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The characteristics of Ru/TiO, catalysts sulfided at temperatures from 573 to 873 K were studied by TPR-
S, XRD, electron microscopy, EPR, and UV-Visible-NIR. It was found that the structure of the ruthenium
sulfided phase formed at the different sulfidation temperatures is essentially the same when supported
on alumina or titania. However, when supported on titania effects arising from electronic transfers

between the Ru species and the TiO, support affect the performance of the catalyst. The high HDS activity
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of Ru/TiO; sulfided at 573 K was explained through the electronic interaction between metallic Ru (com-
ing from the partial reduction of RuS;) and titania. The low HDS activity of Ru/TiO, sulfided at 873 K was
explained by the alteration of the already optimum electronic configuration of ruthenium sulfide caused
by electron density supplied by the titania support. This provides experimental evidence to support the
reported theoretical correlations between electronic structure and HDS activity.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Studies on the activity of transition metal sulfides (TMS) in the
dibenzothiophene hydrodesulfurization (HDS) reaction revealed
that the HDS activity of sulfides of the second and third rows is
higher than that of sulfides of the first row. A maximum in activity
was found for Ru and Os sulfides in the second and third rows,
respectively [1]. Similar results were found with other sulfur-
containing molecules such as thiophene and 4,6-dimethyl-diben-
zothiophene [2-4]. It was proposed that the HDS activity was
related to the number of d electrons in the HOMO of the TMS.
The proposal was based on theoretical calculations that indicated
that in the best catalysts the TMS should have the HOMO filled
with as many electrons as possible, with t,, instead of eg character
[5-9]. From this point of view, it is not surprising that RuS,; was the
most active HDS catalyst since ruthenium has a HOMO with t,g
nature filled with 6 electrons. The importance of the electron pop-
ulation in d orbitals in TMS is corroborated by the fact that elec-
tronic transfer toward the TMS enhances its HDS activity. An
example is the increase in activity experienced by Mo in CoMoS
or NiMoS catalytic systems, in which the Co or Ni promoter trans-
fers electronic density to Mo. This behavior helped to define the
promoter effect as the capacity to inject electronic density into
the d orbitals of the TMS [10,11].

The electronic density may also arrive to the TMS coming from
supports such as titania, and in that sense titania can be defined
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as a promoter. It is well documented that the use of titania as a
support enhances the HDS activity of TMS such as MoS, and
WS, not only by improving the sulfidation and/or dispersion of
the active phase but also by transferring electronic density to-
ward the TMS [12-18]. The possible electronic interaction be-
tween titania, which is able to donate electronic density, and
RuS,, which already has the optimum configuration with 6 elec-
trons at the ty; HOMO, is clearly of great interest since it may
help to better understand the role of d electrons in the HDS activ-
ity of TMS.

Supported ruthenium sulfide has particularities that have to be
taken into account in the study of Ru/TiO, sulfided catalysts. In a
recent paper [19] we showed that the sulfidation of Ru/Al,03
catalysts with H,S(15%)/N, at temperatures between 573 and
973 K produces a well-sulfided ruthenium phase (with S/Ru > 2),
which contains crystallized ruthenium sulfide (RuS,-pyrite) and
highly defective ruthenium sulfide (RuS,;-amorphous). The relative
proportion of the two phases was related to the sulfidation tem-
perature: as the temperature increased more RuS,-pyrite was
formed in detriment of RuS,-amorphous. For Ru/Al,O53 catalysts,
at high sulfidation temperature (973 K) practically all the sup-
ported ruthenium is transformed into RuS,-pyrite and the catalyst
displays high HDS activity [19]. Amorphous ruthenium sulfide is
not stable and undergoes reduction during the HDS reaction while
RuS,-pyrite remains unaltered and is responsible for the HDS activ-
ity. Due to the reduction of amorphous ruthenium sulfide, the S/Ru
ratio of the catalyst after HDS reaction varies with sulfidation tem-
perature going from S/Ru~1 at low sulfidation temperature
(573 K) to S/Ru~ 2 at high sulfidation temperature (973 K), in
accordance with the increasing amount of RuS,-pyrite in the
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catalyst. This means that the HDS activity of Ru/Al,03 catalysts
increases with the sulfur content of the active phase during reac-
tion (higher S/Ru ratio) [19].

It is most likely that the HDS activity of ruthenium sulfide will
be affected by the use of a semiconductor support such as TiO»,
although this case has not been studied in the past.

The objectives of the present work are to (a) establish the char-
acteristics and catalytic behavior of ruthenium sulfide particles
supported on a semiconductor oxide such as TiO,; (b) identify
the type of electronic interactions between TiO, and the supported
ruthenium sulfided phase; and (c) determine the consequences of
the electronic interactions on the HDS activity of the catalysts. To
this end, Ru/TiO, catalysts sulfided at different temperatures
(573-973 K) were studied by EPR, UV-Visible-NIR DRS, tempera-
ture-programed reduction of sulfided samples (TPR-S), Z-contrast
electron microscopy, and XRD. The catalysts were tested in the
HDS of thiophene, dibenzothiophene, and 4,6-dimethyl-dibenzo-
thiophene. Thiophene was chosen because this molecule can reach
without impediments the active sites and consequently, the
changes in the characteristics of the catalysts can be easily related
to the observed changes in activity.

2. Experimental
2.1. Catalyst preparation

A Ru/TiO, catalyst with nominal Ru content of 2.1 ruthenium
atoms per square nanometer of TiO,, equivalent to 1.78 wt% Ru,
was prepared using RuCls-xH,0 (Aldrich) as a precursor. TiO, De-
gussa P-25 with surface area of 52 m?/g and pore volume of
0.9 cm?/g was used as support.

To prepare the catalyst the precursor salt was dissolved in 2.5
times the volume of water needed to obtain incipient wetness
(2.5 x 0.9 ml/g TiO,). The solution was maintained under stirring
for 12 h in N,, the titania powder was added and the suspension
was stirred for another 12 h. The catalyst was dried first in air flow
at room temperature to eliminate the excess liquid and then in an
oven at 383 K for 24 h. The solid was stored in a vacuum desiccator
and was used without further drying for the experiments.

An alumina-supported catalyst Ru/Al;0; with 2.1 ruthenium
atoms per square nanometer of Al,0s; (equivalent to 7 wt% Ru)
was also prepared with the procedure described above.

For thiophene, dibenzothiophene and 4,6-dimethyl-dibenzo-
thiophene HDS, TPR-S, XRD, UV-Visible-NIR DRS, and EPR experi-
ments the catalysts were sulfided for 2 h at different sulfidation
temperatures (573, 673, 773, or 873K) in a 15 ml/min
H,S(15 vol%)/N, stream.

2.2. Catalytic tests

2.2.1. Thiophene hydrodesulfurization

The catalytic tests were performed at atmospheric pressure in a
continuous flow microreactor. The reaction products were
analyzed by on-line gas chromatography (5890 Series Il Hewlett
Packard gas chromatograph). Prior to the catalytic tests the cata-
lyst (100 mg) was sulfided in situ for 2h with a 15 ml/min
H,S(15 vol%)/N, stream at 573, 673, 773, or 873 K. After sulfida-
tion, a 20 ml/min stream of hydrogen saturated with thiophene
at 275K was contacted with the catalyst. Initially, the catalyst
was maintained at a reaction temperature of 633 K until the con-
version remained constant (~15 h), followed by measurements of
thiophene conversion at different temperatures (from 593 to
493 K and back to 633 K).

2.2.2. Dibenzothiophene (DBT) and 4,6-dimethyl-dibenzothiophene
(4,6-DMDBT) hydrodesulfurization

The catalytic tests were performed in a 350 ml Parr batch reac-
tor. The reaction products were analyzed in a Varian CP-3800 chro-
matograph. Prior to the reaction test, the catalyst was sulfided at
atmospheric pressure for 2 h with a 15 ml/min H,S(15 vol%)/N,
stream at 573 or 873 K, and was transferred to the batch reactor
in argon atmosphere to avoid contact with air. The activity was
measured at 593 K and 1300 psia for 9 h.

2.3. Characterizations

2.3.1. Temperature-programed reduction (TPR-S)

The experiments were carried out in a flow system equipped
with a microreactor coupled to a Varian Cary 50 UV-Visible spec-
trometer to measure the evolution of H,S at fixed wavelength and
to a Gow-Mac Thermal Conductivity Detector (TCD) to calculate
the amount of H, consumed during the sulfide reduction.

The TPR-S experiments were carried out with Ru/TiO, either
freshly sulfided or used in the catalytic tests. In the first case the
catalysts were sulfided in situ; in the second case, the catalysts
used in the thiophene HDS experiment were immediately trans-
ferred to the TPR-S microreactor in argon atmosphere. For the
reduction, the catalyst was heated in a 25 ml/min stream of
H,(70 vol%)/Ar at a constant rate of 10 K/min from room tempera-
ture to 1273 K. The reactor outlet stream was monitored by UV-
Visible at 200 nm, and after removing H,S in a trap, by TCD. As
the traces obtained by TCD and UV-Visible showed similar behav-
ior, only the H,S evolution is reported here.

2.3.2. X-ray diffraction

The X-ray diffractograms of sulfided samples were registered
with a Phillips 1050/25 diffractometer using Cu Ko radiation
(4=1.5418 A) and a goniometer speed of 1°(20) min~"'. The sulfid-
ed samples were transferred from the reactor to the diffractometer
in argon atmosphere.

2.3.3. DRS-UV-Visible-NIR spectroscopy

The spectra of freshly sulfided catalysts were taken with a Cary
500 Varian spectrometer equipped with a diffuse reflectance
sphere. The sulfided samples were transferred directly from the
reactor to the sample holder in argon atmosphere.

2.3.4. Electron paramagnetic resonance (EPR)

The EPR experiments were carried out with freshly sulfided
samples and with samples after thiophene HDS tests in a Bruker
ELEXSYS-E500 spectrometer (X Band) at room temperature, 150,
and 220 K. Only the spectra taken at 150 K are reported here. The
sulfided sample was transferred to an EPR tube previously filled
with argon; the tube was sealed and placed in the sample
compartment.

2.3.5. Z-contrast electron microscopy

After 15 h under HDS reaction at 633 K, the sulfided catalysts
were analyzed by Z-contrast in a Jeol JEM 2200 FS electron micro-
scope. To avoid contact with air, the catalyst powder was trans-
ferred directly from the reactor filled with N, to a vial filled with
n-heptane. One drop of the suspension catalyst-n-heptane was
placed in a copper grid with carbon lacey, and, after evaporation
at ambient conditions, the sample was introduced in the
microscope.
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3. Results and discussion

Ru/TiO, catalysts sulfided in H,S(15%)/N, at 573, 673, 773, and
873 K were tested in the thiophene HDS reaction at 493-593 K. At
the beginning of each experiment, the catalyst was maintained at a
reaction temperature of 633 K until the conversion remained con-
stant (~15 h). An activation energy close to 69 k] mol~! was ob-
tained for all catalysts. Hereafter, only the activity at 553K is
reported. For comparative purposes the HDS activity of an alu-
mina-supported catalyst is also reported (Fig. 1 and Table 1) [19].

The Ru/TiO, catalyst sulfided at 573 K is remarkably active; its
thiophene HDS activity is ~6 times bigger than that of Ru/Al,05
sulfided at the same temperature. However, as the sulfidation tem-
perature is raised, its HDS activity increases only slightly. In con-
trast, the alumina-supported catalyst displays low activity when
sulfided at low temperature (573 K) but it is 10 times more active
when sulfided at 973 K. In fact, at high sulfidation temperature the
activity of Ru/Al,05 is bigger than that of Ru/TiO,. The fact that Ru/
TiO, does not follow the same activity trend as Ru/Al,03 with sulf-
idation temperature suggests that titania enhances the HDS activ-
ity only when the catalyst is sulfided at low temperature (573 K)
but that it acts in detriment of the HDS activity when ruthenium
is sulfided at high temperature.

The different response of Ru/TiO, and Ru/Al,05 toward sulfida-
tion temperature may arise from: (i) differences in the rate of RusS,
sintering over titania and alumina, leading to significant differ-
ences in dispersion with the increase of sulfidation temperature,
(ii) differences in the structure of the supported ruthenium sulfide
phase, and/or (iii) differences in the electronic interaction between
the supported phase and the titania or alumina supports. We will
explore further these possibilities.
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Fig. 1. HDS catalytic activity evaluated at 553 K. (®) Ru/TiO,, (¢) Ru/Al,05. Reaction
rate in molecules of thiophenes~!(Ruatom)~'. Results of alumina-supported
catalysts taken from [19].

Table 1
Catalytic activity at 553 K in the HDS of thiophene in alumina- and titania-supported
ruthenium sulfide. The results of the alumina-supported catalyst are taken from [19].

Sulfidation r x 10> (molecule of
temperature (K) thiophene s~ (Ru atom)~?)
Ru/TiO, Ru/Al,03
973 - 1.73
873 1.21 -
773 1.19 1.28
673 1.10 0.94
573 1.01 0.17

The Z-contrast micrographs of Ru/TiO, sulfided at 873 K after
15 h of thiophene HDS show an average size of the RuS, particles
of 2.6 nm. For the same Ru/Al,O5 catalyst it was reported earlier
an average particle size of 2.2 nm when sulfided at 973 K [19].
Therefore, the small differences in particle size observed at high
sulfidation temperature for the titania- and alumina-supported
catalysts (2.6 and 2.2 nm, respectively) does not seem to explain
the unexpectedly lower activity of Ru/TiO, sulfided at high temper-
ature. Moreover, the FT-IR of adsorbed CO performed over Ru/
Al,03 catalysts suggested that the active sites available for HDS
reaction are located at the edges and corners of the pyrite RuS, par-
ticles [19]. The percentage of such sites calculated using the RusS,
model proposed in [20] is of 12% and 9% for particles of 2.2 nm
(on alumina) and 2.6 nm (on titania), respectively. Therefore, it
seems unlikely that the observed differences in catalytic activity
between Ru/TiO, and Ru/Al,03 are due to the differences in particle
size.

Concerning the differences in ruthenium sulfide structure be-
tween Ru/TiO, and Ru/Al,03, it was established before that the
HDS activity on alumina-supported ruthenium sulfide strongly de-
pends on the structure attained during the sulfidation step [19].
The changes in the structure of the supported ruthenium sulfide
phase for Ru/TiO, sulfided at 573, 673, 773, and 873 K were ana-
lyzed here by X-ray diffraction (XRD) and temperature-programed
reduction (TPR-S).

3.1. X-ray diffraction of the sulfided catalysts

For the XRD study a Ru/TiO, catalyst with 7 wt% Ru was pre-
pared. This catalyst with higher Ru content was used only in the
XRD characterization to be able to determine the changes in the
ruthenium sulfide phase, assuming that the same behavior will
be followed by the catalyst with lower Ru content (1.78 wt%) used
in this work. The diffractograms of Ru/TiO,-7 wt% sulfided at the
different temperatures (Fig. 2) are dominated by peaks of titania
(anatase and rutile). The increase in sulfidation temperature causes
first the appearance then the growth of the main peaks of the RuS,-
pyrite phase (dotted vertical lines in Fig. 2). Moreover, subtracting
the diffractogram of Ru/TiO,-7 wt% sulfided at 573 K from those
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Fig. 2. X-ray diffractograms of Ru/TiO,-7 wt% sulfided at (a) 573 K, (b) 673 K, (c)
773 K, and (d) 873 K. The dotted vertical lines correspond to the main diffraction
peaks of the RuS,-pyrite phase.
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Fig. 3. Subtraction of X-ray diffractograms of sulfided Ru/TiO,-7 wt%. (a) 673-
573 K, (b) 773- 573, and (c) 873-573 K. The arrows point out the peaks associated
to RuS,-pyrite.

obtained from catalysts sulfided at 673, 773, or 873 Kiit is clear that
the increase in sulfidation temperature develops the peaks associ-
ated to RuS,-pyrite (Fig. 3). The same behavior was observed for
the alumina-supported catalysts. Since the subtraction diffracto-
grams shown in Fig. 3 present only peaks of RuS,-pyrite it can be
concluded that no phase change occurs in titania (from anatase
to rutile) during the sulfidation of the catalyst. Therefore, the dif-
ferent HDS activity responses with sulfidation temperature of Ru/
TiO, compared to that of Ru/Al,O3 cannot be attributed to phase
changes of the titania support.

3.2. Temperature-programed reduction (TPR-S)

The TPR-S experiments can detect if amorphous and/or pyrite
ruthenium sulfides are formed at each sulfidation temperature.

Fig. 4A shows the reduction patterns of Ru/TiO, freshly sulfided
at 573, 673, 773, and 873 K and those of pure titania freshly sulfid-
ed at 573 and 873 K. Comparison of the reduction patterns indicate
that although TiO, is sulfided to some extent in accordance with
the literature reports [17,21], the reduction observed for Ru/TiO,
sulfided at the different temperatures arises mainly from the
reduction of ruthenium sulfide species. The reduction that takes
place at temperatures below ~410K arises from the presence of
excess sulfur [22-25]. The peak at ~515 K represents the reduction
of RuS,-amorphous and the asymmetric peak at temperatures
higher than 633 K corresponds to the reduction of RuS,-pyrite
[19]. The small peak at ~1022 K most likely arises from the reduc-
tion of residual sulfur bonding the titania support to metallic Ru,
formed during the reduction process. This reduction coincides with
the beginning of the bulk reduction of titania evidenced by a large
increase in the consumption of hydrogen, detected by the TCD (not
shown).

From Fig. 4A, it is evident that the contribution of the RuS,-
amorphous to the total reduction patterns diminishes with the in-
crease in sulfidation temperature due to crystallization into RuS,-
pyrite, the contribution of which grows, in agreement with the
XRD results discussed above.

In the reduction patterns of the catalysts exposed to reaction for
~24 h (Fig. 4B) only the species that reduce at temperatures higher

H,S evolution (u.a.)

B

1200 400 800 1200

Temperature (K)

400 800

Fig. 4. TPR-S of Ru/TiO; freshly sulfided (Part A) and after thiophene HDS reaction
(Part B). Sulfidation temperature (a) 573 K, (b) 673 K, (c) 773 K, and (d) 873 K. The
reduction patterns of pure titania sulfided at (a) 573 and (d) 873 are shown in
dotted lines. The temperature marked with a vertical line at 633 K is the one used in
the thiophene HDS experiments to reach the steady-state operation of the catalyst.

than 633 K are observed. This means that RuS,-amorphous under-
goes reduction during thiophene HDS while RuS,-pyrite resists the
reductive atmosphere prevailing in HDS reaction conditions. The
two maxima or the asymmetry of the RuS,-pyrite peak in all pat-
terns in Fig. 4B are related to the two-step reduction, first the sur-
face then the bulk, of RuS,-pyrite particles [19,20,25]. This
evidences that at a sulfidation temperature as low as 573 K, parti-
cles with pyrite structure in both surface and bulk are produced in
Ru/TiO,. In contrast, for Ru/Al,03 it was concluded that the pyrite
ruthenium sulfide particles produced at this low sulfidation tem-
perature did not have pyrite structure on the surface [19]. This dif-
ference is relevant because the pyrite-type surfaces display better
HDS activity.

The S/Ru ratios reported in Table 2 show a high sulfidation level
in the freshly sulfided catalysts (S/Ru ~ 2.4). This is a consequence
of the presence of elemental sulfur and the partial sulfidation of
the titania surface [17,21], enhanced by the presence of the metal
sulfide, as previously reported for W/TiO, catalysts [18]. For the
catalyst sulfided at 573 K the S/Ru ratio decreases after thiophene
HDS to 1.2 due to the reduction of RuS,-amorphous. For the cata-
lysts sulfided at higher temperatures the S/Ru ratio after HDS reac-
tion increases with sulfidation temperature, in accordance with the
bigger amount of RuS,-pyrite in the catalyst, until it reaches a 2.2
value for the catalyst sulfided at 873 K. However, the considerable
increase of the S/Ru ratio with sulfidation temperature is not re-
flected in a significant improvement of HDS activity, as it occurs
for alumina-supported catalysts [19].

The XRD and TPR-S results indicate that the ruthenium sulfide
phase has the same behavior when supported on alumina or tita-

Table 2
S/Ru ratio measured by TPR-S in catalysts freshly sulfided and after thiophene HDS
reaction.

Sulfidation temperature (K) Freshly sulfided After thiophene HDS

873 23 2.2
773 23 2.0
673 24 1.7
573 23 1.2
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nia: the increase in sulfidation temperature favors the transforma-
tion of RuS,-amorphous into the more stable RuS,-pyrite phase,
leading to bigger S/Ru ratios under reaction conditions.

The differences in activity trend with sulfidation temperature
displayed by Ru/TiO, and Ru/Al,O3 (Fig. 1 and Table 1), cannot be
explained by differences in dispersion, structure or sulfidation
behavior of the RuS, supported phase. To examine if these different
activity trends are due to an electronic effect of the TiO, support on
the Ru sulfided phase, UV-Visible-NIR DRS, and EPR experiments
were conducted to analyze the electronic characteristics of the sul-
fided Ru/TiO,.

3.3. Electronic properties of the sulfided catalysts

3.3.1. UV-Visible-NIR

The electronic spectra of pure titania unsulfided and freshly sul-
fided at 573 and 873 K are presented in Fig. 5. The unsulfided sam-
ple displays the typical UV-Visible-NIR DRS spectrum with no
absorption in the NIR-Visible and absorption onset at 400 nm that
corresponds to the charge transfer transition O2p-Ti3d in TiO,
[26,27]. These characteristics define TiO, as a semiconductor with
an energy gap of 3.66 eV. The absorption onset and the maximum
in the spectra of titania freshly sulfided at 573 and 873 K have sim-
ilar values, meaning that the electronic properties of titania do not
change during the sulfidation process. The slight absorption in the
entire interval and the smaller intensity in the charge transfer band
in the spectrum of titania sulfided at 873 K suggest that titania has
an incipient sulfidation at that temperature. The small signal be-
tween 360 and 620 nm (see insert in Fig. 5), attributed to forbidden
transitions (consequently much less intense) of Ti>* species in TiO,
[17,28], indicates that sulfidation with H,S(15%)/N, at 873K
causes some reduction and therefore the appearance of Ti** in
the support. The smaller intensity of the signal associated to Ti>*
compared to that of the charge transfer band does not reflect the
relative amount of this species present in the catalyst because
the signal comes from d-d transitions of a cation in an octahedral
environment, which are much less intense than charge transfer sig-
nals [29].

As TiO,, RuS; is a semiconductor with a band gap between 2.6
and 2.1 eV (477-590 nm) in supported particles [19,30]. In Fig. 6,
the UV-Visible-NIR DRS spectra of Ru/TiO, freshly sulfided at
573 K (Fig. 6A) and at 873 K (Fig. 6B) present an absorption be-
tween 400 and 800 nm due to the RuS, phase since in that interval
the absorption of TiO, sulfided at 573 K (Fig. 6A) and 873 K
(Fig. 6B) is zero. For the sample sulfided at 873 K (Fig. 6B) the

30
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Fig. 5. UV-Visible-NIR DRS spectra of TiO, (---) sulfided at 873 K, (- --) sulfided at
573 K, and (—) unsulfided.
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Fig. 6. UV-Visible-NIR DRS spectra of TiO, (dotted lines) and Ru/TiO, (solid lines)
sulfided at 573 K (A) and 873 K (B).

beginning of the absorption edge of RuS, is clearly observed at
~550 nm, previous to the absorption edge of the much more in-
tense charge transfer band of titania.

The absorption at wavelengths above ~550nm reveals the
presence of defects in the sulfided particles in both samples. It is
known that the structural defects give rise to localized electronic
states within the band gap and therefore, to electronic transitions
from the valence band toward the electronic states associated to
defects at energies below that of the band gap [31]. The higher
absorbance of Ru/TiO, sulfided at 573 K compared to the sample
sulfided at 873 K (i.e., F(R) = 4.2 and 2.1 at 2 = 800 nm, respectively)
corresponds well with the highly defective RuS,-amorphous struc-
ture present in the catalyst sulfided at 573 K. The continuous in-
crease in the absorption from 800 to ~550 nm in the spectrum of
Ru/TiO, sulfided at 573 K also reveals, in agreement with the
TPR-S results, the presence of an amorphous material (RuS,-amor-
phous) in the catalyst [19,31]. The localized electronic states asso-
ciated to sulfur vacancies at the surface of ruthenium sulfide
particles with pyrite structure in both bulk and surface, which
are also structural defects, are responsible for the absorption above
477-590 nm (2.1-2.6 eV) in Ru/TiO, sulfided at 873 K.

It is observed in Fig. 6 that the charge transfer band of titania
shifts toward higher wavelengths in Ru/TiO, sulfided at both tem-
peratures, evidencing that the presence of ruthenium sulfide on
the surface of titania modifies the electronic properties of the sup-
port. The absorption edge shift, from 3.66 eV in pure titania to
3.40 eV in sulfided Ru/TiO,, suggests that the beginning of the con-
duction band of RuS; is located in the band gap of titania, just be-
low the lower limit of the conduction band, as illustrated in
Scheme 1. This result is important since it shows that in the sulfid-
ed catalysts the conduction band of titania and that of ruthenium
sulfide are connected and form one single band. This combined ef-
fect of semiconductors is observed in several catalytic systems
[30,32,33].

TiO,

Scheme 1. Band gap transitions in titania and ruthenium sulfide.
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3.3.2. Electron paramagnetic resonance

To analyze the role of each species present in the sulfided cata-
lysts, that is, TiO,, RuS;-amorphous, RuS,-pyrite and TiOz,x(Ti3+), a
detailed EPR study was conducted with freshly sulfided and after
thiophene HDS catalysts.

Due to its electronic structure, full valence band and empty con-
duction band with no unpaired electrons, TiO, does not present
species active in EPR. However, reductive treatments cause the
appearance of strong EPR signals associated to Ti>* species and to
positive holes in the conduction band [32,34,35]. It was also re-
ported that only 10% of the promoted electrons are trapped in
localized states in Ti>* and are active in EPR. The rest of the elec-
trons (90%) are in the conduction band and are silent to EPR
[34,36]. Table 3 summarizes the values of g reported for species
of Ti and Ru active in EPR.

3.3.2.1. Catalysts sulfided at 873 K. Fig. 7 presents the EPR spectra at
150K of TiO, freshly sulfided, Ru/TiO, freshly sulfided, and after
thiophene HDS. The EPR spectrum of titania freshly sulfided at
873K has a single isotropic signal with g=1.952 (Fig. 7a). The
width from peak to peak is 110 Gauss and that of the entire signal
is about 600 Gauss. As shown in Table 3 the signal at g=1.952 can
be assigned to electrons trapped in Ti>", in agreement with the UV-
Visible-NIR results discussed above, that revealed the presence of
Ti>* in the sulfided sample. The absence of signals associated to
holes trapped in oxygen (g ~ 2.003) is probably related to an inef-
ficiency of the lattice due to a high concentration of electrons in ex-
cited states, as has been explained for titania reduced with vacuum
and heat [34]. The formation of Ti>* in TiO, during sulfidation at
873 K can be explained through a reduction process in which oxy-
gen is removed from the solid as molecular oxygen by the effect of
temperature and then carried away by the H,S(15%)/N, sulfiding
stream.

The EPR spectrum of Ru/TiO, freshly sulfided at 873 (Fig. 7b)
consists of (a) an isotropic signal at g=1.952, peak to peak width

Table 3
Species active in EPR.
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Fig. 7. EPR spectra of samples sulfided at 873 K. (a) TiO, freshly sulfided, (b) Ru/
TiO, freshly sulfided, and (c) Ru/TiO, after thiophene HDS. EPR experiments made
at 150 K.

of 110 Gauss, assigned to electrons trapped in Ti**, (b) traces of a
signal at g =2.008, which can be assigned to holes in the valence
band as shown in Table 3, and (c) a wide signal present at
2.274 > g>2.047. This last signal does not correspond to species
of titanium since they have g values lower than 2.0023 [37]. It pos-
sibly comes from electrons associated to ruthenium. In fact, the g
values of the Ru species active in EPR reported in Table 3 vary from
2.68 to 2.06. The EPR signals of electrons associated to ruthenium

Species &1 2 23 References (and references therein)
g gL

Ti* in the surface 1.957 1.990 1.990 [35]

Ti** in the bulk 1.961 1.992 1.992

Ti®* in the surface 1.954 1.972 = [54]

Ti*" in the bulk - 1.990 -

Ti** in the surface 1.954 1.978 = [55]

Ti** in the bulk = 1.988 =

Ti* in the surface 1.958 1.988 = [56]

Ti** in the bulk 1.962 1.991 -

Ti3*(1) 1.949 1.964 = [34,57]

Ti3*(1I) 1.960 1.990 =

Ti3* = 1.991 = [32]
1.931 1.987 1.996 [53]

1.998 [58]

Ti*>* in compounds with octahedral coordination 1.95 [59]

Ti**0! Ti**OH!~ 2.004 2.014 2.018 [35]
2.002 2.011 2.018 [56]

Ti*0> Ti**0'~ 2.004 2.018 2.030 [35]
2.003 2.014 2.026 [56]
2.007 2.014 2.025 [54]

Holes trapped in oxygen in the surface of TiO, - 2.002 - [55]

Holes trapped in O'~ anions 2.0046 2.012 - [57,34]

Ti*0%~ 2.003-2.007 2.029 = [32]

Free spin = 2.0023 —

Ru'* 1.995 2177 = [60,61]

Ru** 1.72-1.79 2.06-2.28 = [38]

Ru** 1.72-2.24 2.08-2.68 1.71-1.95 [62]
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are wider (e.g. ~900 Gauss from peak to peak in Ru>* [38]) than
those of species associated to titania (110 Gauss, Fig. 7a). Conse-
quently, the spectrum of Ti* is located within the spectrum of
the species associated to ruthenium. This explains why only the
beginning of the signal associated to ruthenium is observed and
the different level of the base line at ~1.6 g, emphasized by the
dotted line in Fig. 7b. The EPR spectrum of Ru/TiO, after thiophene
HDS (Fig. 7¢c) retains the features of the freshly sulfided catalyst, in
agreement with the TPR-S results that showed that the catalyst
sulfided at 873 K does not change significantly during reaction.

3.3.2.2. Catalysts sulfided at 573 K. Fig. 8 presents the EPR spectra at
150K of TiO, freshly sulfided, Ru/TiO, freshly sulfided, and after
thiophene HDS. The spectrum of TiO, freshly sulfided at 573 K
shows only traces of signals associated to electrons trapped in
Ti>* and to holes trapped in oxygen (Fig. 8a), in agreement with
the UV-Visible-NIR results that showed that the electronic charac-
teristics of titania do not change during sulfidation at this temper-
ature (Fig. 5). These results indicate that titania is not reduced
during sulfidation at 573 K.

The spectrum of Ru/TiO, freshly sulfided at 573 K (Fig. 8b) is
deeply different from that of titania freshly sulfided at 573 K
(Fig. 8a) and to that of Ru/TiO, freshly sulfided at 873 K (Fig. 7b).
The spectrum is dominated by a wide isotropic signal at g =2.047
with a width of 966 Gauss. Due to its g value the signal is not asso-
ciated to titanium [36]; neither to holes in spite of its proximity to
the values reported in Table 3, since the peak to peak width asso-
ciated to holes is around 12 Gauss (see for example spectra in
[34,39]), very different from the width of the spectra shown in
Fig. 8b. Only traces of signals arising from Ti*>* and holes are pres-
ent at g=2.007, 1.983, and 1.926. Therefore, the wide signal at
g =2.047 that dominates the EPR spectrum shown in Fig. 8b can
be associated to paramagnetic ruthenium species.

The wide signal at g =2.047 is not due to paramagnetic Ru*" in
residual unsulfided ruthenium chloride because in the EPR spec-
trum of unsulfided Ru/TiO, (not shown) no paramagnetic species
were detected and only traces of signals at g = 2.2 and 2.6 were ob-
served. This result indicates, in agreement with the previous liter-
ature reports [40], that the oxidation state in the commercial
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Fig. 8. EPR spectra of samples sulfided at 573 K. (a) TiO, freshly sulfided, (b) Ru/
TiO,, freshly sulfided, and (c) Ru/TiO, after thiophene HDS. EPR experiments made
at 150 K.

ruthenium chloride used here is Ru** (EPR silent [37]) or a mixture
of Ru>*/Ru** that do not produce an EPR signal [41]. Therefore, the
wide signal at g=2.047 is assigned to the presence of paramag-
netic ruthenium species in ruthenium sulfide.

Since ruthenium sulfide is diamagnetic (d®, low spin), the EPR
signal in Ru/TiO, freshly sulfided at 573 K can be explained invok-
ing the presence of localized electronic states associated to struc-
tural defects. The presence of structural defects in this catalyst
was evidenced also by the absorption of energy between 800 and
550 nm in the UV-Visible-NIR spectrum (Fig. 6A). This energy
absorption gives rise to transitions from the valence band toward
localized states generating the appearance of paramagnetic species
which are detected in the EPR spectrum. Paramagnetic signals
associated to defects can be detected not only in amorphous ruthe-
nium sulfide as shown here but also in single crystals of RuS,
[42,43]. This result indicates, in line with the TPR-S results, that
with sulfidation at 573 K a highly defective ruthenium sulfide
(RuSz-amorphous) is produced on the catalytic surface. Further-
more, unlike the spectra of the samples sulfided at 873 K, the spec-
trum of the catalyst sulfided at 573 K is observed not only at 150 K
but also at room temperature (spectrum not shown), indicating the
different natures of the sulfided phase in each case, and suggesting
that the dissipation of vibrational, rotational, and translational
energies when returning to the basal state [39] is less efficient in
the defective structure than in crystalline RuS,-pyrite.

The characteristics of the spectrum of Ru/TiO, freshly sulfided
at 573 K (Fig. 8b) arise from electronic states associated to struc-
tural defects in amorphous ruthenium sulfide. The EPR spectrum
of the catalyst after thiophene HDS (Fig. 8c) is different from that
of Ru/TiO,, freshly sulfided. It is dominated by two signals, one in-
tense sharp signal at g = 2.008 with peak to peak width of 11 Gauss
and another at g = 1.947 with peak to peak width of 131 Gauss. The
two signals are associated to TiO,: the first one to holes in the va-
lence band and the second one to electrons trapped in Ti* (see Ta-
ble 3). This result indicates that titania suffers reduction during the
HDS reaction, in accordance to literature reports that showed that
in the case of pure TiO, it is relatively easy to reduce Ti*" to Ti** in a
hydrogen atmosphere at the reaction temperatures used here [44-
46]. It has also been reported that sulfided titania is reduced when
treated in hydrogen at high temperature [21].

After HDS reaction, the signal associated to RuS,-amorphous al-
most disappears as pointed out by the arrow in Fig. 8, corroborat-
ing that during the HDS reaction RuS,-amorphous is reduced and
consequently, the defective structures are no longer present in
the catalytic surface. Accordingly, the TPR-S results after reaction
indicate that the S/Ru ratio decreases to 1.2 during HDS (Table
2). Since the TPR-S detects only RuS,-pyrite, it is very likely that
small domains of metallic ruthenium coexist on the surface with
RuS,-pyrite. Other studies have reported the presence of metallic
Ru domains after HDS reaction for Ru/zeolite sulfided catalysts
[47]. Therefore, the high intensity of the sharp signal at g=2.008
in Fig. 8¢, which indicates a high population of holes in the valence
band of titania, might be a consequence of the presence of the
small domains of metallic ruthenium which operate as efficient
electron scavengers [28,48]. This signal is not present in Ru/TiO,
sulfided at 873 K after HDS (Fig. 7c), where metallic ruthenium is
absent.

3.3.2.3. EPR of alumina-supported ruthenium sulfide. To corroborate
the EPR assignments for ruthenium sulfide in Ru/TiO,, additional
experiments were made with Ru/Al,Os (Fig. 9) because in the latter
case Ru sulfide is supported on an insulator (with no EPR active
species), which means that the RuS, particles are isolated and do
not interact electronically with the support. The EPR spectra of
Ru/Al,03; freshly sulfided at the lower temperature (573K,
Fig. 9a) show a strong signal of paramagnetic ruthenium species
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Fig. 9. EPR spectra of Ru/Al, 05 freshly sulfided at 573 K and after thiophene HDS (a)
and (b). Freshly sulfided at 873 K and after thiophene HDS (c) and (d).

at g = 2.049, assigned to structural defects in RuS,, that completely
disappears after thiophene HDS (Fig. 9b). In contrast, when Ru/
Al,Os is sulfided at 873 K, the signal of paramagnetic ruthenium
is much less intense and slightly shifted to g = 2.065 (Fig. 9c), indi-
cating that fewer defects are present in RuS,. This is no surprising
since the crystallinity of ruthenium sulfide increases with the sulf-
idation temperature. The shape of the spectrum suggests that it is
formed by two signals, probably arising from two different struc-
tural environments; only one of them disappears after thiophene
HDS (Fig. 9d). So, it appears that the signal obtained with sulfida-
tion at 873 K corresponds to surface structural defects, that is, to
surface cations in RuS,-pyrite with incomplete coordination. The
small signal observed at g=2.007 in the spectra (Fig. 9a) and
(Fig. 9d) has been reported as due to sulfur radicals trapped in
the smallest pores of alumina [49].

The above-mentioned results show that the EPR signals associ-
ated to ruthenium sulfide in Ru/TiO, are also present in Ru/Al,O3,
indicating that ruthenium sulfide has the same electronic charac-
teristics when deposited on titania or alumina. However, when
supported on titania additional effects arising from electronic
transfers between the Ru species and the TiO, support affect the
performance of the catalyst during the HDS reaction. In what fol-
lows we will explain why the performance of Ru/TiO, is different
from Ru/Al,05 when the sulfidation temperature is varied.

3.4. Catalytic activity in Ru/TiO, HDS catalysts

It has been well established that the HDS activity of Ru/Al,03 in-
creases significantly with the sulfidation temperature (Fig. 1) be-
cause a larger amount of RuS,-pyrite phase both on surface and
in bulk is formed at high sulfidation temperature [19]. It was ex-
pected that the Ru/TiO, catalyst would behave similarly, displaying
even higher activity than Ru/Al,O; because it has been reported
that titania is able to promote the HDS activity of transition metal
sulfides [17,18]. In fact, Fig. 1 shows that at low sulfidation temper-
ature the activity of Ru/TiO, is high (six times that of Ru/Al,O3).
However, at this sulfidation temperature in both catalysts the
RuS, phase is mostly as RuS,-amorphous that is reduced under
reaction conditions. So, the high activity of Ru/TiO, must be ex-
plained by other than the presence of RuS,-pyrite. Unlike Ru/

Al,03, when the sulfidation temperature is raised, only a slight in-
crease in the HDS activity is observed for Ru/TiO, in spite of the in-
crease in the surface concentration of well-crystallized RuS,-pyrite
phase, which should enhance the HDS activity. It appears then that
TiO, does not promote the activity of RuS,-pyrite but, on the con-
trary, it diminishes its catalytic activity.

To explain the lower HDS activity of Ru/TiO, compared to Ru/
Al,Os3 at high sulfidation temperature it is necessary to rationalize
the effect of the electronic transfer from titania toward RuS,-pyr-
ite, evidenced by the UV-Visible-NIR and EPR experiments. On
the one hand, the localized electronic states of Ti>* observed in
the EPR spectrum of RuS,/TiO, sulfided at 873 K (Fig. 7c) are an
indicator of the presence of EPR silent electrons in the conduction
band of TiO, [34,36]. On the other hand, the UV-Visible-NIR re-
sults (Fig. 6) show that the conduction bands of titania and RuS,-
pyrite are connected (see Scheme 1). This means that the EPR silent
electrons are delocalized in the conduction bands of both titania
and RuS,-pyrite, formed by the antibonding Ru4de;—S3pc* hybrid
states [8,50]. This has a negative effect on the HDS activity since it
impinges e; character to the HOMO, which already had an opti-
mum configuration of 6 electrons in tyg orbitals [5-9]. The non-
to¢ character of the occupied electronic states in PdS and PtS has
been used to explain the lower HDS activity of these sulfides com-
pared to RuS, [8]. The additional electronic density supplied to
RuS,-pyrite by titania is received in the conduction band, which
is oriented in the direction of the Ru-S bond and of the sulfur
vacancies at the surface of RuS,-pyrite crystallites, playing an
inhibiting role for the adsorption of sulfur-containing organic mol-
ecules such as thiophene. Results from theoretical calculations
showed that when the interaction between the metal dorbitals
and the sulfur 3p lone pair of the thiophene molecule is strong,
the activity is high [51]. The two effects described above act in det-
riment of the HDS activity of RuS,-pyrite supported on titania and
explain why its activity in thiophene HDS is lower than that of
RuS,-pyrite supported on Al,0s. Areal reaction rates (thiophene
molecules s™! nm~2 of RuS, particle surface) at high sulfidation
temperature, where the Ru phase is well defined and consists only
of RuS,-pyrite, for Ru/TiO, and Ru/Al,03 are 0.019 and 0.025,
respectively, confirming the lower activity of the Ru/TiO, system.

The findings of this work provide experimental evidence to the
theoretical correlations between the electronic structure of transi-
tion metal sulfides and HDS activity [5-9]. Our results show that
transferring electronic density to a transition metal sulfide such
as RuS,, in which Ru already has full HOMO of nature ty,, dimin-
ishes its HDS activity. They also contribute to better understand
that the role of the promoter in HDS catalysts is to provide elec-
tronic density to transition metals with electron deficiencies in
the t,4 orbitals.

At low sulfidation temperature (573 K) Ru/TiO;, is ~6 times
more active in HDS than Ru/Al;03. At this sulfidation temperature
the catalytic system is different from Ru/TiO, sulfided at 873 K be-
cause after reaction besides RuS,-pyrite and TiO,_ (Ti>*), small do-
mains of metallic ruthenium (product of RuS;-amorphous
reduction) are present on the surface. In the case of Ru/Al,0O5 sul-
fided at 573 K small domains of metallic ruthenium and RuS,-pyr-
ite with sulfur depleted surface are present after reaction [19].

An explanation for the better performance of Ru/TiO, sulfided at
573 K arises from the interaction between the titania support and
the metallic ruthenium particles produced during the reduction of
RuS,-amorphous. Previous studies made with ruthenium sulfide
containing small domains of metallic ruthenium, showed that both
dissociate hydrogen and that the bond strength of Ru-H is weaker
than that of RuS-H. The results showed that the Ru-H species
played an important role in hydrogen activation [52, and refer-
ences therein]. In the case of Ru/TiO,, it is likely that the electron
density transferred from titania to the metallic ruthenium do-
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Table 4
Catalytic activity in the HDS of DBT and 4,6-DMDBT in alumina- and titania-
supported ruthenium sulfide (Tieaction = 593 K, P = 1300 psig).

r x 10° (molecule DBT (4,6-DMDBT) s~ ! (Ru atom)~ ')
Tsuifidation = 573 K Tsulfidation = 873 K

Ru/Al,03

DBT 13 83
4,6-DMDBT 8 27
Ru/TiO;

DBT 28 56
4,6-DMDBT 17 21

mains, evidenced by EPR in Fig. 8c, weakens the Ru-H bonds, aug-
menting the capacity to supply hydrogen to the HDS reaction, that
takes place on the surface of the remaining particles of RuS,-pyrite.
This effect may substantially increase the HDS activity of Ru/TiO,
sulfided at 573 K. In agreement with this proposal, small Pd parti-
cles supported on titania have been found to activate hydrogen due
to Ti>*-metal interaction [53]. As the sulfidation temperature is
raised, the amount of metallic ruthenium on the catalytic surface
decreases because its precursor, the RuS;-amorphous phase, is pro-
gressively transformed into the more stable RuS,-pyrite phase.
This then eliminates the beneficial effect of the interaction tita-
nia-Ru® to activate hydrogen.

It appears then that the HDS activity of Ru/TiO, catalysts at the
different sulfidation temperatures is the result of several opposing
effects:

(i) At low sulfidation temperature, where most of the RuS; is
amorphous and reduces to Ru® during HDS, the electronic
transfer from TiO, to the Ru metallic domains enhances
the activation of hydrogen increasing the supply of hydrogen
for the HDS reaction that takes place on the surface of the
remaining RuS, particles with pyrite structure.

As the sulfidation temperature is raised, the concentration of
metallic domains of Ru decreases in favor of the formation of
RuS,-pyrite, which in itself has high HDS activity. However,
when supported on TiO, receives electronic transfers that
alter the configuration of 6 electrons at the HOMO, which
has been reported as the optimum for HDS activity [5-9].
Moreover, it is very likely that the additional electronic den-
sity in the direction of the Ru-S bond inhibits the adsorption
of the sulfur-containing organic molecule on the sulfur
vacancies during HDS.

(ii

~—

Catalytic HDS tests performed in batch reactor using more
refractory sulfur-containing molecules such as dibenzothiophene
and 4,6-dimethyl-dibenzothiophene confirmed the activity trends
observed for thiophene between HDS activity and catalyst sulfida-
tion temperature (see Table 4).

4. Conclusion

The dispersion and structure of the ruthenium sulfided phase
formed at the different sulfidation temperatures are essentially
the same when supported on alumina or titania. However, when
supported on titania additional effects arising from electronic
transfers between the Ru species and the TiO, support affect the
performance of the catalyst during the HDS reaction.

At low sulfidation temperature (573 K) a mixture of RuS,-amor-
phous and RuS,-pyrite is produced on the catalyst surface. The in-
crease in sulfidation temperature favors the formation of RuS,-
pyrite in detriment of RuS,-amorphous. The former is a stable
phase that remains unaltered under HDS reaction conditions while
the latter is unstable and undergoes reduction, producing Ru®.

The high HDS activity of Ru/TiO, sulfided at 573 K is explained
through the interaction between metallic Ru and titania.

The unexpectedly low HDS activity of Ru/TiO, sulfided at 873 K
is explained because in this case the electronic density supplied by
titania alters the already optimum electronic configuration of 6
electrons at the HOMO of ruthenium sulfide (full t,¢ orbitals).

The same activity-sulfidation temperature trend is observed for
the HDS of thiophene, dibenzothiophene, and 4,6-dimethyl-
dibenzothiophene.

The findings of this work provide experimental evidence to the
reported theoretical correlations between electronic structure and
HDS activity.
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