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Abstract. This contribution deals with about selective conversion of heavy gas oils into middle distillates fuels
that meet ultra-low sulfur and aromatic compound quality standards by using a novel NiWRu/TiO2 –cAl2 O3
catalyst under typical hydrotreatment conditions. A diesel fuel fraction having sulfur, nitrogen and aromatics
compound content of about 50 ppm, 10 ppm and 15 v%, respectively, was obtained when the reactor was
operated at T = 370 °C, P = 12.4 MPa, LHSV = 0.5 h1 and H2 /hydrocarbon ratio = 800 Nm3 /m3 . Titanium
and ruthenium additives used in the preparation of the NiWRu/TiO2 –cAl2 O3 catalyst, remarkably improved
the catalytic activities for the hydrogenolysis, hydrogenation and hydrocracking reactions compared to the
reference NiW/cAl2 O3 catalyst. The coprecipitation of titanium and aluminum hydroxides produced a catalyst
support having greater surface area, pore volume and surface acidity. An improvement in mechanical properties
of the support extrudates was also observed. Characterization analysis by XPS, AUGER and XRD techniques
of the TiO2 –cAl2 O3 support suggested the formation of an aluminum-titanate mixed phase (Alx Tiy Oz ) having a
non-well-deﬁned stoichiometry. The NiW/TiO2 –cAl2 O3 and NiWRu/TiO2 –cAl2 O3 exhibited a greater surface
dispersion of the supported nickel and tungsten species compared to the NiW/cAl2 O3 catalyst. The promoter
effect of ruthenium on the NiW bimetallic system caused a strong increase in both hydrogenolysis and
hydrogenation reactions. Hydrodenitrogenation and hydrocracking reactions were also favored by the increase
in the hydrogenation capacity and in the surface acidity of the catalyst. The highest conversion levels for all
investigated reactions were obtained when the NiWRu/TiO2 –cAl2 O3 catalyst was prepared by co-impregnation
of Ni and Ru in a second step. This catalyst showed sulfur tolerance properties when the reaction was conducted
in the presence of different H2 S partial pressures. The catalytic behavior of the NiWRu/TiO2 –cAl2 O3 catalyst
was explained by the existence of a promoting effect between separated Ni and Ru sulﬁdes species and the
NiWS phase (dual mechanism).

1 Introduction
The continued depletion of light crude reserves has made oil
reﬁneries to process larger amounts of heavy crudes. The
processing of these heavy feedstocks differ markedly from
light loads due to the presence of high molecular weight
asphaltene molecules, high contents of sulfur, nitrogen
and organometallic compounds, mainly V, Ni and Fe. Very
few reﬁneries in the world are conﬁgured to process heavy
crudes. This is the reason behind large oil corporations for
making signiﬁcant capital investments to develop new
catalytic processes and modernize their process units.
The oil reﬁning industry has been forced to produce
cleaner fuels and operate their units more efﬁciently to
meet with strict environmental restrictions imposed by
* Corresponding author: rprada@chasmtek.com

government agencies, and to convert more heavy feedstocks
to satisfy fuels demand in the regional markets and to
improve their proﬁt margins. The Environmental Protection Agency (EPA) developed heavy duty highway diesel
fuel standards which came into force from 2008, which
required a 90% emission reduction from 500 ppm S heavy
duty vehicle standards [1–3].
To fulﬁll these requirements, oil companies have been
making important capital investment for modernizing their
reﬁneries through the acquisition of new technologies,
supporting research projects for the development of new
catalytic materials and optimizing their operations for
producing gasolines and diesel fuels having very low level
of sulfur and aromatic compounds. A maximum of
50 ppm S and 20 v% aromatic compounds in fuels is
currently permitted in most of mature markets and
countries in way of development [1–3]. The National
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Environment Agency (NEA) deﬁned Ultra-Low Sulfur
Diesel (ULSD) as diesel fuels with  50 ppm S. However,
in some states in the US and countries in the European
Union (EU), Japan, South Korea and South Africa, a maximum limit of 10 ppm S were established. Since 2003, a “zero”
S with very low aromatic content (less than 1% by volume)
in diesel fuels has been made available in Sweden. The new
environmental regulations in the US and EU countries also
require a signiﬁcant reduction in the aromatic content in
fuels. These regulations establish a maximum aromatic level
in diesel of about 15 v%, and the content of polycyclic aromatic compound < 2 v% [1, 4, 5].
Catalyst manufacturing companies have been responding to the needs of their customers by using new materials
to develop a new generation of highly active and selective
catalysts. These new catalysts must consume equal or less
hydrogen than current catalysts and more resistant to the
deactivation by coke and/or metal deposits. In these developments, the textural properties of the catalyst support
must be adapted to the nature of the feedstock to be hydrotreated. New active metal formulations must be resistant to
deactivation by poisoning under high H2 S and NH3 partial
pressures and the irreversible adsorption of highly condensed aromatic compounds. Furthermore, these metals
must remain stable when the reactor operates under severe
temperature and pressure conditions.
Signiﬁcant technological progresses have been made in
the last two decades to improve the performance of
Hydrotreating (HDT) catalysts. New catalyst textures,
with large pores, bimodal porosity, continue to be developed with some success. Binary metal oxides, such as
TiO2–cAl2O3, SiO2–cAl2O3, ZrO2–cAl2O3, TiO2–SiO2
found to be of increasing interest as Hydrodesulfurization
(HDS) catalyst support due to high activity and selectivity,
thus drastically decreasing the hydrogen consumption [1, 2,
6–13].
Additives based on titanium, magnesium, cerium and
zirconium have given some promising results. These additives have shown to modify the surface properties of the
support, the dispersion of the active phase and the interaction forces between the active phase and the substrate [2, 6,
14, 15]. Catalysts based on TiO2 and TiO2 –cAl2 O3 showed
a remarkable increase in the catalytic activities for the
aromatic Hydrogenation (HDA), Denitrogenation (HDN)
and Hydrocracking (HCK) reactions and a signiﬁcant
improvement in the metallic dispersion and the surface
acidity properties [9, 10, 12, 16–18].
The catalysts based on CoMo/cAl2 O3 and NiMo/cAl2 O3
are mainly used in the HDT processes due to their high efﬁciency in HDS and HDN. However, NiW/cAl2 O3 based catalysts, which have a higher price, are employed in the
production of low sulfur diesel, aromatics hydrogenation
and hydrocracking due to their high capacity in hydrogenation. Whereas, its performance is still insufﬁcient to reach
the ULSD level required in the fuel markets [14, 15, 19].
The use of noble metals in combination with NiW, NiMo
and CoMo bimetallic systems provide a greater capacity in
hydrogenation and hydrogenolysis which offers alternatives

for the development of new catalysts for the production of
ULSD and low aromatics content [20–22]. Harris and
Chianelli [23, 24] have observed that for the HDS reaction
of DBT, catalyst based on RuS2 was found to be the most
active of the transition metal sulﬁdes. Vrinat et al. [25],
observed that the Nix Ru1x S2 mixed phase show remarkable
HDS and HYD activity properties, higher than the activities
observed for RuS2 , MoS2 , CoMoS and NiMoS phases. These
results look promising for the development of new catalytic
systems with improved activity for the desulfurization and
deep hydrogenation of aromatic compounds from heavy
gas oils.
In the above context, we have been working on developing a catalytic process for the selective conversion of heavy
gas oils into middle distillates containing low level of sulfur,
nitrogen and aromatic compounds. This hydrotreating and
Mild Hydrocracking (MHCK) process, shown in Figure 1,
combines different catalyst systems based on CoMoP/
cAl2 O3 , NiMoP/cAl2 O3 and NiWRu/TiO2 –cAl2 O3 . The
CoMoP/cAl2 O3 and NiMoP/cAl2 O3 catalysts were developed for the HDS-MHCK and HDN-MHCK reactions,
respectively [17, 26]. Whereas, the NiWRu/TiO2 –cAl2 O3
catalyst was formulated for the desulfurization of dibenzothiophenes and its derivatives, the saturation of aromatics compounds and for the selective production of medium
distillates. In this work, we show the results obtained during
the development of the novel NiWRu/TiO2 –cAl2 O3 based
catalyst.
For this purpose, a series of catalysts based on NiW/
cAl2 O3 , NiW/TiO2 –cAl2 O3 and NiWRu/TiO2 –cAl2 O3 ,
having similar Ni and W composition, were prepared by
co-precipitation of titania.
This method is widely used for the manufacture of
industrial catalyst supports due to viability of subsequent
commercial scaling. Also, proper selection of equipment
and rigorous control on various parameters is crucial during
the manufacturing process of catalyst support. The key
parameters that play an important role in the manufacture
of industrial catalyst supports are as follows: (i) the nature
of the metallic salts, (ii) concentration of solids in solution,
(iii) order and rate of addition of the acid-base solutions,
(iv) co-precipitation temperature and pH, (v) aging time,
(vi) gel ﬁltration and washing conditions (pH and temperature), (vii) drying temperature, (viii) type of formulation
operations (extrusion, spherization, granulation, tablets,
etc.), (ix) calcination temperature and time.
The prepared catalysts were characterized by BET
surface area, pore volume, surface acidity measurements
using pyridine chemisorption, X-ray Photoelectron
Spectroscopy (XPS) and Auger spectroscopy. Catalytic
activity properties for the HDS, HDN, HDA and MHCK
reactions were evaluated in a ﬁxed bed pilot reactor, at 5.5
and 12.4 MPa total pressure and at 370 and 380 °C. Heavy
gas oils feedstocks were previously hydrotreated using the
CoMoP/cAl2 O3 and NiMoP/cAl2 O3 catalyst systems under
typical MHCK conditions [26]. The role of titanium and
ruthenium for improving the hydrogenolysis, hydrogenation
and hydrocracking reactions were investigated.
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Fig. 1. Simpliﬁed scheme of the process for producing ultra-low-sulfur and aromatic middle distillate fuels from unconventional
heavy gas oils.

2 Experimental methods
2.1 Catalyst preparation
The TiO2 –cAl2 O3 catalyst support was prepared by the
co-precipitation method from aqueous solutions containing
TiOSO4 , NaAl2 O4 and Al2 (SO4 )3 salts. The obtained paste
was ﬁltered and then washed several times with hot deionþ
ized water until the level of SO2
4 and Na ions in the solid
was less than 0.5 wt%. Subsequently, the solid was dried
using the spray drying technique and then extruded into
cylindrical particles having a diameter of 1.4 mm and a
length of about 8 mm. The extrudates were dried and
calcined at 500 °C for 4 h. The TiO2 composition in the
calcined material was 15 wt%. An alumina support was prepared from aqueous solutions containing NaAl2 O4 and Al2
(SO4 )3 salts following the same procedure described above.
Supported NiW-based catalysts were prepared by the
pore-ﬁlling method (also known as incipient wetness
impregnation) from aqueous solutions containing Ni and
W metal salts. The pore-ﬁlling method commonly practiced
in the catalyst industry has several advantages over other
catalyst preparation methods such as: simple execution,
good control of the active metals composition in the ﬁnished
product, safer operation and low cost. The active metals
were deposited on the cAl2 O3 or TiO2 –cAl2 O3 supports
surface through two consecutive impregnation steps. In
the ﬁrst step, an aqueous solution of Ammonium MetaTungstate (AMW) was sprayed over 5 kg of the support

extrudates in a rotary drum equipment and then the
impregnated solid was aged for 2 h at room temperature
under controlled moisture. Subsequently, the impregnated
particles were dried in air ﬂow at 120 °C for 2 h. In the
second step, an aqueous solution containing nickel nitrate
was sprayed over the solid. The aging and drying of the
impregnated particles were carried out under the same
conditions previously described. The dried solid was subsequently calcined at 550 °C for 4 h. Both NiW/TiO2 –cAl2 O3
and NiW/cAl2 O3 catalysts were prepared and used as reference materials.
Two NiWRu /TiO2 –cAl2 O3 catalysts were prepared by
co-impregnation of Ni and Ru and by doping the NiW/
TiO2 –cAl2 O3 catalyst with a Ru chloride solution. The
latter catalyst is denoted in the following as NiW +
Ru/TiO2 –cAl2 O3 . The aging and drying steps were carried
out under the same conditions as described above. The
chemical composition of the prepared catalyst was found
to be 20 wt% WO3 , 6 wt% NiO and 0.6 wt% Ru, when
analyzed by atomic absorption technique.
2.2 Adsorption properties of the metal ions solutions
To investigate the changes in pH due to the adsorption of
metal ions on the cAl2 O3 and TiO2 –cAl2 O3 supports surface
during the aging time, the following experiment was conducted. A 1.2M solution of Ammonium Meta-Tungstate
solution was prepared and a 120 mL aliquot of this solution
was taken and then contacted with variable quantities of
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alumina support (from 5 to 80 g). The pH of the solution
was determined every 2 h, which corresponds to the aging
time employed for the catalyst preparations. The
W/cAl2 O3 was dried at 60 °C for 4 h and then at 150 °C
overnight. The same experiment was carried out but, in this
case, a 0.55 M solution of nickel nitrate was used.

and Ru3d energy levels were recorded. The C1s energy level
(284.5 eV) was taken as a reference. Atomic surface concentration of supported elements (e) was evaluated from the
peak integrated areas and the sensitivity factors provided
by the equipment manufacturer.
2.4 Catalytic activity

2.3 Characterization analysis
BET surface area and pore volume were performed using
the multipoint method by N2 adsorption on a Micromeritics
ASAP 2400 instrument. Samples were ﬁrst outgassed at
400 °C for about 4 h under vacuum before the analysis.
Pore size distribution of the cAl2 O3 and TiO2 –cAl2 O3 catalyst and their corresponding NiW supported catalysts were
determined from the N2 desorption isotherm.
X-ray diffraction patterns of the catalyst supports were
performed with a Phillips 1730/10 powder diffractometer
using nickel ﬁltered Cu Ka radiation (k = 1.5418 Å).
Total surface acidity has been determined gravimetrically using pyridine as a probe molecule adsorbed on the
surface. The total irreversible adsorbed pyridine amounts
were measured at 100 °C. Result was expressed as millimole
of adsorbed pyridine per gram of support.
Zero Point of Charge (ZPC) of the solids was
determined using the mass titration technique. Different
amounts of solid were added to a ﬁxed volume of 0.1 M
NaCl solution contained in plastic bottles and then sealed,
thus obtaining samples containing solid fractions ranging
from 0.1 to 5 wt%/v%. The samples were left equilibrating
for 24 h and pH of the supernatant liquid was measured.
The ZPC was determined from the asymptotic value of
equilibrium pH vs. solid fraction curves.
Bulk crushing strength was determined by using the
Shell No SMS1471 method described as follows. The
samples were ﬁrst dried in an oven at 300 °C during 2 h.
About 20 cc of the sample was taken and placed in the cell
and covered with 5 cc of steel balls diameter 3 mm, and
then put on the anvil of the stress transducer. Increasing
force is applied by the piston to the catalyst in stages of
3 min. The ﬁnes obtained at the different pressure stages
are separated by sieving, and weighed: particles which pass
through the mesh of a sieve of opening 420 lm are considered as ﬁnes. The Bulk Crushing Strength is estimated
according to the following equation:
P¼

F
;
A

where F is the force to be applied on the catalyst in kgf to
produce 0.5% ﬁnes and A is the cross-sectional area of the
sample holder in cm2 .
X-ray Photoelectron Spectra (XPS) and Auger Electron
Spectra (AES) of the catalysts were recorded using a
Leybold Heraeus LHS-121 apparatus equipped with a computer system, which allows the determination of peak areas.
Analyzes were performed in an ultra-high vacuum system
at a base pressure of 1.2  109 mbar using an AlKa radiation (E = 1486 eV) as the source. All samples were ground
and then pressed into the sample holders before the analysis. Signals corresponding to C1s , O1s , Al2p , Ti2p , Ni2p , W4f

Sulfur content in both VGO feedstock and reaction
products was determined by X-ray ﬂuorescence technique
(ASTM D4294) using Philips PW2400 Sequential Wavelength Dispersive X-Ray Fluorescence Spectrometer while
the nitrogen content was determined by Chemiluminescence method (ASTM D4629) on a Dohrmann Total
Nitrogen Analyzer Type DN-10. Mass Spectrometry coupled with a Gas Chromatography (GC-MS) was used to
measure the aromatic (ASTM- D3239) and saturated fractions (ASTM D2786). These fractions were separated by
High Pressure Liquid Chromatography (HPLC) technique
prior the analysis. The middle distillate and unconverted
fractions were determined by Simulated Distillation
(SimDis) technique (ASTM D2425) using a Kratos MS25Q equipment.
Activity properties for the HDS, HDN, HDA and
MHCK reactions were evaluated in a high-pressure ﬁxed
bed pilot reactor. About 60 cc of catalyst were pre-sulﬁded
using 2 wt% CS2 in a light gasoil and hydrogen ﬂow. The
activation was carried in two successive steps; at
T = 260 °C for 5 h and at T = 350 °C for 8 h, P =
2.8 MPa, LHSV = 1.5 h1 and H2 /hydrocarbon ratio =
400 v/v.
The catalytic properties of the different prepared
catalysts were determined using a vacuum gas oil containing the following properties: S = 0.394 wt%, N =
460 ppm, aromatic: 55 v% and 370 °Cþ fraction = 42 V%.
The activity tests were carried out at T = 380 °C,
P = 5.5 MPa, H2 /hydrocarbon = 1000 v/v, LHSV =
0.55 h1 and 50 h reaction time.

3 Results
Table 5 shows the results of the textural, surface charge
properties corresponding to the TiO2 –cAl2 O3 , cAl2 O3; anatase (TiO2 ) catalyst supports and textural, mechanical
properties and chemical composition results of the
NiWRu/TiO2 –cAl2 O3; NiW/TiO2 –cAl2 O3 and NiW/
cAl2 O3 catalysts. Noticeable differences were observed
between the analyzed supports. When the support was prepared by co-precipitation of Ti and Al hydroxides, signiﬁcant in surface area and pore volume was observed. The
mean pore diameter signiﬁcantly decreased. The ZPC value
observed for the TiO2 –cAl2 O3 support is intermediate
between the cAl2 O3 and anatase.
All catalyst supports experienced a decrease in BET
surface area and pore volume after the metal deposition.
As expected, the NiW/cAl2 O3 catalyst showed the lower
surface area and pore volume values. The addition of low
levels of ruthenium during the preparation of the
NiWRu/TiO2 –cAl2 O3 catalyst did not affect their physical
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Table 1. Textural, ZPC, crushing strength and chemical composition properties of supports and NiW and Ru catalysts.
Sample

15 wt% TiO2–cAl2O3
cAl2O3
TiO2
NiW/cAl2O3
NiW/TiO2–cAl2O3
NiWRu/TiO2–cAl2O3

BET Surface
area (m2/g)

Pore
volume (cc/g)

ZPC
(pH unit)

Crushing
strength
(Kgf/cm2)

Chemical
composition (wt%)
NiO/WO3/RuO2

330
264
58
170
220
230

0.93
0.65
0.19
0.45
0.52
0.55

7.1
8.0
6.8
–
–
–

–
–
–
6.8
9.4
9.4

–
–
–
6.2/20.1 /–
6.0/19.9/–
6.1/20.0/0.6

and chemical properties. The NiW/TiO2 –cAl2 O3 catalyst
showed improved mechanical properties compared to
NiW/cAl2 O3 catalyst. Results of Table 1 also indicated
that all prepared catalysts show similar W and Ni
composition.
Table 2 shows the pore diameter distribution, obtained
from the nitrogen adsorption-desorption isotherms, for the
TiO2 –cAl2 O3 and cAl2 O3 catalyst supports. A narrow pore
diameter distribution was observed for the TiO2 –cAl2 O3
support. Most of the pores had a diameter less than 90 Å.
In contrast, the alumina support showed a wide distribution
of pore diameter, most of them had a diameter between
90 Å and 300 Å.
The surface acidity properties of the cAl2 O3 , TiO2 –
cAl2 O3 supports and the NiW/TiO2 –cAl2 O3 catalyst were
determined using the pyridine chemisorption technique in
the temperature range between 100 and 400 °C. According
to literature weak acid sites are classiﬁed as weak, moderate
and strong acid sites, are determined by the amount of
pyridine irreversibly adsorbed at 250 °C, 250–350 °C
and T > 350 °C, respectively [27]. The results shown in
Figure 2 clearly indicate a strong increase in the number
and strength of the acid sites for the NiW/TiO2 –cAl2 O3
catalyst and the TiO2 –cAl2 O3 support with respect to the
cAl2 O3 .
Figure 3 shows the results of the X-ray diffraction analysis corresponding to the TiO2 , cAl2 O3 and TiO2 –cAl2 O3
catalyst supports. A wide diffraction pattern is observed
for the TiO2 –cAl2 O3 support for values of 2h between 20°
and 50°. There is no clear evidence on the formation of anatase for 15 wt% TiO2 composition in cAl2 O3 .
The results of the XPS and AES analyzes corresponding
to the TiO2 , cAl2 O3 and TiO2 –cAl2 O3 catalyst supports are
shown in Table 3. The XPS binding energies corresponding
to the Al2p , Ti2p3=2 and O1s levels and the Auger electronic
transitions TiðLMM Þ and OðKLLÞ are reported. For the TiO2 –
cAl2 O3 support, no signiﬁcant differences were observed
between the binding energies of the Al2p and Ti2p3=2 levels
with respect to the position of the signals observed for the
TiO2 and cAl2 O3 . However, it was observed that the width
of the Ti2p3=2 signal was 2.4 eV for the TiO2 and 3.4 eV for
the TiO2 –cAl2 O3 support. The binding energy value of the
O1s level observed for the TiO2 –cAl2 O3 support was 0.7 eV
lower with respect to alumina and 1.1 eV higher with
respect to TiO2 . The Auger analyzes show more signiﬁcant
differences with respect to the results obtained by XPS

Table 2. Pore size distribution of cAl2O3 and TiO2–
cAl2O3 catalyst supports.
Pores diameter (Å)
<30
30 to <90
90 to <150
150 to <300
>300

cAl2O3

TiO2–cAl2O3

2
38
34
19
7

5
56
25
6
8

Fig. 2. Acid strength distribution corresponding to the catalyst
supports.

analyzes. For the TiO2 –cAl2 O3 support, there is a difference
of about 1.3 eV lower with respect to anatase for the energy
level TiðLMMÞ whereas, an increase of approximately 1.2 eV
was observed with respect to the cAl2 O3 and a decrease
of about 3.2 eV with respect to TiO2 for level energy OðKLLÞ .
The XPS characterization technique provides information regarding the nature and surface dispersion of the
supported metal oxide precursor phases. Table 4 shows that
the percentage metal surface dispersion, given by the
relative W and Ni intensities (Ie/RIe; where e = element)
are practically the same for both NiWRu/TiO2 –cAl2 O3
and NiW/TiO2 –cAl2 O3 catalysts. However, for the
NiW/cAl2 O3 catalyst the surface metal dispersion values
are signiﬁcantly lower.
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Table 5. Properties of the diesel fraction.

S (ppm)
N (ppm)
Aromatics
Cetane index
Cloud point (°C)

NiWRu/
TiO2–cAl2O3

NiW/
TiO2–cAl2O3

50
10
15
54
25

300
100
25
40
0

HDS reactions. The catalyst prepared by co-impregnation
of Ni and Ru resulted the most active.
Fig. 3. XRD patterns corresponding to cAl2O3 and TiO2–
cAl2O3 catalyst supports.

Table 3. Binding energies corresponding to different
supports.
TiO2–cAl2O3
cAl2O3
TiO2

Al2p

Ti2p3/2

O1s

Ti(LMM)

O(KLL)

74.2
74.0
–

458.6
–
458.7

530.6
531.3
529.5

380.0
–
381.3

508.8
507.6
512.0

Table 4. Metal surface dispersion of the different NiW
supported catalysts.

NiWRu/TiO2–cAl2O3
NiW/TiO2–cAl2O3
NiW/cAl2O3

IW4f/RIe
(%)

INi2p/RIe
(%)

Ru3d/RIe
(%)

8.0
7.9
5.5

4.5
4.4
3.9

1.0
–
–

RIe = I W4f+ INi2p + I Ru3d + IAl2s + I Ti2p.
The conversion in HDS, HDN, HDA and MHCK corresponding to NiW/cAl2 O3 and NiW/cTiO2 –Al2 O3 catalysts
are shown in Figures 4a and 4b, respectively. The addition
of 15 wt% TiO2 in the alumina preparation not only
produced a signiﬁcant improvement in the activity for
hydrogenolysis and hydrogenation reactions, but also
showed a moderate conversion of the heavy fraction
(370 °Cþ ) into middle distillates cut. As it can be seen,
the level of conversion for all investigated reactions signiﬁcantly increases when Ru in employed as an additive in
the NiW/cTiO2 –Al2 O3 catalyst formulation. These conversions were deﬁned by determining the percentage difference
in the level of S, N and aromatics from feedstock to the ﬁnal
product. The MHCK conversion was estimated by determine the percentage difference of the 370 °Cþ distillation
fraction from feedstock to the ﬁnal product. The largest
increases in conversion levels were observed for HDA and

4 Discussion
The above results clearly showed how the textural and
mechanical properties, the acidity strength and distribution, the surface-active metal dispersion and catalytic
activity properties can be strongly inﬂuenced by the use
of titanium additive in the alumina preparation and ruthenium in combination with nickel and tungsten active metals
supported. To facilitate the interpretation of our results,
let’s us divide the discussion in ﬁve sections.
– Section 4.1: We will discuss the role of titanium on the
texture, structure of the metal oxides phases, surface
charge and acidity properties of TiO2 –cAl2 O3 catalyst
support.
– Section 4.2: We will discuss the results of the physicochemical characterization of the NiW/cAl2 O3 and
NiW/TiO2 –cAl2 O3 catalysts.
– Section 4.3: We will try to correlate the results of the
characterization analysis with the catalytic activity of
the NiW/cAl2 O3 and NiW/TiO2 –cAl2 O3 catalysts.
– Section 4.4: We will investigate the role of ruthenium
on promoting the hydrogenolysis and hydrogenation
reactions. We will also try to correlate the activity
results of the different prepared catalysts on the basis
of two theoretical models proposed in the literature to
explain the origin of the catalytic synergy in HDS
and HYD reactions between the elements of groups
VI and group VIII of the periodic table.
– Section 4.5: We will show the activity results obtained
with the NiWRu/TiO2 –cAl2 O3 catalyst for the production of ULSD.

4.1 Role of titanium on the textural, structure of the
metal oxides phases, surface charge and acidity
properties of TiO2 –cAl2 O3 catalyst support
Different additives have been employed to improve the
activity and selectivity properties of HDT and HCK catalysts for following reasons: i) to improve the dispersion of
the active phases, ii) to increase the surface acidity of the
support to selective convert heavy parafﬁns into lighter
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(a)

(b)

Fig. 4. (a) Conversion in HDS and HDN for the different prepared catalysts at T = 380 °C, P = 5.5 MPa, H2/hydrocarbon = 1000
v/v, and LHSV = 0.55 h1. (b) Conversion in HDA and MHCK for the different prepared catalysts at T = 380 °C, P = 5.5 MPa,
H2/hydrocarbon = 1000 v/v, and LHSV = 0.55 h1.

products, iii) to increase the mechanical properties of the
alumina support, iv) to avoid the formation of Co(Ni)Al2 O4
phase, thereby increasing the actives Co(Ni) surface species
and v) to reduce the deactivation of the catalyst via coke
formation and deposition inside the pores [9, 16, 17, 26].
Phosphorous, silica, boron and ﬂuorine additives have
been widely used to improve the acidity properties of
cAl2 O3 support in conventional hydrocracking catalysts.
However, these additives have shown some limitations to
increase the hydrogenation capacity of aromatic compounds. Later, additives based on titanium, magnesium,
cerium and zirconium were used, which have given some
promising results. These additives have been shown to
modify the surface properties of the support, the dispersion
of the active phase and the interaction force between the
active phase and the substrate [2, 6, 9, 16]. Catalysts based
on TiO2 showed a remarkable increase in the catalytic
activities for the HDA, HDN and HCK reactions and a signiﬁcant improve in the metallic dispersion and the surface
acidity properties [9, 10, 12, 16–18]. Given the beneﬁts provided by TiO2 on the improvement of the activity properties for the above-mentioned reactions, we have decided
to develop a new catalyst for producing ULSD from VGO

and non-conventional heavy fractions. The use of TiO2 –
cAl2 O3 support in combination with NiWRu active metals
provide additional performance beneﬁts for the aforementioned reactions than the conventional CoMo and NiMo
bimetallic systems.
During the co-precipitation step of the titanium and
aluminum hydroxides, signiﬁcant changes in the rheological
properties of the material were observed. As the titanium
content in the solid increased, it was observed that the precipitated acquired a plastic consistency that made it difﬁcult to remove undesirable ions (Naþ and SO¼
4 ) during
the ﬁltration and washing steps. For the support containing
20 wt% TiO2 , it was a major challenge to efﬁciently remove
these impurities at levels below 0.5 wt%, since at higher
levels, these impurities can affect the textural properties,
surface acidity by creating strong Bronsted acid sites, lower
ZPC which affect the adsorption capacity of metal ions and
the mechanical strength properties of the support. The
supports prepared with TiO2 contents between 10 wt%
and 15 wt% showed the best rheological properties for
ﬁltration, washing, drying and extrusion operations, so
much so that a low concentration of binder was required,
in comparison with aluminum hydroxide xerogel, to achieve
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an efﬁcient peptization of the material. In view of the
rheological properties of the material and its peptizing
properties, the extrusion operation turned out to be easy.
This behavior could be related to the increase in the
mechanical properties observed for the TiO2 –cAl2 O3 support with respect to the cAl2 O3 . An optimum BET surface
area and pore volume value were achieved for 15 wt% TiO2
composition in cAl2 O3 . This same behavior was observed in
different published studies when the TiO2 –cAl2 O3 support
was prepared using precipitation methods [8, 12, 28, 29].
Based on these results, we decided to use the 15 wt%
TiO2 –cAl2 O3 support for the development of the improved
HDS-HDA catalyst.
From Table 2, a high proportion of mesopores having a
diameter lower than 90 Å was observed for the 15 wt%
TiO2 –cAl2 O3 support. In contrast, the alumina support
showed a wide pore sizes distribution, most of them had a
diameter greater than 90 Å. The differences in pore diameter distribution have important implications related to the
amount of active metals that can be deposited in the different pores. It also seems likely that a large proportion of acid
sites are located in small pores. The cracking of long parafﬁns, hydrogenolysis of carbon-metal bond, and hydrogenation reactions of large molecules could preferentially take
place in the large pores or outside them. The porosity of
the support plays an important role in the activity and
selectivity of the catalyst as well as, in the control of the
deactivation by deposits of coke or formation of nickel,
vanadium and other metal sulﬁdes present in the feedstock.
This is the reason why there is a large variety of industrial
HDT and HCK catalysts which are recommended by their
manufacturers according to the composition of the oil fraction to be hydroprocessed.
The ZPC value decreased progressively when the TiO2
content in the TiO2 –cAl2 O3 catalyst support was increased.
Results from Table 1 showed that for the 15% TiO2 –cAl2 O3
support, the ZPC value is intermediate between those ones
observed for cAl2 O3 and TiO2 . This trend agrees with those
observed by several investigators that reported for TiO2 –
cAl2 O3 , cAl2 O3 and TiO2 supports, ZPC and IEP values
about 6.0, 8.0 and 5.8 pH units, respectively [30]. Bonsack
[31] reported for anatase, Isoelectric Point (IEP) values in
the range of 5.8–6.5 pH unit whereas, Vasquez-Garrido
et al. [11] and Guevara-Lara et al. [32] observed that for
95 wt% TiO2 in alumina, the support exhibited a ZPC
value of 4.9 pH unit. The observed differences between
the ZPC values obtained in this work in comparison with
those reported in the literature for TiO2 –cAl2 O3 and TiO2
supports can be explained by the use of different titration
methods (KOH vs. NaCl), differences in TiO2 composition
in the mixed oxide support and the presence of impurities
in the samples.
The number and strength of acid sites increased
progressively when the TiO2 content in the TiO2 –cAl2 O3
catalyst support was increased. Our results suggest the
existence of a parallel trend between the increase in BET
surface area, pore volume and the surface acidity. As
mentioned above, a large proportion of acidic sites are
located in small pores. This same parallelism can be
observed in other works published in the literature where

support was prepared by the coprecipitation method and
for TiO2 composition  20 wt% [12, 28, 29]. Other methods
of TiO2 –cAl2 O3 support preparation (sol-gel, impregnation,
grafting) showed different behavior [29]. When the binary
TiO2 –cAl2 O3 oxide was prepared by impregnation of
titanium isopropoxide or by reaction between the hydroxyl
groups of cAl2 O3 powder with TiCl4 vapors, the BET
surface gradually decreased with increasing of TiO2
content. Analysis conducted by Temperature Programmed
Desorption (TPD) of ammonia showed that the maximum
desorption temperature did not change with the TiO2
content for the impregnated samples but its intensity
became lower and shifted to high temperatures with the
increasing of grafting time. These results suggest differences in structure and composition of the titanium and
aluminum phases when TiO2 –cAl2 O3 supports are prepared
by different methods.
The XRD, XPS and AES characterization techniques
enable to identify the different titanium and aluminum
phases present in catalysts supports. The X-ray diffraction
analyzes were not sensitive enough to clearly detect the
formation of titanium oxide phases in the TiO2 –cAl2 O3 . It
was only at high titanium loading that discrete TiO2 crystallites were detected [31]. The broad and not well-deﬁned
diffraction pattern observed for the TiO2 –cAl2 O3 support
is characteristic of solids having a completely amorphous
structure [12]. However, the XPS and AES analyzes showed
signiﬁcant differences in the binding energies corresponding
to Ti2p3=2 , O1S; energy levels and TiðLMM Þ , OðKLLÞ electronic
transitions which suggests that the titanium and aluminum
atoms could be found in a different chemical environment
than in anatase and alumina. Based on these observations,
an aluminum titanate-like phase (Alx Tiy Oz ) containing a
non-well-deﬁned stoichiometry could be present in the
TiO2 –cAl2 O3 support. This phase could be formed from
the titanium and aluminum coprecipitated hydroxides
during the calcination step according to equation (1):
TiAl4 ðOHÞ16 ! TiAl2 O5 þ cAl2 O3 þ 8H2 O

ð1Þ

TiAl2 O5 was obtained starting from a mechanical mixture
of TiO2 and aAl2 O3 at very high temperature
(T > 1400 °C) [33, 34]. Nanocrystals of TiAl2 O5 were also
observed to be formed from a Ti0:2 Al0:8 Ox ﬁlm annealed
at 900 °C, according to equation (2) [35]:
ðTiO2 Þ1=3 ðAl2 O3 Þ2=3 ! 1=3 TiAl2 O5 þ 1=3 aAl2 O3 : ð2Þ
Characterization analysis by diffuse reﬂectance spectroscopy (DRS) of a series TiO2 –cAl2 O3 supports that were
prepared by co-precipitation of aluminum and titanium
isopropoxides indicated that for low TiO2 /TiO2 + Al2 O3
molar ratio, titanium would be linked to aluminum,
through oxygen bridges (Ti–O–Al) and as the titanium
loading increases a high proportion of Ti–O–Ti linkages
are present. Titanium in anatase is in octahedral coordination whereas, aluminum atoms in the alumina are located in
both tetrahedral and octahedral coordination. At low titanium loadings, part of the titanium atoms can replace the
aluminum atoms in tetrahedral geometry surrounded by
four oxygen atoms. During the formation of aluminum
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titanate, a random distribution of titanium in octahedral
and tetrahedral coordination are present [29]. As the size
of the Ti atoms are greater than the Al atoms, their insertion into the alumina crystalline lattice can create distortions of both tetrahedral and octahedral sites modifying
their textural, surface charge and acidity properties. The
TiO2 /TiO2 + Al2 O3 molar ratio of 0.5 corresponds to the
theoretical formulation of aluminum titanate. This ratio
represents a limit to the amount of titanium entering the
alumina network. Experimental and computational studies
of c-Al2 O3 show that 30 ± 2% of Al ions occupy tetrahedral
interstitial sites in the face centered cubic oxygen structure,
and the rest octahedral sites [36]. According to this
estimate, the Alth /Aloh atomic ratio in c-Al2 O3 is about
0.43. In this work, the TiO2 /TiO2 + Al2 O3 molar ratio
composition is about 0.19 (Ti/Al = 0.46). Therefore, there
are enough tetrahedral sites in the c-Al2 O3 to be occupied
by the titanium atoms to form a mixed oxide compound
having a not-well deﬁned stoichiometry (Alx Tiy Oz ) and a
very small fraction of titanium atoms will be as TiO2 .
An indirect experimental evidence that suggested the
formation of an Alx Tiy Oz phase is given by DRS analysis
of a series of CoMo/TiO2 –cAl2 O3 catalysts [12]. Decrease
in signals intensities corresponds to Coþ2 in tetrahedral
coordination (CoAl2 O4 -like phase) and increase of Co3 O4
surface composition was observed when the titanium
loading was progressively increased in the 0–0.5 TiO2 /
TiO2 + Al2 O3 atomic range composition.
In summary, the beneﬁts provided by titanium on the
textural, structure of the metal oxides phases, surface
charge and acidity properties of TiO2 –cAl2 O3 depend on
the following support preparation parameters:
– Synthesis method employed (co-precipitation [8, 10, 12,
15, 28, 30], sol-gel [14, 21, 37, 38], impregnation [30],
grafting [18, 29], co-templates [39]).
– Titanium and aluminum precursors compounds
employed in the co-precipitation (Ti and Al isopropoxides, TiOCl2 , TiOSO4 , etc.).
– Titanium composition in the TiO2 –cAl2 O3 support.
– Above described experimental conditions.
– Type and level of impurities present in the solid.
This satisfactorily explains the existent controversy in the
literature about the role of titanium as an additive to
improve the physicochemical and surface properties of
alumina.
4.2 Physico-chemical characterization of the
NiW/cAl2 O3 and NiW/TiO2 –cAl2 O3 catalysts
Results of Table 1 indicated that both cAl2 O3 and TiO2 –
cAl2 O3 supports underwent a signiﬁcant decrease in surface
area and pore volume as a consequence of the metal deposition in their pores. The NiW/ TiO2 –cAl2 O3 catalyst
showed higher BET surface area and pore volume values
than the NiW/ Al2 O3 catalyst. The number and strength
of the acidic sites of the NiW/TiO2 –cAl2 O3 catalyst
increased signiﬁcantly as compared to the surface acidity
of the TiO2 –cAl2 O3 support.
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Let us ﬁrst discuss the observed behavior during the
preparation of the NiW/cAl2 O3 and NiW/ TiO2 –cAl2 O3
catalysts. Subsequently, we will try to interpret our results
taking into account fundamental studies published in the
literature dealing with the chemistry of Ni and W species
in solution and their adsorption mechanism on cAl2 O3
and TiO2 –cAl2 O3 . Finally, we will try to correlate the
characterization results with the catalytic behavior of these
catalysts.
Sequential impregnation steps are used in the practice
to minimize the impact of the high density, viscosity, stability and contact angle properties of the metallic solution,
drop pressure and capillary diffusion time. These effects
were also observed in previous work [17, 26]. Sequential
impregnations were carried out where the tungsten was
deposited ﬁrst on the alumina support and then the nickel.
Steps of aging and drying were carried in between and
calcination was made after the nickel deposition. During
aging step, there is some diffusional migration of the metallic ions inside the pores. We have previously observed that
aging time is a critical experimental parameter to control.
Air bubbles inside the pores are shifted during the liquid
capillary diffusion, the metallic ions start adsorbing and
smaller crystallites of active metal precursors are deposited
on the internal surface of the solid. The adsorption of the
ionic species on the surface cause changes in the solution
pH. The aging time controls the metallic surface dispersion
and the elemental radial distribution proﬁles through the
cross section of the support extrudates.
During the drying process, elimination of water from the
pores and simultaneous crystallization of the precursor
active phases takes place through supersaturation of the
solution. Changes in the density and viscosity of the metal
solution inside the pores affect the rate of drying. On supports with narrow pores size distribution, such as TiO2 –
cAl2 O3 support, the water is removed in concentric layers
starting from the extrudate outer surface causing accumulation of precursor salts in the inner surface as the rate of
evaporation is slow in relation to the rate of diffusion of
the solute. In catalyst supports with a broad pore size
distribution, such as cAl2 O3 , the pores having large diameter will empty themselves on their solution, and accumulation of precursor salts within the smaller pores take place.
A fast drying provokes metal removal from the impregnated support by the steam generated. A slow drying
produces homogeneous catalyst but can impact on the
catalyst production cost. The aging and drying experimental conditions must be optimized according to the pore size
distribution of the catalyst support. Both processes can
have a strong inﬂuence on the BET surface area, pore
volume and diameter distribution, metal dispersion, elemental radial distribution proﬁle and chemical composition
of the ﬁnished catalyst [17].
The results of the adsorption properties of the metallic
solutions on both TiO2 –cAl2 O3 and cAl2 O3 supports are
shown in Figure 5. The initial pH of the Ammonium
Meta-Tungstate solution was 3.86 units. When 5 g of alumina were added to the solution, the pH increased sharply
(to about 6.6 pH units) and then, it increased moderately
increased with the amount of support added. A maximum
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Fig. 5. Variation of the Ammonium Meta-Tungstate and nickel
nitrate solution pH as a function of the amount of cAl2O3, TiO2–
cAl2O3 and W/cAl2O3 added.

solution pH (8.4 units) was achieved after adding 50 g of
alumina. However, when added 50 g of alumina into
120 ml of DI water a pH of about 7.4 units after 2 h contact
time was observed. The pH decreased to 7.7 units when 60 g
of support were added and then the pH remained constant
after 80 g of alumina added. For the TiO2 –cAl2 O3; it was
observed that the solution had a pH = 6.8 units after
adding 80 g of support into the AMW solution. Although
the volume of the Ammonium Meta-Tungstate solution
was about 2.2 and 1.6 times greater than the pore volume
of the cAl2 O3 and TiO2 –cAl2 O3 for 80 g of support, respectively, however, it would be expected that similar changes
in the solution pH may occur inside the pores when impregnation is carried out by the pores ﬁlling method.
In the case of the experiments conducted with the
W/cAl2 O3 and nickel solution, no signiﬁcant variation of
the solution pH was observed as a function of the amount
of catalyst support added.
Further we have evaluated the effect of pH on the chemical equilibrium of the tungsten ionic species in solution and
their adsorption mechanism on alumina. Some relevant
studies from the literature indicated that pH, metal concentration of the solution and ZPC of the support controls the
amount and structure of the tungsten oxide species on the
surface [40–43]. At solution pH higher than 7.8 and 1 M
species were observed. At
in tungsten, tetrahedral WO2
4
polyanion were
pH values between 5.7 and 7.8, W12 O12
42
formed while at lower pH, octahedral coordinated W12 O6
39
polyanions were observed. The following chemical equilibrium between tungsten ions was established as a function
of the pH’s of the exchanging solution.
pH5:7

W12 O39 6

ðohÞ

pH7:8

() W12 O42 12ðohÞ

() 12 WO4 2 ðthÞ :

ð3Þ

According to equation (3) and the results of Figure 5, the
W12 O6
39 ionic species are present in the AMW impregnating
solution. The abrupt change in pH observed after adding
5 g of the cAl2 O3 support into the AMW solution is mainly
due to the neutralization reaction between the basic OH
groups of the support and the acidic OH groups of the
tungsten ions during the adsorption process. The chemical

equilibrium shifts towards to the right and W12 O8
40 ionic
species are formed from pH > 5.7. Both tetrahedral
12
WO2
4 and octahedral W12 O42 anions co-exist at solution
pH near to 7.8 units. After adding 60 g of cAl2 O3 support
to the tungsten solution, the pH dropped from 8.2 to about
7.8 units because the acid sites of the cAl2 O3 support
neutralize the hydroxyl ions in solution. For the TiO2 –
ions are those that are
cAl2 O3 support; the W12 O12
42
adsorbed on the support surface during the aging time, thus
the solution pH was 6.8 after adding 80 g of support.
The hydroxyl groups of both anatase and alumina
surface in solution tend to be either positively or negatively
charged below or above the ZPC of these compounds.
Results of Table 5 indicated that the ZPC for cAl2 O3 and
anatase was 8.0 and 6.8 pH units, respectively. Based on
the oxide charging mechanism proposed in the literature
[28, 41], two chemical equilibria are established for TiO2
as a function of the pH (Eq. (4)).
Hþ

H


TiOHþ
2 ( TiOH O ) TiO þ H2 O:

ð4Þ

Above the ZPC of TiO2 , the hydroxyls groups of this
compound tend to be negatively charged by formation of
the deprotonated titania species (TiO ) affecting the tungsten anions to be adsorbed on the titania surface due to the
electrostatic repulsions with the negative charged surface.
The alumina surface is charged positively below its ZPC;
therefore, tungsten anions tend to be adsorbed due to electrostatic attraction with the surface.
After tungsten deposition on both cAl2 O3 and TiO2 –
cAl2 O3 supports surface, we determined the ZPC before
proceeding with the second impregnation step with nickel
nitrate. ZPC values corresponding to W/cAl2 O3 and
W/TiO2 –cAl2 O3 samples decreased to about 5.4 and
5.9 pH units, respectively. The pH of the Ni(NO3 )2 solution
was about 3.7 units. At that solution pH, electrostatic
repulsions between Ni2þ ions and the support surface are
produced. During the drying step, crystallization and deposition of Ni salts take place on top of the tungsten adsorbed
species as well as on the cTiO2 –Al2 O3 uncovered surface is
produced. When the solid is calcined, Ni2þ /WO24 , and
separated NiO and WO3 species were identiﬁed. The presence of TiO2 in cAl2 O3 mitigates the formation of NiðthÞ
(NiAl2 O4 like-phase) while, the surface concentration of
NiðohÞ oxide species increases [28].
4.3 Catalytic properties of the NiW/cAl2 O3
and NiW/TiO2 –cAl2 O3 catalysts
As indicated in the results of the catalytic activity tests, the
NiW/TiO2 –cAl2 O3 catalyst was signiﬁcantly more active
for the hydrogenolysis, hydrogenation and hydrocracking
reactions than the reference NiW/cAl2 O3 catalyst. On the
other hand, the characterization studies indicated an
improvement in the physico-chemical and surface properties when titanium is employed as an additive to alumina.
These results would partially explain the catalytic behavior
observed for the NiW/TiO2 –cAl2 O3 catalyst. However,
other important factors need to be considered to arrive
for more complete interpretation, such as: i) differences on
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the nature and composition of the nickel and tungsten
supported phases, and ii) reducibility and sulﬁdability
properties of these phases, which were related with the
interaction strength between the metal oxides species and
the support surface.
Fundamental studies concerning the reduction and
sulﬁdation of the supported phases in HDT catalysts may
help in the interpretation of our results. A systematic
investigation on the different parameters controlling the
activation of CoMo/cAl2 O3 HDS catalysts conducted by
Prada Silvy et al. [44–49], showed the existence of a direct
correlation between the degree of sulﬁdation of the molybdenum supported species and the catalytic activity for the
HDS of thiophene and HYD of cyclohexane. The authors
observed that the degree of sulﬁdation of molybdenum
oxide supported species depends on the nature of the sulﬁding agent, the reduction and sulﬁdation temperature and
the activation procedure employed [43, 44, 46–48]. Increasing the pretreatment temperature gradually from 300 °C to
400 °C caused a progressive increase of the catalytic activity
as well as the degree of sulﬁdation of the catalyst. The prereduction of the catalyst at T > 400 °C affected the degree
of sulﬁdation of the molybdenum species and the catalysts
resulted less active for both HDS and HYD reactions
[46–49]. It was demonstrated that the behavior of the
hydrotreating catalyst in the activation constitutes a
typical example of a coupling effect; that is to say, the
sulﬁdation promotes the reduction and the reduction when
that occurs simultaneously with the sulﬁdation, promotes
the latter [43, 44].
As mentioned above, another key parameter inﬂuencing
the reduction and sulﬁdation of HDT catalysts is the interaction between Mo (W) and the catalyst support. The
reduction and sulﬁdation of NiW/cAl2 O3 proceeds at a
lower rate than CoMo/cAl2 O3 or NiMo/cAl2 O3 catalysts.
These results were attributed to the relatively strong
W–O–Al and W–O bonds [19]. The calcination and sulﬁdation temperature determined to a large extent the ﬁnal
degree of tungsten sulﬁdation [20, 50–52]. Ramirez and
Gutierrez-Alejandre [8] observed that the incorporation of
TiO2 into the cAl2 O3 enhances the reducibility and sulﬁdability properties of tungsten oxide phases due to a reduced
interaction with the support surface. The degree of
reducibility, as determined by the H2 consumption,
increased progressively with the increasing TiO2 concentration in the sample. By decreasing the interaction between
c-alumina support with TiO2 resulted in an easier sulﬁdation of tungsten at a lower temperature. Cruz-Perez et al.
[30], using Raman, DRS and XPS techniques of analysis,
investigated the interactions between Ni and W in both
oxidized and sulﬁded states in TiO2 –cAl2 O3 supported catalysts and their effects on HDS reaction of dibenzothiophene. In this study, two NiW/TiO2 –cAl2 O3 catalysts
were prepared by pore ﬁlling impregnation method at
pH = 4 and pH = 9, respectively. In both cases,
Ni2þ W12 O6
40 supported species were observed. The TiO2 –
Al2 O3 isoelectric point (IEP = 6.0) caused a polymerization
from WO2
4 monomers at solution pH = 9 onto supported
6
2þ
W12 O8
40 . When the solids were calcined, Ni W12 O40 +
2
2þ
WO3 and Ni /WO4 supported species were identiﬁed
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for the solids synthesized at pH = 9 and pH = 4, respectively. For the catalyst prepared at solution pH = 4, the
oxide precursor underwent a more efﬁcient sulﬁdation
which led to a higher catalytic activity in HDS.
One may suggest that the differences in catalytic
behavior observed between the NiW/cAl2 O3 and NiW/
TiO2 –cAl2 O3 catalysts are the result of an improvement
in textural properties, metallic dispersion and surface acidity as well as greater efﬁciency in the sulﬁdation of the catalyst. XPS and sulfur content analysis of both NiW/cAl2 O3
and NiW/TiO2 –cAl2 O3 sulﬁded catalysts could help to conﬁrm our interpretations.
4.4 Role of ruthenium in promoting the activity
properties of NiWRu/TiO2 –cAl2 O3 catalysts
In this section, we will discuss the role that ruthenium plays
in combination with the NiW bimetallic systems on improving the catalytic activities for the hydrogenolysis and hydrogenation reactions. We will also try to explain the activity
results of the different prepared catalysts on the basis of
two theoretical models proposed in the literature that deal
with the origin of the catalytic synergy for the hydrogenolysis and hydrogenation reactions between Co(Ni) and
Mo(W) sulﬁdes in HDT catalysts.
For this purpose, we prepared two NiWRu/TiO2 –
cAl2 O3 catalysts where ruthenium was supported following
two different procedures. The ﬁrst, by co-impregnation with
nickel, and in the second, by doping the NiW/TiO2 –cAl2 O3
catalyst. Both catalysts showed higher catalytic activity
than the NiW/TiO2 –cAl2 O3 catalyst. However, the catalyst
prepared by Ni and Ru co-impregnation resulted to be the
most active for all the investigated reactions. From these
experiments, the promoter effect of ruthenium on improving the catalytic activities for HDS and HDA reactions
result evident. However, these beneﬁts depend on the ruthenium incorporation method employed in the preparation of
the catalyst. On the other hand, the increase in surface
acidity together with the increase in the hydrogenation
capacity of the catalyst, due to the incorporation of titanium in the alumina and the promoting effect of ruthenium,
produced an increase in the conversion levels for the reactions HDN and MHCK.
To explain the observed differences in catalytic behavior
between the NiW/cAl2 O3 , NiW/TiO2 –cAl2 O3 and
NiWRu/TiO2 –cAl2 O3 catalysts, it is essential to do a
review of the literature in order to identify the different
Ni, W and Ru sulﬁde species formed after the catalyst activation step and their respective intrinsic activities. We will
mention below some relevant works published on this topic
where both unsupported and supported metal sulﬁdes were
used. Let us begin by describing the main ﬁndings obtained
in those experiments performed with unsupported metal
sulﬁdes, and then with supported metals.
One of the most promising research and development
works for reaching new regulations related to the sulfur
and aromatic content of diesel is the use of noble metals
in combination with Ni (Co) and Mo/W bimetallic systems.
The selection of these metals was based on results published
by Harris and Chianelli [53, 54] and Eijsbouts et al. [55]
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Fig. 6. HDS relative activity for different transition metal
sulﬁdes (Harris and Chianelli [53, 54])

who have found interesting correlations between the HDS
activity of Dibenzothiophene (DBT) and the HDN
reactions of quinoline [56]. Zdrazil [57], classiﬁed different
transition metal sulﬁdes according to their selectivity in
HDS-HYD and HDS-HDN reactions [24]. This is an important factor to consider at the moment for choosing a commercial HDT or HCK catalyst. A typical “volcano” plot
was observed between the intrinsic activity for the HDS
of DBT and the periodic table position of groups VI and
VIII transition metals bulk sulﬁdes [53, 54].
Figure 6 is a representation of the results obtained
by Harris and Chianelli showing the actual activities in
HDS as a function of the location of the different metal
transition sulﬁdes belonging to groups VI and VIII of the
periodic table of the elements. The black, white and
gray bars represent the elements located on lines I, II and
III, respectively. Signiﬁcant differences can be observed
between the relative activities in HDS between the
different metal sulﬁdes located in each line. For the HDS
reaction of DBT, ruthenium sulﬁde was found to be the
most active followed by osmium, rhenium and iridium
sulﬁdes.
Few years later, Ledoux et al. [23] and Chianelli et al.
[24] carried out a similar study than Harris and Chianelli
but in this case, a very low metal sulﬁde loading was dispersed on an activated charcoal. By determining the HDS
activity for thiophene at low level of conversion, Ledoux
found that the maximum catalytic activity was observed
rhodium followed by iridium, ruthenium and osmium
sulﬁdes (Fig. 7). In this case, the relative activities of the
cobalt, molybdenum and palladium sulphides signiﬁcantly
increased. The desulfurization reaction of dibenzothiophene can occur through two different mechanisms. Via
hydrogenolysis to produce biphenyl or via hydrogenation
producing tetrahydrodibenzothiophene as an intermediate
compound and then hydrogenolysis to produce cyclohexylbenzene. In the case of hydrodesulfurization of thiophene,
the reaction proceeds via hydrogenolysis of the C–S bond.
These differences in reaction mechanisms between
thiophene and dibenzothiophene, could explain the catalytic behavior of transition metal sulﬁdes for HDT and
HYD reactions.

Fig. 7. HDS relative activity for different transition metal
sulﬁdes (Ledoux et al. [24, 25])

Chianelli et al. [24], concluded that the catalytic activity
and selectivity of the transition metal sulﬁdes arises from
the electronic and structural properties of the sulﬁdes
themselves. Isotropic and anisotropic character of the metal
sulﬁde crystal structure, the metal-sulfur bond energy that
was related to the heat of formation of the metal sulﬁde and
the sulfur vacancies are also important other factors that
were correlated with the catalytic properties of the transition metal sulﬁde catalysts.
Vrinat et al. [25], investigated the catalytic properties in
HYD of biphenyl and the HDS of thiophene of a series of
ruthenium sulﬁde solid solution Mex Ru1x S2 (Me = Fe,
Co or Ni). These solid solutions were prepared by sulﬁdation of co-precipitated Me–Ru hydroxides in H2 S at
400 °C and at 800 °C. The authors observed large differences in conversion levels among the Mex Ru1x S2 prepared
catalysts. The catalytic activity properties strongly depend
on the nature of the metal associated with ruthenium and
its atomic composition in the mixed sulﬁde. The
Nix Ru1x S2 showed remarkable HDS and HYD activity
properties, almost twice the activity of RuS2 . The
Cox Ru1x S2 solid solution also showed high activity in
HDS but lower activity in HYD while, Fex Ru1x S2 showed
poor catalytic properties for both hydrogenolysis and
hydrogenation reactions. For the HDS reaction of thiophene, the activity of the Mex Ru1x S2 compounds varied
as follow:
Fe0:8 Ru0:2 S2 \\RuS2 < C o0:8 Ru0:2 S2 < N i0:8 Ru0:2 S2
< N i0:6 Ru0:4 S2
while, for the HYD reaction of biphenyl the observed
sequence was:
Fe0:8 Ru0:2 S2 \\Co0:8 Ru0:2 S2 \\RuS2 < N i0:8 Ru0:2 S2 ¼
Ni0:6 Ru0:4 S2 :
In the same work, the activity properties of the Mex Ru1x S2
solid solutions were compared with MoS2 , and the “MeMoS”
mixed phases. These catalysts were prepared by the homogeneous sulﬁde precipitation method developed by Candia
et al. [58]. In typical HDT catalysts, an optimum conversion
was observed for a Co(Ni)/[Co(Ni)+Mo(W)] molar ratio
between 0.25 and 0.40, no matter which catalyst support,
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pair of active sulﬁdes were used and what type of reaction.
In this case, the intrinsic activity in HDS varied according
to the following sequence:
FeMoS\\MoS2 \\CoMoS < NiMoS < RuS2 \\Ni0:6 Ru0:4 S2

while, the intrinsic activity in HYD varied as follow:
FeMoS\\MoS2 < CoMoS\\RuS2 < NiMoS\\N i0:6 Ru0:4 S2 :

The catalytic behavior of both Mex Ru1x S2 compounds
were explained by the existence of a promoting effect
between Me–Ru pair sites, whose electronics and activity
properties were related to the nature of the components.
To explain the catalytic synergy between MeMoS
sulﬁdes in hydrotreating catalysts about 17 theoretical
models have been proposed in the literature. The main
debate currently rests on two of these theories, the so-called
CoMoS, NiMoS, NiWS phase proposed by Topsøe et al.
[59, 60] and the synergy by contact - remote control mechanism, proposed by Delmon [61–63].
From Mossbauer spectroscopy studies carried out with
unsupported and supported Co and Mo sulﬁdes catalysts,
Topsøe proposed that the active centers in HDS are due
to a CoMoS-like structure that consist on cobalt atoms
inserted at various places on the edges of MoS2 crystallites
sheets and present a speciﬁc coordination. A direct correlation between the amount of promoter atoms present in the
CoMoS phase and the activity in HDS reactions was established [64]. Two types of CoMoS phases were identiﬁed.
CoMoS type I phase, which consists of a highly dispersed
monolayer structure and it is partially sulﬁded. Some Mo
(W)–O–Al bonds were identiﬁed by FTIR (NO) and XPS
analysis, the interaction with the support is relatively
strong. The CoMoS type II phase which consists of a less
dispersed stacked structure and is completely sulﬁded. Its
interaction with the catalyst support is weak. The CoMoS
type II phase showed a higher activity in the HDS of
thiophene and quinoline HDN than type I. However,
NiMoS Type I phase resulted more active for the DBT
HDS reactions. The active phase of supported NiW sulﬁde
catalysts was found to be similar to the so-called CoMoS
and NiMoS phases in supported on cAl2 O3 activated catalysts [65]. For the NiW/cAl2 O3 catalyst, two types of
‘NiWS’ phases were distinguished by Hensen et al. [20]
and Breysse et al. [66]. They reported that a NiWOS type
I phase with some residual oxygen linkages were formed
after low temperature sulﬁdation exhibiting high hydrogenation activity, whereas higher sulﬁdation temperatures
resulted in the formation of a NiWS type II phase with a
high HDS activity.
The synergy by contact–remote control mechanism was
proposed by Delmon from experiments conducted with
mechanical mixtures from Group VI and Group VIII
sulﬁdes [61–63]. This model proposes that the activity and
selectivity are related to the cooperation between the MoS2
and Co9 S8 separated phases, and that synergy by contact
between these two phases occurs during the catalytic
reaction. A remote control of the active phase located at
the edge planes of the hexagonal MoS2 (or WS2 ) crystallites
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is exerted by the second phase which is able to activate
hydrogen. Noble metals, cobalt or nickel sulﬁdes have the
ability to efﬁciently activate hydrogen molecules by dissociation of their bonds and then, these activated (Hso ) species
are transferred to the MoS2 (WS2 ) surface through a spillover mechanism. MoS2 (WS2 ) phase would carry the active
sites for the HDS and HYD reactions. The main role of
activated hydrogen species is to create or regenerate active
catalytic sites but they do not directly participate in
hydrogenolysis or hydrogenation reactions. The slightly
reduced sites in the MoS2 crystallites would be responsible
for the HYD reactions while, the strongly reduced centers
would the responsible for the HDS reactions.
The main controversy in the literature is due to
experiments conducted by several research groups whose
catalytic activity results were explained either by the
CoMoS phase model or by the synergy by contact–remote
control mechanism. Below we will mention some published
works that deal with the characterization of the structure of
the active phases in supported metal sulﬁdes catalysts and
their stability under HDT reaction conditions. A schematic
representation proposed for NiW based catalysts according
to Topsøe and Delmon theoretical models is shown in
Figures 8a and 8b, respectively.
Prada Silvy and Ladriere [44, 49], using the Mossbauer
Emission Spectroscopy technique, investigated the effect of
the sulﬁdation temperature on the structure and composition of the cobalt supported phases in a CoMo/cAl2 O3
catalyst doped with Co57 isotopes. The pretreatments were
conducted using a 5 v% H2 S in H2 gas mixture at atmospheric pressure and at temperatures between 400 and
800 °C. Although activation temperatures greater than
400 °C are not common in practice, however, this type of
experiments could help to understand some possible
transformations that could occur in the catalyst during a
long reactor operation cycle. In the temperature range
400–650 °C, it was observed that the cobalt atoms from
the CoMoS phase begin to segregate to produce Co9 S8
and CoS1x and simultaneously, a decrease in the CoAl2 O4
phase composition was produced. Despite these changes in
structure and composition of the supported cobalt phases,
both HDS and HYD catalytic activities remained constant.
Vrinat et al. [25], and Breysse et al. [66], observed segregation of the cobalt atoms in the CoMoS phase after a
reduction treatment in H2 or the catalytic reaction at
T  400 °C. Similar changes were observed at high sulﬁdation temperatures found by Topsøe’s group [67] when a
CoMo/cAl2 O3 catalyst was submitted to reaction for 19 h
in the presence of a vacuum gas oil at 350 °C and a total
pressure of 10 MPa.
Candia et al. [58] have found that the stability of the
CoMoS phase strongly depend on the Co/Mo atomic ratio.
For instance, for a Co/Mo ratio = 0.09, the CoMoS phase
remained stable at sulﬁdation temperatures from 400 °C
to 700 °C, whereas for a Co/Mo ratio = 0.27, the Co atoms
were observed to segregate out of CoMoS phase to produce
Co9 S8 . Industrial HDT catalysts have a Co (Ni)/(Co (Ni) +
Mo (W)) ratio of about 0.30 or Co(Ni)/Mo(W) atomic
ratio = 0.43. This Co/Mo atomic ratio is higher than the
CoMoS phase synthesized by Candia, in which would
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Fig. 8. Schematic representation proposed for NiWS phase and synergy by contact–remote control theoretical models.

Fig. 9. Schematic representation of the different Ni, W, Ru and Ti supported phases in the different prepared HDT catalysts after
sulﬁdation.

expect this phase to be less stable under typical HDT or
HCK process conditions. As a consequence of the metastability of CoMoS phase, it is normal that this phase
decomposes to produce separated Co9 S8 and MoS2 slightly
doped with Co phases under long term HDS operation
conditions. The catalytic synergy between the CoMoS
phase slightly doped with cobalt atoms and Co9 S8 is much
greater than that existing between the Co9 S8 and MoS2
phases [39, 44]. Our results were conﬁrmed by Karroua
et al. [68] who observed that the activity of the mechanical
mixtures of “CoMoS” and Co9 S8 is almost double that
obtained by adding contributions from the separate
components.
Taking into account the works published in the literature on the characterization of the Co (Ni) and Mo (W)
supported phases in HDT catalysts using different techniques of analysis, Figure 9 represents schematically the different Ni, W, Ru and Ti phases present in NiW/cAl2 O3 ,
NiW/TiO2 –cAl2 O3 , NiWRu/TiO2 –cAl2 O3 and NiW+
Ru/TiO2 –cAl2 O3 sulﬁded catalysts.
In the NiW/cAl2 O3 catalyst, tungsten atoms can be
found associated with the alumina in the form of stable
aluminum tungstate like phase (Al2 (WO4 )3 ) and on the
surface in a partially or totally sulﬁdized state distributed
in the following phases: NiWOS, Wx Oy Sz , NiWS and
WS2 . Nickel atoms can form a spinel-like structure with
the alumina (NiAl2 O4 ), and be located on the surface
forming isolated Ni3 S2 species or in a mixed phase with
tungsten sulﬁdes.

As discussed in Section 4.1, incorporation of titanium at
the tetrahedral sites of the alumina network results in the
formation of a TiAl2 O5 -type compound causing a decrease
in NiAl2 O4 species. We could also suggest that the role of
titanium is to prevent the formation of tungsten species
associated with the alumina. Other works indicated that
titanium facilitates the reduction – sulﬁdation properties
of the tungsten oxides species on the surface due to the fact
that it decreases its interaction strength with alumina.
According to these experimental results, for the NiW/
TiO2 –cAl2 O3 catalyst, a higher WS2 and NiWS surface
composition would be expected due to a more efﬁcient
sulﬁdation of the tungsten species at the activation temperature. Isolated Ni3 S2 species are also present on the surface
of the NiW/TiO2 –cAl2 O3 catalyst.
For both NiWRu/TiO2 –cAl2 O3 catalysts, the presence
of ruthenium on the surface would further facilitate the
reduction-sulﬁdation reaction of tungsten oxide species at
lower activation temperature. It is well known that noble
metals can easily dissociate H2 molecules to produce 2H*
activated species. These compounds are more efﬁcient
reducing agents than other transition metals. It would then
be expected that in both catalysts, the tungsten would be
totally sulﬁded forming WS2 and NiWS phases. In the
NiWRu/TiO2 –cAl2 O3 catalyst, which was prepared by Ni
and Ru co-impregnation, the nickel atoms could be
distributed in different phases: i) a small amount associated
with the alumina in the form of nickel aluminate, ii) as
isolated Ni3 S2 species and iii) forming with W and Ru
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mixed sulﬁdes phases. The formation of a Mex Ru1x S2
mixed phase comes from experiments carried out by Vrinat
et al. [25] and Passaretti et al. [69]. However, it should be
pointed out that these compounds were synthesized at a
high sulﬁdation temperature and little is known about their
stability under reaction conditions. The Cox Ru1x S2
compounds have been reported to decompose into their
respective individual metal sulﬁdes under typical HDT
conditions [69–71].
Ruthenium atoms can also be in the form of RuS2 . One
could speculate the possibility of some Ru atoms that could
be found doping the WS2 and NiWS phases, having some
implications on the intrinsic activity of these phases. In
the case of NiW + Ru/TiO2 –cAl2 O3 catalyst, ruthenium
would only be expected to be as RuS2 . After impregnation
step with ruthenium, the catalyst was dried at 180 °C to
remove water and chlorides and then directly sulﬁded.
It now remains to explain the activity of NiWRu/TiO2 –
cAl2 O3 catalysts based on the theoretical models mentioned
earlier. According to the model proposed by Topsøe, the
CoMoS phase is a family of sulﬁded Co (Ni) and Mo (W)
compounds which have variable composition of the
promoter atoms located at different positions on the edge
surface of the MoS2 crystallites. Studies carried out on the
stability of the CoMoS phase at high sulﬁdation temperatures, after reduction treatment in the presence of hydrogen
and after having subjected the compound under HDT
conditions, revealed that the promoter atoms begin to
segregate out to form nanoparticles of highly dispersed
cobalt sulﬁde. However, a certain amount of cobalt
remained attached to the lateral surface of the MoS2 . This
suggests that not all sites occupied by the promoter atoms
at the edge plane of MoS2 (WS2 ) are energetically equivalent, since the amount of Co (Ni) segregated will depend
on the interaction forces at the sites where they are located
(corners of edges sites), on the temperature and on the Co
(Ni)/Mo(W) atomic ratio in the compound.
Given that, there was an established correlation between
the number of cobalt atoms in the CoMoS phase and the
catalytic activity, it would be expected that the initial activity of the catalyst is high and as the cobalt begins to segregate due to its instability, the conversion to HDS will
decrease progressively. In a hydrotreating reactor, the catalyst can last several months in operation, depending on the
severity of the process. Under conditions of high pressure in
hydrogen and temperature, the segregation process of the
Co(Ni) atoms would be favored. This process of segregation
of the Co (Ni) atoms could also be accelerated if the catalyst
contains noble metals in its formulation due to its ability to
produce H* activated species which are highly reactive.
The CoMo, NiMoS or NiWS phase that remains stable
would have a low Co/Mo ratio. However, the level of HDS
and HYD conversion remained constant.
Based on these interpretations, the catalytic activity of
a commercial HDT catalyst cannot be explained solely
through the CoMoS phase model due to its metastability
under process conditions. According to the model proposed
by Delmon, the catalytic synergy in HDS depends on the
number and quality of the contact between the Co9 S8
(Ni3 S2 ) and MoS2 (WS2 ) phases. The formation of Co9 S8
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nanoparticles from the cobalt segregation associated with
the CoMoS phase and their proximity to this compound,
would increase the synergy effect between both phases.
Co9 S8 (Ni3 S2 ) nanoparticles have a larger surface area than
bulk sulﬁde compounds, indicating its more effectiveness in
dissociating hydrogen molecules to accelerate the creation
or regeneration of active centers. This effect compensates
for the loss of catalytic activity due to the decrease in the
number of Co (Ni) atoms associated with the CoMoS phase
(NiMoS or NiWS).
Based on the above discussion, it could be proposed that
a dual mechanism would satisfactorily explain the catalytic
activity of hydrotreating catalysts. The synergy by contactremote control mechanism between the CoMoS phase
(NiMoS or NiWS), having a low Co/Mo (Ni/Mo or
Ni/W) atomic ratio, and the Co9 S8 phase (Ni3 S2 ). The
combination of both models would allow to understand
the physico-chemical transformations that may occur in
the catalyst at the beginning and during the long reactor
operation cycle. It would then be expected that the initial
activity of the catalyst could be associated with a greater
contribution of the CoMoS phase (NiMoS or NiWS) and
as the promoter atoms begin to segregate to form new individual metal sulﬁdes phases, the synergy by contact–remote
control mechanism begins to dominate the catalytic process
thus, the catalytic reaction begins to stabilize. The promoter
atoms (Ni and Ru) in the NiWRu/TiO2 –cAl2 O3 catalyst
can inﬂuence the reduction-sulﬁdation properties of the
tungsten oxides supported phases during the catalyst activation. It is well known that noble metals can easily dissociate
H2 molecules to create Hso activated species which are highly
effective reducing agents. The efﬁciency in the activation of
the hydrotreating catalysts is determined by a coupling
effect between both reduction-sulﬁdation reactions. Accordingly, the NiWRu/TiO2 –cAl2 O3 catalyst would be expected
to exhibit a more complete sulﬁdation than the NiW/TiO2 –
cAl2 O3 catalyst, as illustrated in Figure 10. On the other
hand, as the number of Hso activated species due to presence
of Ru in the catalyst, they could accelerate both, the process
of creation or regeneration of active sites and the segregation
of the promoter atoms of the NiWS phase. The dual
mechanism concept for the NiWRu/TiO2 –cAl2 O3 catalyst
is represented in Figure 10.
It was also observed that the NiWRu/TiO2 –cAl2 O3
catalyst showed sulfur resistance properties when it was
subjected to different H2 S partial pressures between 0 and
10 psi. These results are shown in Figure 11.
It is clearly evident that the NiWRu/TiO2 –cAl2 O3 is
less effected by increase in H2 S partial pressure compared
to NiW/TiO2 –cAl2 O3 catalyst.
This behavior was also observed for Coð1xÞ Rux S2 mixed
phase [72]. One can speculate that the efﬁciency of individual metal sulﬁdes in creating or regenerating active centers
is related to the thio-resistance properties of the catalyst.
This efﬁciency will depend on the surface composition of
both Ni3 S2 and RuS2 , state of dispersion and quality of contact with the NiWS and WS2 phases.
According to the aforementioned works, ruthenium
could form a mixed phase with Ni, (Nið1xÞ Rux S2 ). This
compound showed a high intrinsic activity in HDS.
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Fig. 10. Representation of the dual mechanism concept.

Fig. 11. Sulfur content in diesel fraction at different H2S partial
pressures.

However, they could be decomposed into their individual metal sulﬁde species during at high pressure and
temperature conditions. Although Nið1xÞ Rux S2 compound was synthesized at high temperature, its formation
of in the NiWRu/TiO2 –cAl2 O3 catalyst prepared by
co-impregnation of Ni and Ru cannot be discarded.
4.5 Ultra-low sulfur and aromatic compounds
in Diesel
In this set of experiments, a pretreated heavy gas oil blend
containing light cycle oil, heavy coker gasoil and heavy
vacuum gasoil in the 30%, 40% and 30 v% proportions,
respectively, was employed. This HGO feedstock contained
1300 ppm S, 300 ppm N, 55 v% aromatic and 100 v% of 250–
500 °C distillation fraction range. The reactor operation
conditions were as following: T = 360 °C, P = 1200 psig,
H2 /HC = 1000 v/v and LHSV = 0.50 h1 . The different

fractions were separated by distillation to conduct S, N
and aromatic content analysis and other properties.
Table 5 shows the properties of the diesel fractions
obtained with both NiWRu/TiO2 –cAl2 O3 and NiW/
TiO2 –cAl2 O3 catalysts. The 370 °Cþ fraction was about
30 v% while the Diesel fraction represents about 55 v% of
the hydrotreated product. At high H2 partial pressure,
the HDS, HDN and HDA conversion dramatically increases
when ruthenium is present in the NiW/TiO2 –cAl2 O3 catalyst formulation.
Ultra-Low Sulfur Diesel having very low nitrogen and
aromatic content and high cetane index was obtained.
The observed differences in cloud point, associated with
the amount of isoparafﬁnic material in the Diesel fraction
is particularly noteworthy.
High HDS, HDN and HDA activities were also observed
when doping NiW/TiO2 –cAl2 O3 catalyst with palladium
instead ruthenium. In this case, a product containing about
22 ppm S, 2 ppm N and 15 v% aromatics was obtained
using a VGO + LGO hydrotreated feedstock (40 v%/
60 v%). In these experiments, the reactor was operated at
T = 370 °C, P = 12.4 MPa, LHSV = 0.5 h1 and H2 /
hydrocarbon ratio = 800 Nm3 /m3 . Comparison between
NiWRu/TiO2 –cAl2 O3 and NiWPd/TiO2 –cAl2 O3 catalyst
systems will be published elsewhere [73].

5 Conclusion
The conclusions that emerge from this work are the
following:
We have successfully demonstrated the selective
conversion of heavy gasoil into middle distillates fuels that
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meet with the ultra-low sulfur and aromatic standards by
using a NiWRu/TiO2 –cAl2 O3 based catalyst under typical
hydrotreating operating conditions.
The coprecipitation of titanium and aluminum hydroxides produced a catalyst support having greater surface
area, pore volume, surface acidity and metallic surface
dispersion than alumina.
The NiW/TiO2 –cAl2 O3 and NiWRu/TiO2 –cAl2 O3
catalysts exhibited a greater surface dispersion of the
supported nickel and tungsten species compared to the
reference NiW/cAl2 O3 material.
The promoter effect of ruthenium on the NiW bimetallic
system caused a strong increase in both HDS and HDA
activities. The HDN and HCK reactions were also seen
favored by the increase in the hydrogenation capacity and
the surface acidity of the catalyst.
The highest conversion levels for all investigated
reactions were obtained when the NiWRu/TiO2 –cAl2 O3
catalyst was prepared by co-impregnation of Ni and Ru.
This catalyst showed sulfur tolerance properties when the
reaction was conducted in the presence of different H2 S
partial pressures.
The catalytic behavior of the NiWRu/TiO2 –cAl2 O3
catalyst was explained by the existence of a promoting
effect between separated Ni and Ru sulﬁdes species and
the NiWS phase (dual mechanism).
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