) at 100 °C for half an hour. Then, the
physically adsorbed NH; was removed by a treatment in a
He flow at 100 °C for 15 min. The ammonia desorption
was performed under H, stream from 100 to 1000 °C using
heating rate of 15 °C min™"'.

X-ray photoelectron spectroscopy (XPS) for both freshly
sulfided and after reaction catalysts were carried outina VG
ESCALAB 200R spectrometer equipped with a hemi-
spherical electron analyzer and a Mg Ko (hv = 1253.6 eV)
X-ray source. The residual pressure was kept below

7 x 1077 Pa during data acquisition. The binding energies
(BE) were referenced to the C 1 s peak (284.9 eV) to
account for the charging effects. The areas of the peaks were
computed after fitting of the experimental spectra to Gaus-
sian/Lorentzian curves and removal of the background
(Shirley function). Surface atomic ratios were calculated
from the peak area ratios normalized by the corresponding
atomic sensitivity factors. For more details about XPS
measurements one can see [29]. The high resolution trans-
mission electron microscopy (HRTEM) was carried out in a
JEM 2100F microscope operating with a 200 kV acceler-
ating voltage and fitted with an INCA X-SIGHT (Oxford
Instruments). In order to obtain statistically reliable infor-
mation, the slab length of ca. 300 particles was measured for
each freshly sulfide catalysts. Moreover, the particle size
distribution was evaluated by counting in micrographs taken
for the same sample. Prior to the XPS, HRTEM or catalytic
activity experiments, the oxide NiW catalysts were sulfided
with a mixture of 10 vol% H,S/H, (4 L min_l) at 400 °C for
4 h. A heating rate 5 °C min~" was used. After this step, the
sulfide catalysts were cooled to room temperature and flu-
shed with N, for about half an hour. Immediately, the freshly
sulfide NiW catalysts were immersed in isooctane to avoid
air exposure. Subsequently, the samples were degassed
(1072 Pa) and immediately transferred without air exposure
under argon atmosphere to XPS or HRTEM analysis. For
catalytic activity, the freshly sulfided catalysts were directly
immersed in the reaction mixture.

The coke deposited on the spent catalysts was quantified
by thermogravimetry (Mettler Toledo TGA/SDTAS851
equipment) by comparison of the TPO/TG profiles of spent
catalysts with those of their fresh counterparts. Before TG/
DTG measurements, the sample was dried in pure N, at
500 °C for 1 h in order to remove water and other con-
taminants from the catalyst surface. The TPO experiments
were carried out by raising sample temperature from room
temperature to a final temperature of 900 °C at a rate of
10°Cmin~" in a 20 vol% O,/N, gas mixture
(50 mL min™ ).

Raman spectra were obtained at room temperature on a
T64000 triple monochromator Jobin—Yvon-Horiba using
the 514.5 nm line of an Ar" laser (Lexel Laser). All the
spectra were obtained at a power of 10 mW at the laser
head, in the range 10-1600 cm_l, and 1 cm™! resolution.
An Olympus microscope with a x100 objective and 10
accumulations of 60 s each was used. Gaussian deconvo-
lution of spectra was performed according to a previous
report by Diaz de Leon et al. [30].

2.3 Catalytic Activity

Catalytic activities for sulfide catalysts were evaluated by
the hydrodesulfurization of dibenzothiophene (DBT) and
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4,6-dimethyldibenzothiophene (4,6-DMDBT). The reac-
tion took place in a high-pressure batch reactor (Parr
Instrument Co.) equipped with magnetic agitation, wall-
baffles, gas inlet and outlet valves, a liquid sample valve,
pressure gauge and internal thermocouple. The reaction
mixture consisted in DBT or 4,6-DMDBT (300 ppm of
sulfur) dissolved in 100 mL of solvent and 250 mg of
freshly sulfide catalyst. In order to improve product quan-
tification by chromatography analysis, different solvents
were used: hexadecane for DBT and dodecane for 4,6-
DMDBT. Once closed the reactor, the reaction system was
flushed with N, to displace air. Then, reactor was pres-
surized at 1.4 MPa with N, and heated to the reaction
temperature (320 °C). Subsequently, N, was vented
slowly, and then H, was introduced up to reaction pressure
(5.4 MPa). The reaction pressure was kept constant by
manual addition of H,. Reaction was carried out with
vigorous agitation (1200 rpm). The reaction time was
considered to star from the incorporation of H,. Small
samples volume were periodically collected (0, 15, 30, 45,
60, 90, 120, 150, 180 and 240 min; the sum was <5 % of
initial volume) and analyzed by a gas chromatograph
(PerkinElmer Autosystem XL) equipped with a HP-5
capillary column (5 % phenyl-methyl-silicone, 30 m X
0.25 mm) and a flame ionized detector (FID). The initial
reaction rate ((—r4)’; Ec. 1) expresses the catalytic activity
(mol transformed of reactive per second and gram of sul-
fided catalyst, mol s~' g™ ).

()= (%) ! ()

where (dC4/dt) is the rate of change of the molar concen-
tration of reagent (C,) with respect to the time (), and will
be obtained by the initial constant slope of a plot of C4
versus ¢. w is the mass of freshly sulfided catalyst. After the
reaction, the spent catalyst was filtered and stored in inert
atmosphere.

3 Results and Discussion
3.1 Catalysts Characterization
3.1.1 Textural Properties

The textural properties and point of zero charge (PZC) for
supports prepared by sol-gel technique are given in
Table 1. The incorporation of Ti in Al,O3 produced around
30 % higher surface areas (Sggr) and 18 % lower pore
diameter (d,) compared with pure Al,O3. A significant
variation in total pore volume (Vp) was not observed.
However, the textural properties of these Al,O03;-TiO,
mixed oxides were suitable for potential implementation in

@ Springer

diesel cuts hydrotreating [11]. In addition, a decrease in
PZC values was observed as Al/Ti ratio was increased,
suggesting that incorporation of Ti induced superficial
modifications in the supports. Since PZC of support influ-
ences the support-metal interaction [31], special attention
should be paid to the conditions of impregnation. In this
sense, a maximum concentration of anions species of W
(HW403, and HWGOQO(OH)g_) and a majority of positive
surface charges exist simultaneously at pH 4 [32, 33]. At
these conditions, the W species may be properly anchored
by electrostatic interactions.

3.1.2 Temperature-Programmed Reduction (TPR)

The TPR profiles for the supported NiW catalysts are
shown in Fig. 1. In Fig. 1a can be observed that the alu-
mina supported catalyst showed two reduction peaks at 625
and 905 °C. The peak at 625 °C is attributed to the Ni
reduction as NiWO, and a partial reduction of the surface
\\% (W6+ - W4+) [9, 34]. For AT2 this reduction step was
identified at 603 °C. Also, the main peak could be asso-
ciated with the overall reduction of bulk tungsten
W4 — W For the Al,O5-TiO,-supported samples, the
peaks were shifted toward lower temperatures, suggesting a
decrease in the metal-support interaction related to the
increasing amount of Ti. A similar effect was observed for
the sulfided catalysts depicted in Fig. 1b. The first peak at
233-256 °C has been attributed to physisorbed H,S. The
next region between 380 and 600 °C has been related to the
presence of Ni sulfided species such as NiS and NiWS. The
last wide region (>600 °C) could be attributed to the
combination of bulk WS, and partially oxide species [3,
35, 36]. It is possible to assume that a significant amount of
Ni was present as NiWS and NiWO, phases. Considering
that it has been indicated that NiWQO, over alumina is not
completely sulfided at 400 °C [3, 36], it could be said that a
higher amount of Ni and W species were in the NiWS
phase over the alumina-titania support since the reduction
is presented at lower temperatures. However, it has been
mentioned that the NiWS phase segregation resulting in the
formation of NizS, and WS,. Thus, the amount of NiWS
decreases [35-37]. This may indicate that the WS, reduc-
tion occurs in one step while the sulfided Ni is reduced in
two steps (NiS — NizS, — Ni) [3, 36, 37]. Since over the
AT2 support the reduction of the metalic sulfide is pre-
sented at lower temperatures than in AT10 and alumina
support, this could suggest that the modification of the
Al,O3 support with TiO, decreases the support—metal
interactions and the reduction of Ni and W sulfided species
may be easier. Considering the amount of H, consumed
(Fig. 1a), the observed trend is: NiW/AT2 > NiW/
ATI10 > NiW/Al. Since the -catalyst initial activities
(Fig. 5a, b) follows the same trend as the H, consumed



AT10 > NiW/Al), the largest HDS activity of the NiW/
AT?2 sulfide catalyst could be linked with the largest
amount of WO; precursor species.

3.1.3 X-ray Photoelectron Spectroscopy (XPS)

The lower metal-support interaction would result in a
greater sulfidation such as shown in the XPS results. The
quantitative estimation for the freshly sulfided (at 400 °C)
catalysts XPS spectra is displayed in Table 3. The W 4f
peak shows two doublets, each one with the 4f7,, and 4fs,,
components (Figure not shown here) coming from the
spin—orbit splitting. The relative amount of WS, species
(W 4f;,, 32.5-32.7 V) and NiWS (Ni 2pz,, 853.9 eV)
[38] is indicated in parentheses.

Additionally, the Ni 2p;3, core level spectra of all the
catalysts show a component at a BE of 856.5 eV, which is
typical of Ni*" jons interacting strongly with the alumina
substrate forming a non-sulfide NiAl,O, spinel-like species
[39]. The NiW/AT2 catalyst exhibits a lower amount of
NiAl,O, spinel-like compounds than the other NiW/Al and
NiW/AT10 samples. Similarly, the W 4f;,, component at
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during the TPR experiments (NiW/AT2 > NiW/  higher binding energy (35.9 eV) is clearly due to non-

sulfide W-O moieties [39]. The presence of these non-
sulfide W species is expected because WOs is fully sulfided
at temperatures somewhat about 500 °C.

However, some oxidation of the fresh sulfided samples
during the sample handling from the catalytic reactor to the
XPS chamber can be excluded because nickel sulfide
species were not oxidized.

It can be seen that the samples exhibited a similar per-
cent of WS, species (~25 %). However, regarding Ni
species, the NiW/AT?2 catalyst presents a higher percent of
sulfur species than the others catalysts to form the NiWS
(45 %) phase. Besides, NiW/Al and NiW/AT10 catalysts
showed a lower amount of these species, 34 and 19 %,
respectively. Considering the results by Reinhoudt et al. [3,
5], one might expect that after sulfidation at 350 °C for 2 h,
the sulfidation degree for W and Ni species should be about
21 and 58 %, respectively. To determine the relative
abundance of atoms of Ni and W exposed at the surface for
different samples the atomic ratios S/(Ni + W), W/
(Al + Ti) and Ni/(Al + Ti) were calculated and presented
in Table 3. An increase of 86 % in the W amount and a
26 % increase in the Ni amount on the surface can be seen

Table 3 Binding energies (eV)

and atomic surface ratios of the Catalyst W 4f5, Ni 2p3p S/(Ni + W) WI/(Al + Ti) Ni/(Al + Ti)
NiW/Al and NiW/ALO;-TiO, NiW/A1 32.6 (23 %) 853.9 (34 %) 1.20 0.080 0.056
catalysts sulfided at 400 °C
35.9 (77 %) 856.5 (66 %)
NiW/ATI10 32.5 (23 %) 853.8 (19 %) 0.93 0.108 0.078
36.0 (77 %) 856.4 (81 %)
NiW/AT2 32.7 (25 %) 853.9 (45 %) 1.28 0.149 0.071
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Ni+W species surface exposure
of fresh sulfided catalysts (from XPS)

Fig. 2 Correlation between the metal species surface exposure for
fresh sulfided catalysts and the reduction temperature needed for
formation of metallic W species (W™ — W?)

for the NiW/AT?2 catalyst with respect to NiW/AI catalyst.
This may indicate a higher dispersion by increasing the
amount of Ti in the support. Also, it is possible to observe a

slight increase in the S/(Ni + W) ratio with the increase of
titania in the support, indicating that there is a higher sul-
fidation of the NiW/AT2 catalyst than the others. This
result may be caused by the lower metal-support interac-
tion upon the addition of Ti. Interestingly, it was found a
correlation between the metal species surface exposure
(from XPS) and the support-metal interaction deduced
from temperature maxima when W** species transforma-
tion into metallic W occurred (from TPR). Figure 2 shows
the maximum temperature needed for formation of metallic
W species (W*T— W?) against the metal species surface
exposure for fresh sulfided catalysts (from Table 3). As
seen in this figure, the NiW/AT2 sample with the largest
metal species surface exposure exhibited the lowest sup-
port—metal interaction among the studied catalysts.

3.1.4 High Resolution Transmission Electron Microscopy
(HRTEM)

The Fig. 3 shows sulfided catalysts micrographs. It is
possible to observe the presence of typical WS, phase slabs

Fig. 3 HRTEM micrograph of the a NiW/Al, b NiW/AT10, and ¢ NiW/AT2 catalyst sulfided at 400 °C
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structures, which are dispersed homogeneously on the
support and large aggregates of WS,, were not found. It is
can be seen in Fig. 3 that all sulfided samples exhibited
mainly parallel oriented to the electron beam direction
edge WS, slabs. Another orientation as the basal plane of
the WS, slabs can be identified, however this orientation is
less abundant compared to the predominant above. Thus
the HRTEM images for all sulfide catalysts showed the
presence of WS, species corresponding to hexagonal
crystal structure and W atoms located in trigonal prismatic
coordination sphere. The interplanar gap (~0.62 nm) is
consistent with the basal plane (0 0 2) within WS, [39].
The WS, slabs length and number distribution are given in
Fig. 4.

As seen in Fig. 4a, titania-containing catalysts have a
slightly wider crystallite size distribution than the sup-
ported on alumina. As a result, the average WS, crystal
size increased as noted in the following sequence: NiW/AI
(2.5 nm) < NiW/ATI10 (2.6 nm) < NiW/AT2 (3 nm).

Thus, contrasting with results published by Ramirez
et al. [9], both titania-based catalysts showed a slight
increase in the crystal size with respect to the titania-free
catalyst. Considering the TPR results, this is related to a
decrease in the metal-support interaction for supported
Al,03-TiO, catalyst with respect to NiW/Al. As a conse-
quence of a weaker support—metal interaction, both titania-
containing catalysts showed a higher degree of sulfidation
than the alumina supported catalyst, as it was displayed in
the XPS results (see Table 2). Finally, it can be noted that
NiW/AT2 catalyst shows a slight increase in the number of
stacked slabs respect to the other two catalysts (2.8 vs 2.5).

3.2 Catalytic Measurements

Figure 5 shows the initial rate of disappearance of the DBT
and 4,6-DMDBT molecules for sulfided NiW catalysts at
400 °C.

In general, the AT2 supported catalysts exhibited sig-
nificantly higher catalytic efficiency in the HDS of DBT
and 4,6-DMDBT compared with the other solids. The
NiW/AT?2 catalyst showed approximately 70 and 60 %
higher activity than the equivalent supported on Al,O3 for
DBT and 4,6-DMDBT respectively.

At 25 % of conversion, the products detected in the
HDS of 4,6-DMDBT over all catalysts studied were
(Table 4): 3,3'-dimethylbiphenyl (3,3-DMBP), 4,6-dimethyl-
tetrahydrodibenzothiophene (4,6-DMTHDBT), dimethyl-
cyclohexylbenzene (DMCHB) and dimethylbicyclohexyl
(DMBCH). Thus, the 4,6-DMDBT undergoes HDS via
direct desulfurization (DDS) leading to the formation of
3,3-DMBP compound and via hydrogenation (HYD) giv-
ing intermediate 4,6-DMTHDBT, which after sulfur
removal through C-S bond scission is converted to
DMCHB (a slow reaction) and then to DMBCH. For all
catalysts, the 4,6-DMDBT converts mainly via the HYD
pathway, as deduced from comparison of the selectivity
ratio (kgyp/kpps) and products yields. However, signifi-
cant changes in the selectivity between NiW/Al and NiW/
AT?2 catalysts were not observed (Table 4).

This activity increase was the result of significant
changes in the structural and surface properties of the
support, favorably influencing support-metal interactions.
On one hand, the structural conformation shown by AT2

Fig. 4 NiW catalysts a b
crystallites size distribution. 1 I NiW/Al  L=2.5nm 40 I NiW/AI N=2.5
Left a slabs length and right [ NiW/AT10 L=2.6 nm [ INiW/AT10 N=2.6
4 > 25 . - : -
b stacking number C_INiW/AT2 L=3 nm B NiW/AT2 N=2.8
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Fig. 5 Catalytic initial activity in the HDS of a DBT and b 4,6-DMDBT with NiW catalysts supported on Al,O3-TiO, (17 % W and Ni/

(Ni + W) = 0.5)

Table 4 Percentage of
selectivity and products yield Catalyst 3,3-DMBP (%) 4,6-DMTHDBT (%) DMCHB (%) DMBCH (%) kayp/kpps
for the HDS of 4,6—DMDBT at NiW/Al 3 13 0 1.53
25 % of conversion .
NiW/AT2 7 12 2 1.52

support [26, 28], induced significant changes in the total
acidity of the support (40 % less acidity) and a decrease of
the point of zero charge, while AT10 support showed no
significant changes from Al,Os.

In Fig. 6 an increase in the initial reaction rate is
observed, related to a decrease in the amount of strong acid
sites, which are lower for the NiW/AT2 catalyst, as
determined by NH3-TPD technique. Due to the fact that
Ti*t ions are Lewis acidic sites [40] and alumina alone
possesses both Lewis and Brgnsted acid sites [41], for all
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Fig. 6 Influence of strong acid sites on the catalyst activity on the
HDS of DBT
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catalysts the nature of strong acid sites should be both
Brgnsted and Lewis acids (main acidity). In this sense, an
increase in Lewis acidity with an increase of Ti content in
hybrid HMS-Ti was previously reported [40].

The influence of the support (Al,O5; against Al,O;—
TiO,) on the coking behaviour of sulfided NiW catalysts in
HDS reaction was evaluated from the weight change of the
coked catalysts during temperature-programmed oxidation
by means of TG-DTG technique. Figure 7 presents the
TPO/TG-DTG plots of the spent NiW/Al, NiW/AT2 and
NiW/ATI10 catalysts. The weight loss in the TG profiles,
corresponding to the most intense DTG peak centred at
460 °C can be assigned to lose of the sulfur atoms from
oxo-sulfide species whereas the second weight loss (DTG
peak centred at ~700 °C) is characteristic of coke oxida-
tion [42]. Table 5 compiles the weight loss corresponding
to the decomposition of metal sulfide species and oxidation
of coke. The weight loss in temperature range 300-600 °C
(DTG peak centered at around 460 °C) was observed. This
weight loss in this temperature region is commonly
described in literature as due to the oxidation of metal
sulfide species leading to SO, evolution. Interestingly, we
found that two catalysts supported on alumina modified
with TiO, (NiW/AT2 and NiW/AT10) exhibited a lower
SO, evolution than the catalyst supported on alumina
(NiW/Al) indicating the enhanced stability of the metal
sulfides or oxo-sulfides species when the support was
modified with TiO,.

On the other hand, different temperature at which oxi-
dation of coke occurs (NiW/AT2 (679 °C) < NiW/AT10
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Fig. 7 TPO/DTG plots of the spent NiW/Al, NiW/AT2 and NiW/
AT10 catalysts

(709 °C) < NiW/Al (715 °C)) might indicate that more
polymerized coke is formed on the NiW/Al sample.
However, considering the weight loss corresponding to
coke burning (Table 5), one might conclude that similar
amount of coke was formed on all binary samples.

The highly disperse Ti*" into alumina network may be
taking place within the surface AI’T vacancies and
decreasing the strong acid sites and limiting the migration
of Ni into the Al,O3 matrix [19, 27]. In addition, NiW/AT2
catalyst TPR profiles showed a clear decrease of the
reduction temperature of the supported metal species, with

Table 5 Weight loss between 300 and 900 °C for the spent catalysts

Sample SO, evolution Coke
T (°C) Weight loss (%) T (°C) Weight loss (%)
NiW/Al 466 5.6 715 4.1
NiW/AT2 459 35 679 45
NiW/AT10 472 33 709 45

As determined by TPO/TG-DTG technique

a significant increase in H, consumption related to the
reduction of W species. Since the catalyst initial activities
(Fig. 5a, b) follows the same trend as the H, consumed
during the TPR experiments (NiW/AT2 > NiW/AT10 >
NiW/Al), the largest HDS activity of the NiW/AT2 sulfide
catalyst could be linked with the largest amount of WO;3
species of its oxide precursor.

Regarding this, the Raman spectra of these materials,
exposed in Fig. 8, showed that the catalyst supported on
the mixed oxide AT2 may possess the smallest fraction of
surface W species (O = W: between 950 and 1000 cm™;
and O = W = O: 850-1000 cm™') with respect to the
bulk particle (W =0 + O =W = 0)/O-W-0, which
could indicate the formation of larger WOy species [30].
Together these results suggest that the AT2 support would
favor the availability of the metal oxides, WOx and NiOx,
due to a weaker metal-support interaction.

We further investigated the support effect on the type of
species formed after catalyst sulfidation at 400 °C by per-
forming the XPS analysis. As expected, the observed
characteristics of the oxide phase were correlated with the
formation of the sulfide phase (Fig. 9). Specifically, the
XPS spectra of sulfided NiW/AT2 catalysts showed the

5
3 b
2
[
S
E
a
1 T 1 o T . 1 T
700 800 900 1000 1100 1200
Raman shift (cm™)

Fig. 8 Raman spectra with Gaussian deconvolution of the catalyst
calcined at 400 °C a NiW/Al and b NiW/AT2
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highest fraction of surface WS, and the promoted phase
“NiWS”. To determine the possible location of Ni and W,
in Fig. 9 are plotted the surface Ni(W)/(Al + Ti) atomic
ratio of the sulfided samples against the bulk Ni(W)/
(Al + Ti) atomic ratio of their respective oxide precursor
(from chemical analysis). For all samples, the Ni species
was found to be more homogeneously distributed than W
ones. Interestingly, the incorporation of Ti on the alumina
forced location of the W species on the outer catalyst
surface. After sulfidation, the NiW/AT2 exhibits a larger
amount of W species on the outer catalyst surface than its
NiW/AT10 counterpart.

The TPR profiles analysis of the sulfided catalysts
confirmed these findings regarding the WOy and NiOx
availability to be sulfided when supported on AT2. In
particular, the sulfided NiW/AT2 catalyst showed higher
amount of sulfur species as compared with the other cat-
alysts. Moreover, the increased H, consumption was rela-
tive to labile sulfur reduction, which was related to the

formation of coordinated unsaturated sites (CUS) on the
metals or anionic sulfur vacancies. For the sulfided cata-
lyst, HRTEM characterization showed that AT2 support
induced an increase in the WS, slab size and stacking,
which may have its origin in the formation of larger WOy
particles during calcination linked with a lower W—support
interaction. According to the above, using AT2 as catalyst
support may lead to an easier sulfidation of the W species
and increases the availability of the promoter metal, com-
pared to the Al,O5 supported catalyst, this was reflected in
a significant increase in catalytic activity in the HDS of
DBT and 4,6-DMDBT. The Fig. 10 shows a schematic
representation of the described above.

4 Conclusions

The AT2 support increased the formation of the NiWS
active phase, reflected in a significant increase in the cat-
alytic activity of HDS of DBT and 4,6-DMBDT. The
incorporation of Ti in the Al,O3 matrix (AlV/Ti = 2) by the
sol-gel method a decreasing in a AI’" vacancies was
originated, which have affinity to surface Ni2+, this led to a
higher number of NiOyx species formation, which are the
precursor of promoted WS, phase. The increase in the
NiOyx species results in a higher availability of promoter
metal to the set of edges of WS, platelets during sulfida-
tion, increasing the fraction of active sites, NiWS, pro-
moting activity in hydrodesulfurization.
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