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Abstract

A zirconium-doped mesoporous silica (MSU) was used as a support for Co, CoMo, and CoW catalysts with varying Mo and W loadings. Their
activity was tested in the hydrogenation and hydrogenolysis/hydrocracking of tetralin under varying temperatures, experimental conditions, and
concentrations of dibenzothiophene (DBT) in a high-pressure, fixed-bed, continuous-flow stainless steel catalytic reactor operating at a pressure of
6.0 MPa. Textural, structural, and metallic properties were studied by XRD, XPS, H,-TPR, NH3-TPD, and N; adsorption—desorption isotherms.
The results indicate that the addition of a promoter, such as W and Mo, improves their catalytic properties in hydrogenation reactions with or
without DBT in the feed compared with catalysts containing only cobalt as an active phase. The hydrogenation yield is higher in the case of
molybdenum- and tungsten-promoted catalysts, but the molybdenum-promoted catalysts enhances the yield most significantly; with a catalyst
containing 5 wt% of Mo at 315 °C with a contact time of 3.6 s and an Hp:tetralin molar ratio of 15, the hydrogenation yield is 93.5%, whereas
a catalyst containing 15 wt% of Co gives a yield of 74.0%. The yield of hydrogenolysis/hydrocracking is lower for the promoted catalysts,
although those containing tungsten exhibit an intermediate behavior between those containing only cobalt or cobalt and molybdenum as active
phases. However, catalysts with molybdenum as a promoter agent have very good thiotolerant properties. With 15 wt% of cobalt and 5 wt% of
molybdenum, when 850 ppm of DBT is added to the feed, the conversion of tetralin is nearly 52.0% with a 44.0% yield of hydrogenation products
after 6 h on stream; for a catalyst with 15% of cobalt, these values are only 13.1 and 0.9%, respectively, after 5 h on stream.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Research and development of ultra-clean fuel by desulphur-
ization and dearomatization is the goal of numerous researchers
in environmental catalysis studies worldwide. Diesel emissions
produce a complex mixture of organic and inorganic com-
pounds in the form of gases or small particles that cause more
pollution than those generated by gasoline motors. However,
diesel engines are preferable over gasoline engines in terms
of economy and longevity, and their use is increasing rapidly;
hence the search for a breakthrough in the reduction of pollu-
tant emissions to achieve acceptable levels in accordance with
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established environmental regulations is becoming increasingly
important. The aromatics in diesel fuel not only produce un-
desired emissions in the exhaust gases, but also decrease the
cetane number. This has led to new, tighter regulations con-
cerning fuel quality and exhaust emissions and has resulted in
the hydrogenation of aromatics as an essential step in the oil-
refining process, aimed at producing environmentally friendly
fuels. Currently, efforts are being undertaken in this area not
only to ameliorate the sulphur content (the amount of sulphur
allowed in diesel fuels must be reduced to 1.3 x 1072 gdL =3 by
the year 2010 [1], mandating a 97% reduction from current lev-
els), but also to reduce the aromatic content, increase the cetane
number [2] to fulfill the specifications of motor fuels [3—-5], and
decrease the extent of particulate emissions in diesel exhaust
gases [4].
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Traditionally, the most widely used catalysts in hydrotreat-
ing units have been those containing sulphided mixed oxides
(NiMo, NiW, and CoMo), even though these can only reach
moderate aromatic saturation under typical hydrotreating con-
ditions in a single-stage operation [6] despite their tolerance to
sulphur in the feed [7]. To overcome this problem, the industrial
approach uses a two-stage process involving a hydrotreating
catalyst in the first reactor (i.e., a sulphide catalyst to reduce the
sulphur percentage) and a noble metal-containing catalyst in the
second reactor that acts on aromatic saturation, with the main
drawback being their poisoning when exposed to small quan-
tities of organic sulphur- and nitrogen-containing compounds
present in the feed [8,9].

However, it should be pointed out that recently Pd, Pt, and
mainly bimetallic Pd-Pt catalysts on several supports have
demonstrated relatively high thiotolerance [10—17]. Moreover,
the sulphur resistance of a noble metal catalyst is improved by
the use of an acidic support [11,18-20], arising from the forma-
tion of electron-deficient metal particles interacting with Bron-
sted acid sites [21] that form a weak bond with sulphur com-
pounds along with the addition of a nonnoble transition metal.
Furthermore, Hu et al. [22] have reported improved thiotoler-
ance of Pd catalysts from the addition of a second transition
metal, which changed the conversion of toluene from 35.5 to
70.2% over Pd and PdCr, respectively, when 3000 ppm of sul-
phur was in the feed. This second metal could inhibit the migra-
tion of the noble metal to form higher particles due to a decrease
in the metal-support interaction after adsorption of H,S.

The cost of these catalysts due to the expense of the noble
metals involved, together with their uncertain thiotolerance, has
prompted research into new catalytic systems. Thus, other met-
als (e.g., Ni, NiW, and PdNi) have been used as active phases
in reactions involving the hydrogenation and hydrogenoly-
sis/hydrocracking of aromatic molecules [23-25]. These cata-
lysts are able to catalyse the hydrogenation and ring opening of
naphthalenes in the presence of sulphur compounds but usually
require extreme operating conditions, such as high hydrogen
pressures and temperatures.

The current direction for new research in this area is very
diverse. The election of the best active species has been the tar-
get of much work, but considering only the active species as
the key factor in the preparation of an effective catalyst would
be meaningless given that the support participates fully in the
catalytic process. It is well known that acidity, pore size, and
specific surface area have a pronounced influence on the cat-
alytic results. Such supports as alumina, silica, titania, zeolites,
MCM-41, and others have been exhaustively studied [26-28]
and shown to participate fully in the catalytic process.

Recently we prepared a series of cobalt catalysts supported
on Zr-MSU. This Zr-MSU material was prepared using a non-
ionic surfactant, polyethyleneoxide, as a template. These sur-
factants are biodegradable and cheaper than ionic surfactants
and thus are promising template agents for the synthesis of new
porous materials. The Zr-MSU materials have proven to be sta-
ble at high temperatures and to have good stability in aqueous
media, mechanical resistance, and under steaming conditions.
Their high BET surface areas and high acidity make them ex-

cellent candidates for use in heterogeneous catalysis as both
acid catalysts and supports. The cobalt-supported catalysts were
tested in the hydrogenation, hydrogenolysis, and hydrocracking
of tetralin at 6.0 MPa with and without DBT in the feed [29].
They were shown to have good properties in hydrogenation
reactions, but after feeding several amounts of DBT, they ex-
perience severe deactivation with time. Hence, the main ob-
jective is to obtain a hydrogenation cobalt-containing catalyst
capable of reducing the quantity of aromatics, but also resist-
ing the sulphur-induced deactivation resulting from the first
stage.

The addition of a promoter to these cobalt catalysts could
improve their sulphur tolerance, as has been previously demon-
strated for noble metal catalysts [30]. In the current work, we
have studied the role of tungsten and molybdenum incorporated
into Zr-MSU-supported cobalt catalysts in the hydrogenation of
tetralin. More to the point, we have attempted to improve both
the hydrogenation and thiotolerance of this family of catalysts
subjected to predetermined amounts of DBT in the feed.

Bimetallic catalysts with molybdenum have been exten-
sively studied in the HDS reaction. These are indeed most
frequently used as first-stage catalysts, but tungsten has been
shown to have lower activity than Mo phases [31].

2. Experimental
2.1. Preparation of catalysts

The MSU SiZr7 (Zr-MSU) support was prepared as de-
scribed elsewhere [32]. For catalyst preparation, the support
was pelletized (0.85-1.00 mm) before being impregnated with
aqueous solutions of precursor salts via the incipient wetness
method; that is, after the first impregnation with a solution
of Co(NO3),>:6H,0, the material was dried at 60°C (12 h)
at atmospheric pressure before the second impregnation with
a solution of either (NH4)¢Mo07024-4H>O or a solution of
(NH4)6W12039-xH70. After drying in air at 60°C (12 h) at
atmospheric pressure, the samples were calcined at 550 °C for
6 h.

The catalysts were prepared at different cobalt, tungsten, and
molybdenum loadings: 10 and 15 wt% for cobalt; 2.5, 5, and
7.5 wt% for molybdenum; and 5 and 13 wt% for tungsten (i.e.,
the same number of tungsten atoms in a catalyst as molybde-
num in the catalysts containing 2.5 and 7.5 wt% of molybde-
num). The samples are denoted as CoxMoy and Cox Wz, where
X, Y, and z represent the wt% of cobalt, molybdenum, and tung-
sten, respectively.

2.2. Characterization of catalysts

Powder X-ray diffraction patterns were obtained using a
Siemens D5000 diffractometer (Cu-K,, source) provided with
a graphite monochromator. The textural parameters were eval-
vated from the nitrogen adsorption—desorption isotherms at
—196°C as determined by an automatic ASAP 2020 sys-
tem from Micromeritics. Elemental chemical analysis was per-
formed with a LECO CHNS 932 analyser.
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Hydrogen temperature-programmed reduction (H»-TPR)
experiments were carried out at 50-800°C using a flow of
10% Ha/Ar (48 mlmin~') and a heating rate of 10°C min~".
Water produced in the reduction reaction was eliminated by
passing the gas flow through a cold finger (—80°C). The H»
consumption was controlled by an on-line gas chromatograph
(Shimadzu GC-14A) equipped with a thermal conductivity de-
tector (TCD).

Temperature-programmed desorption of ammonia (NH3-
TPD) was carried out to evaluate the total acidity of the cata-
lysts. Catalysts were reduced, at atmospheric pressure, by flow-
ing hydrogen (60 ml min—!) from room temperature to 500 °C
at a heating rate of 10°Cmin~!, and the sample was main-
tained at 500 °C for 60 min. After cleaning with helium and
adsorption of ammonia at 100 °C, NH3-TPD was performed at
100-550°C at a rate of 10°C min~! using a helium flow. The
evolved ammonia was analysed by an on-line gas chromato-
graph (Shimadzu GC-14A) equipped with a TCD.

X-ray photoelectron spectra were collected using a Physi-
cal Electronics PHI 5700 spectrometer with nonmonochromatic
Al-K,, radiation (300 W, 15 kV, 1486.6 e¢V) and a multichan-
nel detector. Spectra of pelletized samples were recorded in
the constant pass energy mode at 29.35 eV, using a 720-pm-
diameter analysis area. Charge referencing was measured
against adventitious carbon (C 1s at 284.8 eV). A PHI ACCESS
ESCA-V6.0 F software package was used for acquisition and
data analysis. A Shirley-type background was subtracted from
the signals. All recorded spectra were fitted using Gaussian—
Lorentzian curves in to more accurately determine the binding
energy of the different element core levels. Because the W 4 f
signal partially overlaps the Zr 4p signal from the support,
when analysing the W 4 f signal of W-containing catalysts, the
contribution due to the Zr 4 p signal of the support was consid-
ered.

2.3. Catalytic test

The hydrogenation and hydrogenolysis/hydrocracking of te-
tralin was performed in a high-pressure, fixed-bed, continuous-
flow stainless steel catalytic reactor (9.1 mm i.d., 230 mm long)
operating at 6.0 MPa of pressure (4.5 MPa H; and 1.5 MPa
N»). Before the activity test, 3 cm® of catalyst (particle size
0.85-1.00 mm) was reduced at atmospheric pressure by flow-
ing hydrogen (60 ml min~—!) from room temperature to 500 °C
at a rate of 10°C min~!. The sample was maintained at 500 °C
for 60 min, after which the N, and H; gases were mixed with
a solution of tetralin (THN) in n-heptane (10 vol%) supplied
by a Gilson 307SC piston pump (model 10SC) (with a liquid
hourly space velocity [LHSV] of 4.0-9.0 h—!), then introduced
into the reactor. The thiotolerance of the catalysts was evalu-
ated by adding two different concentrations of DBT in the feed
(425 and 850 ppm wt for normal and severe sulphur poisoning
tests, respectively). The reactant and products were studied by
collecting liquid samples after 1 h on stream once the tempera-
ture had increased to the desired value (for study of the effect of
temperature) or after each hour (for study of the effect of time).
These samples were then analysed by gas chromatography (Shi-
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Fig. 1. X-Ray diffractograms of the calcined catalysts.

madzu GC-14B, equipped with a FID and a TRB-1 capillary
column, coupled to a Shimadzu AOC-20i automatic injector).
After the majority were identified, they were classified into
the following groups: (i) volatile compounds (VC), including
noncondensable C1—Cg products calculated from the carbon
balance of the reaction; (ii) hydrogenation products, includ-
ing trans- and cis-decalin (HYD); (iii) hydrocracking and hy-
droisomerisation compounds (HHC), including alkylbenzenes
and polyalkylolefins; and (iv) naphthalene. No products heavier
than decalins were found. Note that high yields of hydrogena-
tion products, especially cracking compounds, gave rise to an
increase in the cetane number of fuels.

3. Results and discussion

The catalysts were characterized to gain more insight into
the results. The activity and yield depend on the metal and
acid sites, because the balance between them affects the per-
formance in hydrocracking and hydroisomerisation.

X-ray diffractograms of the calcined samples are given in
Fig. 1. All of the catalysts show the characteristic diffrac-
tion lines of Co304. The diffractograms of catalysts containing
molybdenum show peaks corresponding to CoMoQOy, with the
intensities of these peaks increasing with increasing amounts
of molybdenum in the catalyst. Similarly, the diffractogram
of the catalyst containing tungsten exhibits a reflection line
at 26 = 30.6°, corresponding to a CoWOy, phase plus the re-
flection lines of Co304. These results agree well with those
reported in the literature, where such phases are formed on heat-
ing at similar calcination temperatures [33,34].

After the samples are reduced with hydrogen at 500 °C, re-
flection lines of spinel type structures do not appear, and only
the reflection lines attributed to metallic cobalt are observed.
Given the H>-TPR curves, the complete reduction of the ionic
species cannot be assumed. There are oxidized species that can
be reduced only at temperatures above 500 °C. These metallic
oxides must form compounds with lower-oxidation states and,
as detected by XRD, are well dispersed. Zhang et al. [35], in a
study of the reducibility of samples containing cobalt and tung-
sten in different compositions, found that samples with high
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Fig. 2. H»-TPR profiles of Co, CoMo, CoW catalysts.

cobalt content were more easily reduced and that the phases
present in the reduced samples also varied with the cobalt con-
tent. The formation of Co3W and W could be detected in sam-
ples containing high cobalt loadings at a reduction temperature
of 600 °C. In our case, these phases were not detected by XRD,
probably due to their low content and high dispersion, if indeed
they were present at all.

To determine the type and reducibility of the Co and Mo
species present in the catalytic precursors, Hy-TPR experiments
were carried out on the oxidizes precursor samples. Fig. 2
shows the Hp-TPR patterns of this series of solids. When Mo
is added to the catalysts, the H>-TPR profiles are modified with
regard to that of the Col5 catalyst. Thus, Col0Mo7.5 exhibits
a small Hy consumption peak at 350 °C corresponding to the
reduction of Coz04 to Co® [29], and new reduction peaks ap-
pear at 480 and 540 °C, indicating the reduction of cobalt and
part of the molybdenum-forming part of the CoMoQOy spinel.
Finally, close to 700 °C, a broad and ill-defined band appears
in all cases, assigned to the reduction of the Co?T as C0,SiOy4.
This compound is formed during the calcination of samples at
550 °C (for 6 h) after the impregnation process. The shoulder at
close to 800 °C could correspond to the reduction of Mo(VI) to
Mo(IV), because it does not appear in the Co15 H>-TPR profile.
In the case of Col5Moy catalysts, note that the main reduction
peak shows a tail at higher temperatures, which can be ascribed
to the reduction of C02+—forming CoMoOQy, as well as a small
peak at 510 °C due to the reduction of Mo(VI) to Mo(IV) form-
ing such a spinel.

Meanwhile, in the case of catalysts containing tungsten, two
main reduction peaks appear for the ColSWS5 catalysts, one
centred at 340°C and the other centred at 635 °C. Compar-
ing the relative intensity of the peak at 340 °C with that of
Col5 at the same temperature clearly shows the higher inten-
sity of the former. This peak may correspond not only to the
reduction of the cobalt species, but also to the partial reduction
of Co** yW(VI)-forming CoWOy. The peak at high tempera-
tures shifts to lower temperatures compared to the Col5 cata-
lyst. This could correspond to the reduction of cobalt-forming
cobalt silicate. But when tungsten is at higher loading, as on
Col10W13, a new shoulder at 730 °C is observed that can be

Table 1
Textural properties of the support and the calcined materials
Sample SBET Vp dp (av)
m?g~h (em3 g1 &)
ZrMSU 493 0.25 18.6
Col0 361 0.18 19.0
ColOW13 285 0.15 19.8
Col0Mo7.5 146 0.09 229
Col5 338 0.17 19.5
Col5W5 306 0.17 18.8
Col5Mo2.5 309 0.17 20.0
Col5Mo5 313 0.17 20.6
Table 2

Quantity of ammonia desorbed at different intervals of temperature for reduced
catalysts

1

mmol NH3 g™~
T (°C) 100-200 200-300 300—400 400-500 500-550 550 Isot Total
Col0 822  270.5 155.9 61.0 125 23.0 605.0
ColOMo7.5 959  160.9 91.5 654  20.7 25.4 459.8
ColOWI3 1250 195.0 75.7 434 252 81.4 545.7
Col5 559  258.1 191.8 98.0 318 61.9 697.7
Col5Mo2.5 164.0 250.5 2032  101.1 20.4 22.7 761.9
Col5W5 127.1 214.0 73.1 53 1.0 24 4229

Col5Mo5 155.8  200.0 102.0 46.5 11.5 12.3 528.1

assigned to the reduction of W(VI) to W(IV). Comparing the
H,-TPR profile of Col5Mo2.5 with its tungsten counterpart
(i.e., Col5WS5) clearly shows that tungsten improves the re-
ducibility of the cobalt species; hence cobalt reduction is more
difficult for Co15Mo2.5, and, consequently, an important frac-
tion of cobalt remains unreduced. This fact could explain the
high surface acidity found for this catalyst.

Having studied the H,-TPR curves, we chose a reduction
temperature of 500 °C. At this temperature, the main peak dis-
appears, and the possible agglomeration of active phases at
higher temperatures is avoided.

The textural characteristics—specific surface area (Spgr),
total pore volume (V}), and mean pore diameter—are given
in Table 1. These were determined from nitrogen adsorption
isotherms measured at —196 °C. The lowest Sggt values are for
doped catalysts containing 10 wt% of cobalt, where a reduction
in the pore volume is also found. Importantly, the Col0Mo7.5
catalyst has the lowest pore volume and the highest mean pore
diameter. This fact can be explained by taking into account
the pore size distribution, in which two overlapped maxima
are detected, one at 17.0 A (due to the support) and the other
at 22.5 A, possibly due to deposition of molybdenum—cobalt
mixed oxides, which have their own specific surface area [36].
This effect is greatly reduced for catalysts containing 15 wt%
of cobalt, however, possibly because cobalt oxide itself forms
this structure at cobalt loading of 15 wt%. Addition of molyb-
denum or tungsten leads to formation of new particles of mixed
oxides, which block the access to mesopores; thus the specific
surface area is not significantly reduced.

As determined by NH3-TPD, incorporation of cobalt, molyb-
denum, and tungsten leads to a decrease in specific surface
acidity. Table 2 gives the total acidity and the values corre-
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Fig. 3. Co 2 p photoelectron spectra of calcined CoxMoy catalysts.

sponding to different temperature intervals. All of the doped
catalysts except Col5Mo2.5 show lower superficial acidity than
their cobalt pristine counterparts. As Mo or W are added in a
second step on cobalt salt, a superficial layer of CoMoO4 spinel
is formed that is responsible for the decrease in total acidity.
This is due not only to the weak tendency of these species to
retain ammonia molecules, but also to the partial blockage of
pores, as was seen in the surface area values.

X-Ray photoelectron spectra of both calcined and reduced
Cox, CoxMoy, and CoxWz catalysts are useful for determin-
ing the chemical state of the different elements. The Si 2p and
Zr 2p core-level spectra of calcined and reduced samples are
similar and show binding energies of about 103.3 and 183.2 eV,
respectively. Table 3 gives the corresponding binding energies
of Co 2p3/2, Mo 3ds;2, and W 4 f7,5. The Co 2p spectra
of calcined CoxMoy catalysts (Fig. 3) are characterized by a
main peak centred at about 780.0 eV and another small peak at
782.4 eV. Although the first peak is difficult to assign because
it can correspond to Co3* and/or Co?* (with this Co>* coming
from Co304 and CoMoOy4 for molybdenum-containing sam-
ples), the small peak at a higher binding energy is due to Co>*
from Co0,Si04, because the reduction of this cobalt species is
difficult. In the case of calcined samples, the observed differ-
ences in the binding energies of the Co 2p3,, main peak are
between 0.1 and 0.9 eV. However, these differences are greater
for reduced samples, likely due to the different sizes of cobalt
species after the addition of Mo or W. A very broad shakeup
satellite peak at 6 €V from the main Co 2 p3,> can be seen. The
intensity of this satellite is much stronger in Mo-doped cata-
lysts than in Col0 and Col5 ones, indicating that reduction of
the Co?*-forming part of CoMoQy is more difficult than that of
Co304 [37].

The relative intensity of these satellite peaks was used to
identify the cobalt species; the higher their intensity, the greater
the amount of CoMoQ4 formed. This fact is confirmed in Fig. 3,

Table 3
Spectral parameters obtained by XPS analysis
Sample BE (eV) BE (eV)
Co2p3) Mo 3ds;, y W4 f7,2
Calcined Reduced Calcined Reduced
C0,Si04 781.9 - - -
Co304 779.5 - - -
Col0 778.7 (38%)
780.2 (76%)  780.8 (44%)
782.4 (24%) 782.9 (18%)
Col0Mo7.5 777.8 (49%)
780.8 (70%)  780.2 (36%) 228.2 (61%)
782.9 30%) 782.5(15%) 231.8 231.0 (29%)
Col0OW13 777.7 (32%)
779.9 (79%) 779.7 (47%) 32.1 (23%)
782.1 21%) 781.7 (21%) 353 35.2 (77%)
Col5 778.8 (38%) - -
780.0 (77%)  780.8 (44%)
782.5 (23%) 782.7 (18%)
Col5Mo2.5 777.7 (38%)
779.8 (76%)  779.9 (38%) 229.3 (48%)
782.2 (24%) 781.6 (24%) 232.2 231.9 (52%)
Col5W5 777.4 (38%)
779.6 (78%)  779.7 (39%) 32.4 (43%)
782.1 (22%) 781.6 (23%) 35.2 35.3 (57%)
Col5Mo5 777.7 (33%)
779.1 (77%)  779.5 (51%) 228.4 (50%)
781.6 (23%) 781.5 (16%) 231.7 (100%)  231.1 (50%)
Col5s
;‘.:
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Fig. 4. Co 2p photoelectron spectra of calcined Cox Wz catalysts.

where samples with molybdenum suffer an increase in the in-
tensity of the shakeup satellite peak. The same results can be
seen in the spectra of the calcined catalysts containing tungsten
(Fig. 4).



A. Infantes-Molina et al. / Journal of Catalysis 240 (2006) 258-267 263

Fig. 5 shows the Mo 3d core-level spectra of the Col5Mo5
catalyst when calcined, reduced, and used with 850 ppm of
DBT in the feed. Before reduction, the doublet Mo 3ds,, and
Mo 3d3/; appears at 231.8 and 234.9 eV, which is characteristic
of the Mo(VI) species [38—40]. The Mo 3d core-level spectrum
after reduction shows, besides this doublet, a new one at 228.2
and 231.3 eV that is characteristic of Mo(IV) [38], indicating
that a partial reduction of Mo(VI) occurs under these experi-
mental conditions.

With regard to the samples containing tungsten as a pro-
moter, Fig. 6 shows that the W 4 f7,, signal gives a peak close
to 35.2 eV that corresponds to CoWOy, as previously detected
by XRD. The weak peak at 30.6 eV corresponds to interference
of the Zr 4 p signal by Zr(IV) in the support. After the reduc-
tion process, a new peak at 32.4 eV appears that is assigned to
WAIV) [41].

Catalysts with different compositions were tested to study
the role of molybdenum and tungsten on cobalt catalysts in aro-
matic hydrogenation reactions. The activity of these catalysts
was evaluated by considering both the degree of conversion of
tetralin and the yield of hydrogenation products, because the
latter is of particular interest for reducing diesel pollutant emis-
sions.

A first reference catalyst containing 10 wt% of cobalt, Co10,
was selected, taking previous results into account [29]. With
the aim of augmenting catalytic performance, two promoters
(7.5 wt% of molybdenum or 13 wt% of tungsten) were added
to this catalyst, giving rise to Col0Mo7.5 and ColOW13 cata-
lysts, respectively. The activity of these catalysts was tested in
the temperature range of 275-375 °C. Fig. 7 shows the tetralin
conversions for the Co10, Co10Mo7.5, and Col0W 13 catalysts.
Clearly, molybdenum and tungsten do not improve the catalytic
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Fig. 5. Mo 3d photoelectron spectra of Col5Mo5 catalyst.
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behavior of the cobalt catalyst under these conditions. Co10 and
Col10Mo7.5 exhibit almost the same conversion patterns and
yields of hydrogenation products; however, the highest yield of
HHC is still given by Co10. The Col0W13 catalyst exhibits
a much lower conversion and yield of HYD but a better yield
of HHC than Col0Mo7.5. The higher reducibility of this cat-
alyst, which could contain a layer of reduced W(IV) over the
metallic cobalt, may be responsible for this behavior, because
this layer can hinder the access of H; to the metallic Co” parti-
cles, thereby reducing its catalytic activity. Clearly, cobalt plays
a key role in the catalytic performance of these materials.

Taking these results into account, and considering only
the Col0 and Col0Mo7.5 catalysts, a test using a feed with
425 ppm of DBT was carried out at 315 °C. With Co10, the con-
version changed from 81.1 to 9.5% after 6 h on stream, whereas
with Col0Mo7.5, conversion changed from 69.6 to 23.6% in
the same period. This finding demonstrates the important role
of molybdenum with the presence of DBT in the feed.

To optimize its performance, several changes in the experi-
mental conditions were made for Col0Mo7.5 in the absence of
DBT. A conversion of 91.5% was attained under the new ex-
perimental conditions (i.e., an Ho/THN molar ratio of 10 and
3.6 s of contact time), while maintaining a reaction tempera-
ture of 315°C. Under these same conditions, a new study of
thiotolerance was carried out for the Col0Mo7.5 catalyst using
425 ppm of DBT in the feed. Again, after 6 h on stream, par-
tial deactivation occurs, changing the conversion from 91.5 to
41.5%, the yield of HYD from 80.1 to 34.1%, and the yield of
HHC from 11.2 to 4.2%. So far, although no improvement in
conversion was achieved for the Col0 catalyst, it would seem
that adding Mo leads to improved resistance to feeds containing
sulphur compounds, such as DBT.

The observed improvement in thiotolerance but no improve-
ment in activity prompted us to test a new series of catalysts

with 15 wt% of cobalt, 2.5 and 5 wt% of molybdenum, and
5 wt% of tungsten (i.e., equivalent to its counterpart of Mo
2.5 wt%). The results of this testing are shown in Fig. 8. Al-
though Col5 displays the best conversion pattern, Col5Mo2.5
shows the highest yields of hydrogenation products. It is pos-
sible that the presence of a small amount of molybdenum(IV)
induces better Co® dispersion. Simultaneously, Mo(IV) can act
as an acid center in which tetralin molecules are retained and
hydrogenated by Hj spillover from the metallic particles.

Bearing this in mind, molybdenum-containing catalysts give
a lower HHC yield compared with catalysts based on cobalt
because the former have fewer acid centres, which are re-
sponsible for the formation of HHC. Considering total acidity,
Co15Mo02.5 desorbs the most ammonia molecules but has the
lowest HHC yield. This could be due to the existence of more
Co** ions capable of forming amino complexes, which cre-
ates a high specific surface acidity. These ions are not strong
enough to produce HHC, however. In fact, observing the values
of ammonia desorbed at different temperatures, Col5Mo2.5,
Col15WS5, and Col5MoS5S desorb much more ammonia than
Col5 at 100-200 °C. This ammonia could be responsible for
formation of the amino complexes and is not indicative of the
strong acidity of these materials. In any case, it should be taken
into account that metallic cobalt particles in Col5 catalyst can
exhibit good activity in tetralin hydrogenolysis reactions, and
that after doping with Mo/W, the activity in hydrogenolysis re-
actions is lower.

New experiments were carried out by changing the exper-
imental conditions to improve the catalytic results at 315°C
(Table 4). In all cases, the conversion increases at higher contact
times and hydrogen:tetralin molar ratios. Thus, for a contact
time of 3.6 s and an Hy:THN molar ratio of 15, the conversion
for all catalysts is close to 100%, and the HYD product yield is
greatly increased. The behavior of doped catalysts is similar to
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Table 4
Catalytic properties of the supported cobalt, cobalt-molybdenum, cobalt—tung-
sten catalysts in the hydrogenation, hydrogenolysis/hydrocracking of tetralin at
315°C

T ()2 HQ/THNb 315°C Col5 Col5Mo2.5 Col5W5 Col5Mo5
2.8 10 Conversion 88.7  80.9 422 58.8
Yield
HYD 669 76.9 21.2 48.1
HHC 22.4 3.7 11.7 10.6
3.6 10 Conversion 99.2  99.0 98.7 90.4
Yield
HYD 72.1  88.7 71.5 82.6
HHC 26.1 10.0 17.2 7.7
3.6 15 Conversion 99.0  99.6 98.9 100
Yield
HYD 74.0 86.0 83.0 93.5
HHC 247 13.6 15.8 5.7

4 Contact time.
> Molar ratio.

that of the Col5 catalyst [29]; the longer the contact time and
the higher the H,: THN molar ratio, the better the results. How-
ever, increasing conversion and hydrogenation product yield is
stressed to a greater degree than for cobalt catalysts. Thus, the
main promoting effect of molybdenum is an increase in the hy-
drogenation capability of these catalytic systems, because all
of these catalysts contain superficial Mo(IV) or W(IV), as de-
duced from XPS studies, not only the total acidity, but also the
strength of this acidity of these catalysts is lower than that of
Col5. This allows the acid sites to retain tetralin molecules,
resulting in their hydrogenation by spillover, although they are
not strong enough to produce HHC products. The production of
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naphthalene and volatile compounds is negligible, if it occurs at
all.

To complete the study of the promoting effect of molybde-
num and tungsten, 425 ppm of DBT was fed under the most
favourable experimental conditions (Fig. 9) and also at 315 °C.
With increasing time on stream, DBT sulphur poisons the cat-
alysts, leading to a decrease in catalytic activity. All catalysts,
but especially Col5 and Co15WS5, show a decrease in total con-
version after 6 h in the presence of DBT in the feed. Only for
catalysts containing Mo is the yield of HYD products high, be-
ing >85.0% after 6 h on stream. Both catalysts produce high
yields of HYD products but low percentages of HHC com-
pounds.

Fig. 10 shows the results with 850 ppm of DBT in the
feed. The influence becomes more pronounced, and after 4 h
on stream Co15 suffers severe deactivation, whereas Col5Mo5
shows a conversion of 52.2% and a yield of hydrogenation
products of 44.1% after 6 h on stream. Col5Mo2.5 shows an
intermediate behavior, with a conversion of 27.0% and an HYD
yield of 23.3% after 6 h on stream. The observed improvement
obtained by adding molybdenum to the catalytic system is clear,
with increased conversion and HYD yield, the latter of which is
of great interest when considering the pollutant effects of aro-
matic molecules. This may indicate the possible formation of
molybdenum sulphide. Elemental chemical analysis of the cat-
alysts show that after working with 425 ppm of DBT in the feed,
the amount of sulphur found in the sample was practically zero
in all cases, but after working with 850 ppm of DBT in the feed,
the presence of sulphur was observed in the catalyst containing
molybdenum after the catalytic reaction (Table 5), suggesting
the possible formation of molybdenum sulphide. This is well
known in hydrotreating units that use CoMo catalysts, in which
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Fig. 9. Variation of the conversion (A), yields of HYD (B) and yields of HHC (C) on time on stream, after feeding 425 ppm of DBT. Experimental conditions:
H,/THN molar ratio = 15, pHy = 4.5 MPa, pNy = 1.5 MPa, LHSV = 4 h~—!, GHSV = 1000 h—!, contact time = 3.6 s.
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Table 5
Elemental chemical analysis

Used?®

%C %H %S
Col5 0.595 0.796 0.042
Col5Mo2.5 0.705 1.135 0.077
Col5Mo5 0.736 0.616 0.156

4 After feeding 850 ppm of DBT.

a good level of hydrogenation activity is found. The amount
of sulphur found in the spent Col5Mo5 catalyst is equivalent
to 0.1 mol S (mol Mo)’l. Thus, in the experimental condi-
tions under which DBT is fed (315 °C), only the formation of
a superficial MoS, can be expected. In contrast, for Col5, the
amount of sulphur is very low (0.005 mol S (mol Co)~ 1) af-
ter 850 ppm of DBT is fed; thus, in this case, the formation of
CoS; can be discarded. In a previous work [29], we have estab-
lished that Col5 deactivation results from the agglomeration of
metal particles caused by the presence of sulphur, as confirmed
by chemisorption measurements.

Our results highlight the promoting effect of molybdenum
over that of tungsten, possibly due to the greater amount of
Mo(IV) on the surface, which is capable of reacting with sul-
phur to form MoS;. The results were obtained with XPS, where
the Mo 3d core-level spectra of used Col5Mo5 catalyst (Fig. 5)
were fitted with three Mo 3d doublets: the doublets of Mo(VI)
and Mo(IV) and an additional one with the main Mo 3ds > peak
at 230.0 eV ascribed to the presence of MoS; [42]. The for-
mation of molybdenum sulphide can be assumed, although no
sulphide was detected by this technique. Therefore, the higher

activity of the molybdenum catalysts with DBT in the feed
compared with those without can be explained by the formation
of MoS», which, besides eliminating the sulphur compounds,
also maintains a high hydrogenation activity.

All used catalysts were calcined and reduced under the same
initial conditions, and then tested again to ensure their regen-
eration properties. The same patterns of conversion and yields
were obtained, indicating that they undergo only reversible de-
activation.

4. Conclusion

The activity of Mo- and W-doped cobalt catalysts support-
ed on zirconium-doped mesoporous silica (MSU) with dif-
ferent cobalt, molybdenum, and tungsten loadings was stud-
ied in the hydrogenation and hydrogenolysis/hydrocracking of
tetralin with and without DBT in the feed and at several ex-
perimental conditions, to optimize their performance in this
reaction. Our results indicate that the addition of W and Mo im-
proves the catalytic properties of monometallic cobalt catalysts.
Thus, operating under the optimum experimental conditions,
the hydrogenation yields are higher for catalysts promoted with
molybdenum and with tungsten (Table 4), but much higher for
those promoted with molybdenum. In this sense, under the op-
timum experimental conditions, the hydrogenation yield was
93.5% for the Col5Mo5 catalyst and 74.0% for the Co-15 cat-
alyst. However, the yield of hydrogenolysis/hydrocracking is
lower for the molybdenum- and tungsten-promoted catalysts,
although the tungsten-promoted catalyst exhibits an intermedi-
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ate behavior between the cobalt- and molybdenum-promoted
ones as active phases.

Related to thiotolerant properties, catalysts promoted with
molybdenum (specifically, Col5Mo5) exhibit the best perfor-
mance. With 425 ppm of DBT in the feed, Co15Mo5 shows a
constant conversion of 88.2% after 6 h on stream, with a yield
of HYD products close to 82.0% but a low yield of HHC prod-
ucts (7.0%). With 850 ppm of DBT in the feed, the conversion
of tetralin is close to 52.0%, and the yield of hydrogenation
products after 6 h on stream is 44.0%. For its counterpart with
only cobalt (i.e., Co-15), these values are only 13.1 and 0.9%,
respectively, after 5 h on stream.
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