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The relationships between the structure attained by alumina-supported RuS, during sulfidation, the
extent of desulfurization of the sulfided phase during HDS, and the hydrodesulfurization activity of
the catalyst were studied by TPS, TPR-S, XRD, FT-IR of CO, and DRS-UV-Vis-NIR. Sulfidation in H,S/Ny
generates a mixture of RuS,-pyrite and RuS;-amorphous. As the sulfidation temperature increases, more
RuS,-pyrite is produced at the expense of RuS;-amorphous. The later is not stable and undergoes
reduction in reaction conditions, producing a sulfur-depleted catalyst (S/Ru < 2) with low HDS activity.
In contrast, RuS,-pyrite resists the drastic reducing conditions prevailing during HDS and is responsible
for the high HDS activity. The changes in the catalyst properties with sulfidation temperature produce
an opposite trend in the hydrogenation activity of naphthalene. The structure of the ruthenium
sulfide catalyst can be tuned during sulfidation to achieve optimum performance according to the
hydrodesulfurization or hydrogenation requirements of the reaction system.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Bulk ruthenium sulfide is the most active catalyst in the hy-
drodesulfurization of such molecules as thiophene, dibenzothi-
ophene (DBT), and 4,6-dimethyldibenzothiophene (4,6-DMDBT)
compared with other transition metal sulfides [1-4]. The difference
in catalytic activity between RuS, and MoS; or WS, (used in con-
ventional HDS catalysts) is at least of one order or magnitude. In
addition, RuS; is the only sulfide that produces cyclohexylbenzene
in the HDS of DBT, demonstrating its hydrogenating capability.
The study of this feature with the biphenyl hydrogenation reac-
tion showed that bulk RuS; is five times more active than bulk
MoS; or WS; [5]. Clearly, RuS; has characteristics of interest to
the elimination of the most refractory sulfur compounds present
in transport fuels, because the transformation of these compounds
occurs mainly through a hydrogenation-hydrodesulfurization reac-
tion route. The behavior of supported ruthenium sulfide catalysts
is not yet completely understood, however.

The sulfidation behavior of ruthenium in supported catalysts
has some interesting features. Previous studies on the sulfidation
of alumina-supported Ru metallic particles showed that obtaining
RuS; with pyrite structure both in surface and bulk requires drastic
sulfidation treatment (i.e., high temperature [T > 700 K] and high
H,S concentrations [>80%]) when the sulfidation is performed in
a HyS/Hy stream [6-10]. The results also showed that it is more
difficult to obtain pyrite structure on the surface of the supported
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RuS; particles than in the bulk. Thus, it is not uncommon to pro-
duce RuS; particles with pyrite structure in the bulk but not on
the surface [6-10]. It is interesting that once the RuS; particle has
achieved the pyrite structure both on the surface and in bulk, it is
stable and remains unaltered when placed in a stream with lower
H,S/H, ratios at high temperatures, in agreement with thermody-
namic calculations that established that few ppm of HyS in a H;
stream are sufficient to maintain RuS, sulfided [11].

The sulfidation procedure has a significant influence on the
HDS activity of ruthenium-supported catalysts [12]. For example,
if alumina-supported RuCls-xH,0 is first reduced and then sulfided
with HyS(15%)/N>, then the catalyst displays half the activity of the
catalyst prepared by avoiding the reduction step. Furthermore, the
sulfidation of alumina-supported RuCls-xH,O0 with HyS(15%)/N, at
673 K gives rise to a catalyst that is much more active in the HDS
of thiophene than that obtained by the typical sulfidation proce-
dure using H;S(15%)/H, at 673 K. These results clearly show the
negative effect of hydrogen during the sulfidation of a ruthenium-
based HDS catalyst [13,14].

The sulfidation of alumina-supported RuCl;-xH,0 at 673 K with
H,S(15%)/H, gives rise to an active phase with a S/Ru ratio < 2,
RuS;_y, conformed by RuS; and small domains of metallic ruthe-
nium [15]. In contrast, sulfiding with HyS(15%)/Ny or pure H,S
leads to better sulfidation, generating an active phase with S/Ru
ratio > 2, RuS;;x [16-18]. Because the only stable sulfide of ruthe-
nium is RuS; [19-21], the observed excess of sulfur was assigned
to overstoichiometric sulfur retained on the catalyst during the
sulfidation process as S° and/or Sy, with sulfur completing the co-
ordination sphere of superficial Ru in RuS; [22,23].
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The composition of the sulfidation stream is not the only factor
influencing the HDS activity. When alumina-supported RuCl3-xH,0
is sulfided with H,S(15%)/N,, the catalytic activity in the HDS of
thiophene shows a strong dependence on the sulfidation temper-
ature; increasing the sulfidation temperature from 573 to 873 K
leads to better HDS catalytic performance [16]. Because the in-
crease in sulfidation temperature can lead to larger sulfided par-
ticles (poorer dispersion of the active phase), it has been proposed
that the observed increase in HDS activity resulted from large RuS;
particles preferentially exhibiting (210) planes, which are more ac-
tive in HDS, whereas small particles exhibit mostly (111) faces,
more active in hydrogenation reactions.

A relevant characteristic of ruthenium sulfide produced at 673-
773 K in HyS(15%)/N3 is its significant reduction in hydrogen at-
mospheres at temperatures close to those used in HDS reaction
(493-593 K). The extent of reduction of silica-supported ruthenium
sulfide in hydrogen atmosphere goes from 13 to 100% at tempera-
tures from 423 to 673 K [22]. Moreover, temperature-programmed
reduction (TPR) experiments have shown that at 493-593 K, the
reduction of alumina- and silica-supported RuS; goes from 1/3 to
2/3 of the entire RuS, reduction. When RuS; is dispersed inside
a zeolite (KY, HY) the reduction at 493-593 K involves almost all
of the RuS; present in the catalyst [17,23-25]. Comparison of bulk
MoS; and RuS; in TPR experiments revealed that at 1000 K, only
10% of MoS; is reduced, whereas at 830 K, RuS;, is completely re-
duced [26].

Although the aforementioned reduction and TPR experiments
were performed in pure or diluted hydrogen, it is worth inves-
tigating whether RuS; suffers a similar reduction when placed
in the reductive reaction stream prevailing during HDS. Some re-
ports have indicated a strong desulfurization of RuS, supported in
MgF, prepared at 673 K in H,S(50%)/N, during the HDS of thio-
phene [27]. The same effect was observed in KY zeolite supported
RuS; sulfided with HS(15%)/N, at 673 K during the hydrodeni-
trogenation of pyridine [28]. An EXAFS study revealed that in the
case of RuSy/KY sulfided under the same conditions, small do-
mains of metallic ruthenium are present on the catalysts after
tetraline hydrogenation, despite the ~2% H,S added to the reaction
stream [15]. It appears then that to gain insight into the behavior
of alumina-supported RuS; catalysts, a systematic study of the re-
duction of RuS, during the HDS reaction is needed.

The results from the literature show that ruthenium sulfide cat-
alysts supported on alumina display different hydrodesulfurization
activities depending on the sulfidation procedure, composition of
the sulfiding stream, and sulfidation temperature. But whether this
behavior is related to changes in the structure of the Ru sulfide
phase is not clear, because only changes in the catalyst compo-
sition were reported. In particular, it has not been clearly estab-
lished whether the desulfurization of the sulfided phase and the
appearance of metallic ruthenium domains reported after reaction
positively or negatively affect the catalytic performance in HDS.
It also remains unclear whether the extent of desulfurization is
a consequence of the structure attained by the ruthenium sulfide
during sulfidation, or whether the same degree of desulfurization
is associated with high activity in hydrodesulfurization and hydro-
genation reactions.

The object of the present work was then to determine the rela-
tionships between the structure attained by the alumina-supported
Ru sulfide phase during sulfidation, the extent of desulfurization of
the ruthenium sulfide phase during the HDS reaction, and the hy-
drodesulfurization activity displayed by the catalyst. Toward this
end, a detailed TPS and TPR-S study of a Ru/Al,03 catalyst sulfided
at different temperatures was carried out. A thorough characteri-
zation of the nature of the Ru sulfided phases obtained at different
sulfidation temperatures was performed by XRD, FT-IR of CO ad-
sorbed at low temperature, SEM-EDS, TEM, and DRS-UV-Vis-NIR.

The findings of this study were related to the catalyst activity and
selectivity in hydrodesulfurization and aromatic (naphthalene) hy-
drogenation reactions. Thiophene was chosen as model molecule
for the HDS tests because, being small, it can easily reach the ac-
tive sites and do not present impediment for adsorption; therefore,
all changes in the active phase can manifest as changes in activity.

2. Experimental
2.1. Catalyst preparation

Ru/Al;03 with nominal content of 2.1 ruthenium atoms per
square nanometer of Al,03, equivalent to 7 wt% Ru, was prepared
using RuCl3-3H,0 (Aldrich) as precursor. y-Al,O3 support with
surface area 238 m?2/g, pore volume 0.52 cm>/g and average pore
size 87 A was obtained by calcination of boehmite Catapal-B at
823 K for 4 h (heating rate, 3 K/min).

To prepare the catalyst, RuCl3-3H,0 was dissolved in 2.5 times
the volume of water required to obtain incipient wetness (2.5 x
1 ml/g Al,03). The solution was maintained under stirring for
12 h in Ny, after which the alumina was added and the suspen-
sion 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 used without further drying for the experiments.

For thiophene HDS, naphthalene hydrogenation, and character-
ization, the catalyst was sulfided for 2 h at different sulfidation
temperatures (573, 673, 773 or 973 K) in a 15 ml/min HyS(15%)/N;
stream.

2.2. Catalytic tests

2.2.1. Thiophene hydrodesulfurization (HDS)

The catalytic tests were performed at atmospheric pressure in
a continuous-flow microreactor. The reaction products were ana-
lyzed by online gas chromatography using an HP 5890 Series II
gas chromatograph. Before the catalytic tests, the catalyst (100 mg)
was sulfided in situ for 2 h. After the 2-h sulfidation, the catalysts
were cooled to a reaction temperature of 633 K in H,S(15%)/Ny
and then contacted with a 20 ml/min stream of hydrogen satu-
rated with thiophene at 275 K. In the case of sulfidation at 573 K,
the catalyst was contacted with the reaction stream at the sulfida-
tion temperature and then heated to 633 K. Initially, the catalyst
was maintained at the reaction temperature of 633 K until no con-
version change was observed (~15 h), followed by measurements
of thiophene conversion at different temperatures (from 493 to
593 K).

2.2.2. Naphthalene hydrogenation (HYD)

The reaction was carried out in a 300-ml Parr batch reactor
operating at 950 psig of Hy, 593 K, and 700 rpm with 10% naph-
thalene, 85.8% n-decane, and 4.2% CS; (3.5% S). Catalyst sulfidation
(150 mg) was performed in a flow microreactor as described in
Section 2.1. The sulfided catalyst was transferred to the batch re-
actor in Ar atmosphere. The products after 24 h of reaction were
analyzed by gas chromatography (HP 5890 Series II).

2.3. Characterizations

2.3.1. Temperature-programmed sulfidation (TPS) and reduction
(TPR-S)

The experiments were carried out in a flow system equipped
with a microreactor online with a Varian Cary 50 UV-Vis spec-
trometer to measure the evolution of H,S at a fixed wavelength of
200 nm, and with a Gow-Mac thermal conductivity detector (TCD)
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to evaluate the amount of Hy consumed during the sulfide reduc-
tion. TPS patterns were registered during the sulfidation of the
catalyst by monitoring the H;S evolution versus temperature with
UV-Vis. The TPR-S experiments were carried out with 150 mg of
catalyst freshly sulfided and with samples tested in thiophene HDS.
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 temperature to 1273 K.
The reactor outlet stream was monitored by UV-Vis and, after re-
moval of H,S in a trap, by TCD.

2.3.2. X-ray diffraction
X-ray diffractograms of sulfided catalysts were registered with
a Phillips 1050/25 diffractometer using CuKa radiation (A =

1.5418 A) and a goniometer speed of 1° (26)min~!.

2.3.3. Scanning electron microscopy (SEM)

After 15 h under HDS reaction at 633 K, the sulfided catalysts
were analyzed by SEM in a JEOL 5900-LV equipped with an Oxford
EDS system.

2.3.4. Transmission electron microscopy (TEM)

The sulfided samples after 15 h under thiophene reaction at
633 K were observed in a JEOL 2010 microscope. To avoid con-
tact with air, the catalyst powder was transferred directly from the
reactor filled with Ny 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 in air, the sample was
introduced in the microscope.

2.3.5. FT-IR spectroscopy of CO adsorbed at ~100 K

For infrared spectroscopy, the catalyst was pressed into self-
supported discs (8.5 mg/cm?). The analysis was conducted using a
Nicolet Magna 760 spectrometer with 2 cm~! resolution. The ex-
periment involved two successive steps: (a) characterization of the
freshly sulfided sample and (b) characterization after the catalyst
was maintained for 10 h in an environment close to that encoun-
tered under HDS, that is, 633 K in a continuous flow (20 ml/min)
of HyS(15%)/H;. The conditions used to simulate the HDS reaction
in the CO adsorption experiments are similar to the real conditions
in terms of the treatment temperature, the reductive environment,
and the presence of H;S in the gas stream.

The self-supported wafer was placed in a low-temperature in-
frared transmission cell equipped with CsF, windows and double
walls for liquid nitrogen. Sulfidation of the sample was done in
situ under HpS(15%)/N;, as described in Section 2.1, cooled to room
temperature, and flushed with nitrogen. The sulfided catalyst was
then outgassed under vacuum at 673 K for 4 h. Calibrated doses
of CO (0.03, 0.08, 0.16, 0.31, 0.31, 0.78, 1.56, 3.12 umol) were suc-
cessively contacted with the catalyst at ~100 K. A spectrum was
obtained after each addition. Finally, one spectrum was obtained at
1 Torr of CO in equilibrium with the sample, and another was ob-
tained after several minutes of evacuation at ~100 K. To prepare
the sample for the next part of the experiment, CO was desorbed
from the catalyst with vacuum at room temperature.

For characterization of the catalyst wafer treated at conditions
similar to HDS (20 ml/min of H»S(15%)/H, at 633 K for 10 h), the
sample was resulfided for 1 h as described in Section 2.1. Then the
same characterization procedure described in the previous para-
graph was followed.

2.3.6. DRS-UV-Visible-NIR spectroscopy

The spectra of freshly sulfided catalysts were obtained with a
Cary 500 Varian spectrometer equipped with a diffuse reflectance
sphere.

Table 1
Thiophene HDS activity of sulfided Ru/Al0s.

Sulfidation
temperature (K)

r x 10'° (molecule of
thiophenes—! m—2)

r x 10° (molecule of
thiophenes~! (Ru atom)~!)

Sulfided in HoS(15%)/N;

573 017 0.85
673 0.94 4.72
773 1.28 6.43
973 173 8.69

Sulfided in HyS(15%)/H;
673 013 0.65

Note. Reaction rate at 553 K.

Table 2
Kinetic coefficient in naphthalene hydrogenation with Ru/Al;03 sulfided in
H,S(15%)/N2.

Sulfidation temperature (K) k* (Lggi h1)

673 2
773 0.5
973 0.3

4 Reaction conditions: 593 K, 950 psig Hy.

3. Results and discussion
3.1. Catalytic activity

Ru/Al,03 catalysts sulfided at 573, 673, 773, and 973 K in
H,S(15%)/N, were tested in the HDS of thiophene. From the
activity results at 493-593 K, an activation energy of about
64.7 kJmol~! was obtained for all catalysts. Hereinafter, only the
activity at 553 K is reported.

The thiophene HDS activity increased with increasing sulfida-
tion temperature from 573 to 973 K (Table 1). In contrast, the hy-
drogenation of naphthalene (represented by the kinetic coefficient)
decreased with the sulfidation temperature (Table 2), demonstrat-
ing an opposite trend to thiophene HDS. These activity trends are
in agreement with previous findings [16].

During thiophene HDS, a RuS, surface with pyrite structure
has high selectivity toward tetrahydrothiophene [8,9]. In our ex-
periments, the selectivity to tetrahydrothiophene (kyyp/kups) in-
creased from 1.7 to 7.4 when the sulfidation temperature changed
from 573 to 973 K, suggesting the progressive formation of pyrite
structure on the surface of the RuS;, particles with increasing sul-
fidation temperature. The increase in HDS activity with the sulfi-
dation temperature also could be related to the structural changes
induced by the sulfidation temperature in the RuS;-supported par-
ticles. To explore this possibility, we analyzed the sulfidation and
reduction behavior of the catalysts and performed a detailed char-
acterization of the sulfided Ru/Al;03 catalysts.

3.2. Sulfidation of Ru/Al,03

TPS experiments were conducted to detect the existence of
changes in the catalyst sulfiding pattern in the high temperature
region. However, the TPS pattern displayed in Fig. 1 shows only
one main HyS consumption peak with a minimum at about 365 K,
which corresponds to the formation of the sulfided Ru species. In
fact, the trace reaches the baseline at about 600 K and remains
stable during the rest of the experiment (heating up to 973 K
followed by 2 h at 973 K, not shown) with no significant H,S
consumption at temperatures above 600 K. This indicates that the
sulfidation of ruthenium takes place at temperatures below 600 K
(peak at 365 K), and also shows the absence of significant amounts
of other Ru species more difficult to sulfide. This result is in agree-
ment with the in situ XAS characterization of the reductive sulfida-
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Fig. 1. TPS pattern of Ru/Al,03 sulfided up to 973 K in HyS(15%)/N5.

tion of a Ru/zeolite catalyst using HyS(15%)/H, as sulfiding stream,
where the sulfidation of ruthenium was complete at 373 K [29].

According to these experiments, significant differences in the
activity of Ru/Al,03 catalysts sulfided at temperatures above 600 K
should not be expected; however, as mentioned above, this was
not the case. In fact, thiophene HDS activity increased 10-fold with
increasing sulfidation temperature from 573 to 973 K (Table 1).
In contrast, for naphthalene hydrogenation, the kinetic coefficient
decreased by more than sixfold with increasing sulfidation temper-
ature from 673 to 973 K (Table 2). Thus, the observed differences
in catalytic activity should be related to structural changes in the
Ru sulfided phase induced by the sulfidation temperature rather
than to differences in the degree of Ru sulfidation.

3.3. X-ray diffraction of the sulfided catalysts

To analyze the possible changes in crystallinity induced by the
sulfidation temperature, we conducted an XRD study. The XRD pat-
terns of alumina and Ru/Al;03 catalysts sulfided at the different
temperatures are displayed in Fig. 2. An asterisk (%) indicates the
positions at which the diffraction peaks for RuS,-pyrite are located.
A vertical dashed line indicates the position of the main RuS;-
pyrite peak at 26 = 32°.

The diffraction pattern of alumina shows two broad diffraction
peaks at 260 =45.7° and 26 = 66.8°. Between 26 = 25° and 42.5°,
a diffraction envelope, characteristic of an amorphous material, is
found. Both features in the diffraction pattern indicate that alu-
mina is partially amorphous.

The diffraction pattern of the catalyst sulfided at 573 K does
not present any well-defined peak that could be related to RusS;.
However, a detailed analysis of the diffractogram shows that the
ratio between the intensity of the alumina peak at 260 = 66.8°
and the intensity of the diffraction envelope at the position of
the main RuS; peak (26 = 32°) diminishes from 3.8 in the alu-
mina support to 2.5 in the catalyst sulfided at 573 K, indicating
some contribution to the amorphous diffraction envelope coming
from RuS;. Moreover, as the sulfidation temperature is increased,
well-defined peaks of RuS,-pyrite evolve from the diffraction en-
velope (see Fig. 2), and the intensity ratio Iyp—g6.8/I20=32 dimin-
ishes even more (Table 3), indicating an increase in the quantity
of RuS,-pyrite diffraction centers. Thus, increasing the sulfidation
temperature improves the crystallization degree of the ruthenium
sulfide phase; however, it is not possible to establish from our XRD
experiments whether RuS;-pyrite is being formed on the surface of
the ruthenium sulfide particles.

20 40 60 80 100
20 (deg)
Fig. 2. XRD patterns of Al;03 and Ru/Al,03 sulfided at 573, 673, 773 and 973 K.

Table 3
Intensity ratio of the XRD peak of alumina at 260 = 66.8° and the diffraction enve-
lope at 26 =32° (main RuS;-pyrite peak).

1,0 = 66.8°/1,0 = 32°
(Ipeak A1203/1peak RuS, )

Al 03 3.8
RUSz/Alzog (TSULF =573 K) 2.5
RuS; /Al 03 (Tsurr = 673 K) 13
RUSz/A1203 (TSULF =773 K) 0.8
RUSZ /A1203 (TSULF =973 K) 0.6

3.4. Reducibility of RuS,/Al,03

TPR-S experiments were performed with Ru/Al;03 sulfided at
573, 673, 773, and 973 K. In the TPR-S experiments the TCD (hy-
drogen consumption) and UV (H,S production) traces followed the
same trend, indicating the absence of significant contributions to
the TPR-S patterns from processes like H,S desorption, recombi-
nation of surface SH groups, or the presence of oxide Ru species.
Therefore, only the UV trace is presented in this work.

Fig. 3 shows the TPR-S patterns obtained with the freshly
sulfided catalyst. To facilitate the description and analysis, the
TPR-S patterns were divided in two temperature zones, a low-
temperature zone (Fig. 3A) from ambient temperature to 633 K,
and a high-temperature zone (Fig. 3B) from 633 to 1273 K. The
temperature chosen to divide both zones (633 K) was that used
during the thiophene HDS experiments to reach the steady-state
operation of the catalysts during the reaction (see Section 2).

The TPR-S patterns of catalysts sulfided at 573, 673, 773, and
973 K differed greatly from one another (Fig. 3). The amount of
H,S evolving from species that reduce at high temperature changes
from 0.11 to 0.23 mmol, in detriment to some of the species that
reduce at low temperature, where the amount of H;S evolved de-
creases from 0.15 to 0.05 mmol (Table 4). Because the total amount
of evolved H,S remains almost constant (~0.26 mmol), it seems
that because of the increase in sulfidation temperature, some of
the Ru sulfided species originally observed in the low-temperature
zone of the TPR-S pattern are transformed into more stable RuS;
species, which reduce at higher temperatures, and thus appear in
the high-temperature region of the TPR-S patterns.
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Fig. 3. TPR-S of Ru/Al,053 freshly sulfided at 573, 673, 773 and 973 K. (A) Low tem-
perature reduction and (B) high temperature reduction.

Table 4
H,S evolution in the two reduction zones in TPR-S of freshly sulfided catalysts.

Sulfidation H,S evolved at H3S evolved at Total HyS (mmol)
temperature (K) T <633 K (mmol) T > 633 K (mmol)

573 0.15 0.11 0.26

673 0.10 0.15 0.25

773 0.08 0.19 0.27

973 0.05 0.23 0.28

In the low-temperature zone (298-633 K), Fig. 3A, the first
peak with a maximum at ~415 K is assigned to the reduction
of overstoichiometric sulfur, that is, elemental sulfur deposited on
the catalytic surface due to the lack of hydrogen during sulfida-
tion [16-18] and/or to sulfur coordinated to surface Ru [22,23].
The reduction of stoichiometric ruthenium sulfide then begins at
430-490 K. Fig. 3 shows that the reduction of stoichiometric RuS;
is conformed by peaks whose intensity and position depends on
the sulfidation temperature of the catalyst. In the pattern of the
catalyst sulfided at 573 K, two main peaks are present at ~513
and 728 K. The first peak tends to disappear with the increment
in sulfidation temperature, and thus the species responsible of this
peak are not longer present in the catalyst after sulfidation at the
higher temperature (973 K). This behavior strongly suggests that
this peak arises from reduction of an amorphous or poorly crys-
tallized Ru sulfide phase. The existence of amorphous RuS; has
been clearly established in the literature, and some of its cat-
alytic properties have been described earlier [30,31]. It appears
that the poorly crystallized phase is formed at low temperature
in the Ru/Al;03 catalyst, as evidenced in our TPS experiments, and
that higher temperatures are needed to induce crystallization into
RuS;-pyrite. Then, the peak with maximum around 513 K in Fig. 3A
would correspond to the reduction of RuS;-amorphous, which will
transform into the more stable RuS,-pyrite as the sulfidation tem-
perature is increased. Therefore, the growing asymmetric peak in
the high-temperature region of the TPR-S patterns (Fig. 3B), with
maximum that shifts from 728 to 947 K with increasing sulfidation
temperature, would correspond to RuS,-pyrite.

It is likely that under reaction conditions (T = 493-633 K), in
which a rich hydrogen atmosphere prevails, the Ru sulfided species
in the low-temperature zone of the TPR-S (overstoichiometric sul-
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Fig. 4. TPR-S patterns after thiophene HDS of Ru/Al,03 sulfided at 573, 673, 773 and
973 K.

Table 5
S/Ru ratio in catalysts freshly sulfided and after thiophene HDS.

Sulfidation S/Ru freshly S/Ru after thiophene S/Ru after thiophene

temperature (K) sulfided (TPR-S) HDS (TPR-S) HDS (SEM-EDS)
573 24 1.0 1.0
673 24 1.6 14
773 2.6 1.8 1.8
973 2.7 21 2.0

fur and RuS;-amorphous) will be reduced. To analyze this pos-
sibility, TPR-S experiments with catalysts tested in HDS reaction
for 48 h (Fig. 4) were conducted. Indeed, after reaction, no reduc-
tion peaks are observed in the low-temperature zone of the TPR-S
patterns, and only the Ru sulfided species that reduce at high tem-
perature (RuS,-pyrite) are preserved. The TEM results (discussed
later) corroborated the presence of pyrite particles at the surface
of the catalyst sulfided at 973 K after several hours in HDS reaction
(Fig. 9).

Quantification of the TPR-S patterns (Figs. 3 and 4) indicated, in
agreement with previous reports [16-18], that for freshly sulfided
catalysts that contain overstoichiometric sulfur, a S/Ru ratio > 2 is
obtained independent of the sulfidation temperature. However, af-
ter several hours in thiophene HDS, the S/Ru ratio of the catalysts
sulfided below 773 K diminished to values between 1.0 and 1.8
(SEM-EDS), indicating the partial reduction of the Ru phase dur-
ing the reaction (Table 5). Because overstoichiometric and RuS;-
amorphous are reduced during the HDS reaction and only RuS;-
pyrite prevails on the catalytic surface (see Figs. 3 and 4), the
observed variations in catalytic activity with sulfidation tempera-
ture (see Tables 1 and 2) suggest that RuS,-pyrite is strongly active
in HDS but has poor naphthalene hydrogenation properties.

The asymmetry of the peak that arises from RuS,-pyrite reduc-
tion for catalysts sulfided at 673-973 K (Fig. 4) is related to surface
reduction followed by bulk reduction [23,24]. In the case of sulfi-
dation at 673 K, the reduction consists of two peaks of the same
height, but as the sulfidation temperature increases, the propor-
tions between the two peaks change, suggesting decreased sulfur
on the surface and increased sulfur on the bulk. The symmetry of
the RuS,-pyrite peak in the catalyst sulfided at 573 K is indicative
of reduction in a single step and suggests that the particles as-
sociated with this peak do not have pyrite structure in both the
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Fig. 5. Spectra of CO adsorbed on Ru/Al;03 sulfided at 573 (a), 673 (b), 773 (c) and
973 K (d). Part A—Freshly sulfided samples. Part B—After treatment emulating HDS
reaction conditions.

bulk and the surface. Because it is more difficult to obtain the
pyrite structure in the surface than in the bulk [8,9], it is likely
that at this low sulfidation temperature, the surface of the sup-
ported particles does not achieve pyrite structure and thus reduces
at temperatures much lower than 728 K, along with the reduc-
tion of RuS;-amorphous. This surface reduction in the early stages
of the TPR-S gives rise to pyrite particles with sulfur-depleted sur-
faces that reduce in a single step with maximum at 728 K. Thus,
it appears that sulfidation temperatures above 573 K are needed
to produce pyrite structure in the surface of supported particles in
Ru/Al;03 catalysts.

3.5. Spectroscopic characterization of RuS,/Al;03

3.5.1. FI-IR spectroscopy of CO adsorbed at low temperature

IR experiments of CO adsorbed at low temperature were con-
ducted to study the evolution of the surface of the RuS, parti-
cles. CO is a weak base that interacts with the coordinatively un-
saturated sites (CUS) of ruthenium and is extremely sensitive to
changes in the electronic environment of Ru [32,33].

Fig. 5A presents the infrared spectra of CO adsorbed on the
freshly sulfided catalysts. For the catalyst freshly sulfided at 973 K,
the spectrum of adsorbed CO presents four bands at 2093, 2070,
2056, and 2035 cm~! (Fig. 5A-d). These bands have been at-
tributed to linear or dicarbonyl CO adsorbed on surface Ru?t with
different coordination in sulfur atoms. The band at 2093 cm™!
characterizes CO adsorption on Ru cations with high sulfur coordi-
nation. The bands at 2056 cm~! and the pair of bands at 2070 and
2035 cm~! characterize the monocarbonyl and dicarbonyl species,
respectively, adsorbed on Ru cations with lower sulfur coordina-
tion. These two bands are the symmetric and antisymmetric com-
ponents of a pair of CO molecules adsorbed on the same site [32,
33]. The bands in this spectrum are well defined, narrow, and
symmetric, suggesting that the surface of the ruthenium sulfide
particles is well defined. In contrast, a broad CO spectrum with
less well-defined peaks is obtained for the catalyst freshly sul-
fided at 573 K (Fig. 5A-a). This kind of spectrum may arise from
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Fig. 6. Integrated area of the CO bands versus amount of CO introduced on the
catalysts sulfided at (a) 573 K, (b) 673 K, (c) 773 K, (d) 973 K. (@) Catalysts freshly
sulfided, (O) catalysts after treatment emulating HDS reaction conditions.

the contribution of several cationic centers with different elec-
tronic environments present in the particle surface as a result of
a certain degree of disorder in the sulfided phase. The increase in
sulfidation temperature from 573 to 973 K results in development
of better-defined CO peaks with different relative intensities. This
indicates a progressive change in the surface of ruthenium sulfide
particles with sulfidation temperature, which can be interpreted as
the development of a pyrite-like structure, as shown by the XRD
observations (Table 3).

On the surface of a pyrite ruthenium disulfide crystallite, the
cations on the face of the cube have the highest sulfur coordi-
nation, with only one anion vacancy. Thus, it seems reasonable to
assign the vibration at 2093 cm~! to CO adsorbed on the RuS; face
sites. In the spectra of the freshly sulfided catalysts (Fig. 5A), only
a small quantity of CO adsorbs on the cube face sites. The main
bands are seen at lower wavenumbers, indicating that CO adsorp-
tion occurs mainly on sites with lower sulfur coordination, that is,
edge and corner sites. This suggests that the active sites available
for HDS reaction are located at the edges and corners of pyrite
RuS; particles.

Fig. 5B presents the spectra related to CO adsorbed on sul-
fided samples subjected to reaction-like conditions (treatment
at 633 K under flow of H,S(15%)/Hz). The catalyst sulfided at
973 K shows the same well-defined peaks of the freshly sul-
fided sample with slightly varying relative intensities (Fig. 5B-d).
In contrast, the catalyst sulfided at 573 K has mainly one wide
band centered at ~2040 cm~! (Fig. 5B-a), suggesting strong
desulfurization of the surface. This result agrees well with the
TPR-S and SEM-EDS experiments showing that thiophene HDS
leads to a marked decrease from 2.4 to ~1 in the S/Ru ra-
tio of the catalyst sulfided at 573 K (Table 5). The spectrum
5B-a does not resemble that of ruthenium sulfide, because it
comes from the contribution of strongly desulfurized ruthenium
sites with low sulfur coordination. The increase in sulfidation
temperature develops the CO peaks associated to RuS;-pyrite
(Fig. 5B).
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To quantify the amount of CO adsorbed on the sulfided phase,
increasing quantities of CO were contacted with the catalysts
freshly sulfided and after reaction-like conditions. Fig. 6 shows
the doses of CO introduced on the catalysts versus the integrated
area of the bands resulting from CO adsorption on the sulfided
phase. The complete titration of all cationic sites in the sulfided
phase (represented by the plateau of the integrated area in Fig. 6)
occurred before the beginning of CO adsorption on the alumina
support, within the first four CO doses (0.58 pumol). The only ex-
ception to this behavior occurs in the case of the catalyst freshly
sulfided at 573 K, in which the adsorption of CO on the sulfided
phase continued at higher CO doses.

The saturation of the cationic sites was reached with 0.58, 0.27,
and 0.11 pumol of CO when the catalyst was freshly sulfided at 673,
773, and 973 K, respectively. The greater amount of CO adsorbed
on the catalyst sulfided at the lower temperatures indicates that
the disordered phase can accommodate more CO than the well-
crystallized sulfided phase produced at higher temperatures. This
is not surprising, because on the well-crystallized structure, the
electronic density from the equally oriented disulfide anions on
the cubic structure may inhibit the adsorption of CO. This behavior
reinforces the idea that the active sites likely are located on low-
coordination sites in corners and edges of the pyrite ruthenium
disulfide cubic crystallites, where the adsorption of the sulfur-
containing molecule is less inhibited.

Fig. 6 shows that the capability to adsorb CO diminished after
reaction-like conditions for the catalysts sulfided at 573, whereas
for the catalysts sulfided at higher temperatures the CO uptake
on the sulfide phase remained almost the same. The total amount
of CO adsorbed on the catalysts after reaction-like conditions fol-
lowed no trend which could be related to the activity in thiophene
HDS or naphthalene hydrogenation. Because the spectra of cata-
lysts sulfided at different temperatures revealed contributions of
ruthenium cations in sulfur environment with several coordina-
tions, the lack of correlation between CO adsorbed and catalytic
activity indicates that the various Ru sites have different activity
toward these two reactions.

The results from these experiments indicate that the surfaces
of ruthenium sulfide particles produced by sulfidation from 573 to
973 K differ greatly. The surfaces formed at high sulfidation tem-
peratures (773 and 973 K) are more stable toward the H,S(15%)/H>
treatment at 633 K than those formed at lower temperatures (573
and 673 K), which were reduced considerably. According to the
literature, once RuS,-pyrite is formed, it remains unaltered and
preserves its sulfided state under hydrogen atmosphere containing
only few ppm of H;S [8,9,11]. This confirms that with sulfidation
at 973 K, the surface of the ruthenium sulfide particles acquires
pyrite structure, whereas at low sulfidation temperatures, a less
well-defined and less stable phase is formed. The increased selec-
tivity toward tetrahydrothiophene observed in the thiophene HDS
reaction (Section 3.1) also is in agreement with the progressive for-
mation of pyrite structure with sulfidation temperature [8,9].

3.5.2. Electronic spectroscopy of sulfided catalysts

DRS-UV-Visible-NIR spectroscopy is a powerful technique for
studying structure that is widely used to determine the geome-
try of transition metals in solids. Less common is the use of the
electronic spectra to study structural defects. To provide more ele-
ments on the co-existence of RuS;-pyrite and RuS;-amorphous on
RuSy/Al;03, we performed a detailed DRS-UV-Visible-NIR study
on catalysts freshly sulfided at 573, 673, and 973 K.

Ruthenium sulfide is a semiconductor with band gap of 1.3-
1.83 eV in RuS; single crystals [34-36]. In colloidal particles and
RuS,/SiO; suspensions, the band gap of RuS; is of 2.3-2.8 [37,38].
The different values of Eg come from differences in particle size;
large particles have lower Eg values.

50
404
®  30- A
) .
—~~ .
% 20_ Ww/\\\
L
. a
o 4
10- \ ~— b
N~
0L . , . c
400 600 800 1000 1200
A (nm)

Fig. 7. DRS-UV-Visible-NIR spectra of Ru/Al,03 freshly sulfided in HyS(15%)/N; at
573 K (a), 673 K (b), 973 K (c).
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Fig. 8. Absorption edge from DRS-UV-Visible-NIR spectra of Ru/Al,03 freshly sul-
fided in HyS(15%)/N; at 573 K (a), 673 K (b), 973 K (c).

Fig. 7 reports the absorption electronic spectra of Ru/Al;03
freshly sulfided in HyS(15%)/N at 573 K (a), 673 K (b), and 973 K
(c). In agreement with the behavior observed in other transition
metal sulfides [38-40], alumina-supported ruthenium sulfide ab-
sorbs energy along the entire reported interval. The absorption at
energies below the band gap (2.3-2.8 eV), that is, at wavelengths
>443-539 nm, reveals the presence of defects in the sulfided sam-
ples, because structural defects give rise to electronic states local-
ized in the band gap and thus to electronic transitions at energies
below the band gap from the valence band toward electronic states
associated with defects [41]. The trend in absorption at energies
below the band gap (A > 443-539 nm), for example, F(R) =4.5,7,
and 13.2 at 1300 nm for Ru/Al,03 sulfided at 973, 673, and 573 K,
respectively, indicates that the catalyst sulfided at low tempera-
ture (573 K) has more defects and that the increased sulfidation
temperature diminishes the number of defects in the catalyst sur-
face.

Fig. 8 shows the absorption edge for the catalysts sulfided at
573, 673, and 973 K. All samples had a defined absorption edge
with values of 2.1, 2.3, and 2.6 eV, respectively, in accordance with
literature reports for RuS;-supported particles [38]. In the sam-
ple sulfided at 573 K (Fig. 8a), along with the absorption edge, an
increasing absorption from 0.9 to 2.1 eV is observed. The contin-
uous absorption below 2.1 eV arises from electronic transitions to
localized states and indicates that the sulfided catalyst is highly de-
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Table 6
H>S evolved from the reduction of 150 mg of sulfided catalyst (0.104 mmoles of
ruthenium) after thiophene HDS.

Sulfidation Total H,S evolved mmole of Ru Percent of Ru
temperature (K) (mmol) in RuS; as RuS;-pyrite
573 0.10 0.05 47
673 0.16 0.08 75
773 0.18 0.09 86
973 0.21 0.10 100

fective, because the shape of the absorption edge corresponds well
with that of an amorphous solid [41]. In contrast, for the sample
sulfided at 973 K (Fig. 8c), an energy zone between 0.95 and ~2 eV
with no increment in absorption, followed by the beginning of an
absorption edge, indicates that the spectrum comes from a crys-
talline solid. Therefore, the DRS-UV-Visible-NIR experiments show
that a highly defective ruthenium sulfide is obtained at low sulfi-
dation temperature, whereas a more crystalline ruthenium sulfide
phase with fewer defects is produced when the sulfidation tem-
perature is increased.

In summary, all of the characterizations of Ru/Al;03 sulfided in
H,S(15%)/N, at 573 < T < 973 K presented above show that high
temperature is needed to induce the crystallization of RuS,-pyrite.
A catalyst with greater number of defects—RuS;-amorphous—is
produced at low sulfidation temperature. With sulfidation at 973 K,
even the surface of the ruthenium sulfide particles acquires pyrite
structure, whereas at low sulfidation temperature, a less defined
and less stable phase is formed.

3.6. Quantification of RuSy-amorphous and RuS-pyrite in the Ru/Al;03
catalyst

Quantification of the amounts of RuS;-amorphous and RuS;-
pyrite in the Ru/Al,03 catalyst was made by three different meth-
ods: (i) deconvoluting the TPR-S patterns of freshly sulfided cata-
lysts, (ii) relating the measured amount of H;S evolved from the
reduction of the catalyst exposed to reaction conditions with the
ruthenium load, and (iii) evaluating the S/Ru ratio by SEM-EDS in
catalysts exposed to reaction. Deconvolution of the TPR-S patterns
of freshly sulfided catalysts (Fig. 3), where peaks of both RuS,-
amorphous (peak at ~513 K) and RuS,-pyrite (peak at 728-947 K)
are present, reveals that 47, 63, 87, and 94% of the sulfided species
is in the form of RuS,-pyrite and 53, 37, 13, and 6% is in the form
of RuS;-amorphous when the Ru/Al,03 catalyst is sulfided at 573,
673, 773, and 973 K, respectively.

As the characterizations show, after HDS reaction, only RuS;-
pyrite remains as a sulfided phase in the catalysts. Therefore, the
amount of RuS,-pyrite was determined from the amount of H,S
(mmole) evolved from the reduction of the catalysts after reaction
(Fig. 4) and the ruthenium load (0.104 mmoles in 150 mg of cata-
lyst). Table 6 shows that the H,S produced during the reduction of
the catalyst sulfided at 973 K corresponds to the ruthenium load
in S/Ru = 2 stoichiometry, indicating that for this catalyst, 100% of
the ruthenium load is in the form of RuS,-pyrite. In contrast, only
47, 75, and 86% of the 0.104 mmoles of ruthenium is in the form
of RuS,-pyrite when the catalyst is sulfided at 573, 673, and 773 K,
respectively. These results are in good agreement with those ob-
tained from deconvolution of the TPR-S traces of freshly sulfided
catalysts.

Finally, the S/Ru ratio determined by SEM-EDS in catalysts ex-
posed to reaction also provides a measure of the amount of RuS;-
pyrite. The catalyst sulfided at 973 K has an S/Ru ratio of 2.0, in-
dicating that practically all of the ruthenium in the catalyst forms
part of RuS,-pyrite. The S/Ru ratios of 1.0, 1.4, and 1.8 reported
in Table 5 for catalysts sulfided at 573, 673, and 773 K, respec-
tively, correspond to 49.5, 68.5, and 88% of the stoichiometric ratio
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Fig. 9. Particle size distribution in Ru/Al,0s sulfided at 973 K after 15 h in HDS
reaction at 633 K. Average size = 2.2 nm. (a) TEM micrograph. (b) Hexagonal atomic
distribution in the (111) face of a 4.3 nm ruthenium sulfide particle.

S/Ru=2 as well as to the percent of pyrite present after reaction
conditions.

The similarity of the three methods of estimating the relative
amounts of RuS;-pyrite and RuS;-amorphous (obtained by differ-
ence from the total load of Ru) reinforces the validity of the results.

The (mole of RuS,-pyrite)/(mole of RuS,) ratio measured at
each sulfidation temperature by SEM-EDS was used to transform
the HDS rates from molecules of thiophene x second~! % (ruthe-
nium atom)~! (Table 1) to molecules of thiophene % second~! x
(ruthenium atom in RuS;-pyrite)~!. The rates obtained are 0.3,
14, 1.5, and 1.7 x 10~3 molecules of thiophenes~!(Ru atom in
RuS,-pyrite)~! at the sulfidation temperatures of 573, 673, 773 and
973 K, respectively. This result reinforces the assignation of RuS,-
pyrite as the active phase in HDS since the last three rates are
similar. The low activity of the catalyst sulfided at 573 K may be
a consequence of the lack of pyrite structure at the surface of the
ruthenium sulfide particles, as evidenced by TPR-S (Section 3.4).

The constancy of the HDS rates obtained at higher sulfidation
temperatures (673, 773 and 973 K) indicates no significant change
in the ruthenium sulfide particle size with sulfidation temperature.
To rationalize this result a TEM study was conducted with the cat-
alysts sulfided at 573, 773 and 973 K after 15 h of thiophene HDS
reaction at 633 K. As an example, Fig. 9 shows the particle size dis-
tribution for the catalyst sulfided at 973 K. The TEM study showed
that only a slight increment in particle size is obtained with the
increase of the sulfidation temperature: the average particle size
changes from 2.0 to 2.2 nm when the temperature varies from 573
to 973 K. Based on the model in [24] the percentage of ruthenium
atoms in edges and corners in ruthenium sulfide particles of 2.0
and 2.2 nm is ~13.5 & 5%. The small increment in particle size
along with the small variation in the number of active sites can
explain why the catalytic activity expressed as molecules of thio-
phene * second™! x (ruthenium atom in RuS;-pyrite)~! does not
significantly change with the increase in the sulfidation tempera-
ture.

With the use of a small molecule such as thiophene, that can
reach without impediments the active sites in ruthenium sulfide,
it was possible to relate the structural changes induced by the
increase of the sulfidation temperature and the extent of desulfur-
ization during the reaction with the HDS activity of the ruthenium
sulfide phase. Activity tests performed with batch reactor in the
HDS of dibenzothiophene (DBT) showed that the HDS initial activ-
ity increases from 4 x 10712 to 7 x 1012 molecule DBT s~! m—2
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when the sulfidation temperature increases from 673 to 973 K. It
can be seen that the activity in DBT HDS is lower than that of
thiophene HDS but that the activity trend with sulfidation temper-
ature is similar. This suggests the same behavior of the ruthenium
sulfide with the two sulfur containing molecules.

3.7. Hydrodesulfurization versus hydrogenation

The results presented up to here showed that RuS;,-pyrite and
RuS;-amorphous are formed during sulfidation with HyS(15%)/N5.
The increase in sulfidation temperature induced RuS,-pyrite crys-
tallization, in detriment of RuS;-amorphous. During the HDS reac-
tion RuS;-amorphous is reduced while RuS,-pyrite remains stable
on the catalytic surface.

The reduction of amorphous ruthenium sulfide during the thio-
phene HDS reaction causes the decrease of the S/Ru > 2 ratio dis-
played by the freshly sulfided catalysts (Table 5). Understandably,
the S/Ru ratio in the catalyst after thiophene HDS (measured by
TPR-S and SEM-EDS, Table 5) increases with sulfidation tempera-
ture from S/Ru~ 1 (T =573 K) to S/Ru ~ 2 (T = 973 K). This result
is important since it shows that the reduction of the amorphous
ruthenium sulfide during reaction leads to a sulfur depleted cata-
lyst, with low S/Ru ratio and poor HDS activity (Tables 5 and 1).
The catalyst sulfided at 973 K, which retains the stoichiometric
S/Ru ratio of 2 in reaction, is ten times more active in HDS than
the one sulfided at 573 K. Therefore, our results show that the HDS
activity of supported ruthenium sulfide increases with the extent
of sulfidation (higher S/Ru ratio) at reaction conditions.

The hydrogenation of thiophene to produce tetrahydrothio-
phene follows the same trend as hydrodesulfurization and the
RuS,-pyrite phase obtained at 973 K, with S/Ru~ 2 in reaction, is
the most active catalyst (Section 3.1). On the contrary, the kinetic
coefficient in the hydrogenation of naphthalene reported in Table 2
follows an opposite trend. To explain this apparent contradiction,
the different surface structures and composition in each case must
be considered. In the catalyst sulfided at high temperature with
pyrite structure on the surface (S/Ru= 2 in reaction), there are S
pairs able to dissociate hydrogen [8], that can be transferred to the
thiophene molecules bonded to ruthenium CUS through the sulfur
atom [42], making the catalyst very active in the hydrogenation of
thiophene. In the case of naphthalene, adsorption in the catalytic
surface proceeds through the 7 cloud [42]. In this case, it is likely
that the S pairs in the pyrite surface inhibit the adsorption of the
aromatic ring, resulting in low catalytic activity. In contrast, the
unstable ruthenium sulfide catalyst that results from sulfidation at
low temperature does not present impediment to naphthalene ad-
sorption since during reaction sulfur is removed from the surface
of the ruthenium sulfide particles by hydrogen. The formation of
some Ru® due to the partial reduction of the catalyst will also favor
the hydrogenation of naphthalene molecules [29]. The hydrogena-
tion of thiophene is not favored in this highly desulfurized surface
probably due to sulfur poisoning of the metallic Ru atoms exposed
to reaction.

This result shows that to hydrogenate sulfur containing mole-
cules with the intention of favoring its hydrodesulfurization, the
ruthenium sulfide catalyst must have pyrite structure, that is, has
to be sulfided at high temperature and preserve a S/Ru ratio close
to 2 in reaction. In contrast, to hydrogenate aromatic molecules
such as naphthalene, a partially reduced catalyst (sulfided at low
temperature in HyS(15%)/N2) will perform better.

3.8. Effect of hydrogen during sulfidation

It is well documented that sulfidation in the presence of hydro-
gen originates a sulfided RuSy phase with S/Ru < 2 and low HDS
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Fig. 10. TPR-S of Ru/Al;03 (a) freshly sulfided in HS(15%)/H, at 673 K, (b) after
thiophene HDS.

activity [15]. On the other hand, this work has shown that sulfi-
dation in the absence of hydrogen at low temperature produces
a well sulfided (S/Ru > 2) but unstable phase that undergoes par-
tial reduction at HDS reaction conditions. Additional TPR-S exper-
iments were performed with Ru/Al,03 sulfided with HyS(15%)/H>
to study the characteristics of the active phase compared to those
of RuS, sulfided in the absence of hydrogen at low temperature.

Fig. 10 reports the reduction patterns of a catalyst freshly sul-
fided at 673 K in H,S(15%)/H, (Fig. 10a), and after 48 h of thio-
phene hydrodesulfurization (Fig. 10b). The S/Ru ratio in the freshly
sulfided catalyst equals 1.5 (against 2.35 in the catalyst sulfided
with HpS(15%)/N). The S/Ru ratio in the catalyst subjected to re-
action conditions is 1.3. These results are in line with TPR-S mea-
surements that reported different levels of sulfidation in catalysts
sulfided with or without hydrogen in the sulfidation stream [43]
and a strong decrement in the S/Ru ratio in reaction with catalysts
sulfided in the presence of hydrogen [44].

After thiophene HDS, the characteristics of Ru/Al,03 sulfided in
H,S(15%)/Hy at 673 K are similar to those in the catalyst sulfided in
H,S(15%)/N, at 573 K. The shape of the reduction pattern (Figs. 10b
and 4), the S/Ru ratio (1.3 vs 1), the reaction rate (0.13 x 1073 vs
0.17 x 103 molecule of thiophene/sec-Ru atom), and the selectiv-
ity (1.6 vs 1.7) were practically the same.

According to these results, sulfidation in the absence of hydro-
gen at low temperature (573 K) leads to a well sulfided but highly
defective Ru sulfided phase, which is unstable and reduces under
reaction conditions, resulting in a low S/Ru ratio phase with poor
catalytic performance in hydrodesulfurization. This phase is simi-
lar to that obtained by sulfiding with H,S(15%)/H; at 673 K. This
result is important, because it shows that the desulfurized ruthe-
nium sulfide phase displays low HDS activity, formed either during
sulfidation with hydrogen or by reduction during the HDS reaction.

4. Conclusion

Sulfidation of Ru/Al;03 in HpS(15%)/N, at temperatures be-
tween 573 and 973 K was found to lead to a fully sulfided phase
consisting of a mixture of RuS;-amorphous and RuS,-pyrite. The
increment in sulfidation temperature favors the formation RuS;-
pyrite to the detriment of RuS;-amorphous. These ruthenium sul-
fide phases behave differently in HDS reaction conditions. RuS;-
pyrite is stable and displays high HDS activity, whereas RuS,-
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amorphous undergoes reduction producing a sulfur depleted active
phase with a S/Ru ratio much lower than 2, that displays poor HDS
activity, similar to that obtained by sulfidation with H,S(15%)/H;.
So, the HDS activity increases with the extent of sulfidation of the
ruthenium sulfide phase present at reaction conditions.

In naphthalene hydrogenation, the activity trend is opposite to
HDS: the catalyst sulfided at low temperature with low S/Ru ratio
in reaction displays the best catalytic performance. But the desul-
furized phase does not perform well in the hydrogenation of a
sulfur-containing molecule such as thiophene. In contrast, hydro-
genation of thiophene is more easily achieved with a fully sulfided
RuS;-pyrite phase.

Our findings demonstrate that the structure of the ruthenium
sulfide catalyst can be tuned during the sulfidation to achieve op-
timum performance according to the hydrodesulfurization or hy-
drogenation requirements of the reaction system.
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