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In situ XAS at the Ru K edge was used to investigate the thiotolerance of metallic ruthenium supported on
partially dealuminated acidic Y zeolite (Ru°/HYd, obtained by reduction at 673 K of Ru(NH3)s>"/HYd).

After 3 h at 523 K under 350 ppm H,S in H the formation of 1.9 Ru-S bond per Ru atoms is observed
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without modification of the core of the metallic particles (the number of Ru neighbors is unchanged).
These results are compared to those obtained after reductive sulfidation of the same sample in order to
understand the origin of the high hydrogenation activity of metallic ruthenium in the presence of H,S.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Although most of the developments on hydrotreating process
and catalysts were focussed on sulfur removal (hydrodesulfuriza-
tion, HDS) and nitrogen removal (hydrodenitrogenation HDN),
aromatics hydrogenation has been of increasing importance for
diesel specification. Especially, aromatic content and cetane
number of diesel fuel, closely related to the mono and poly-
aromatics concentration, are submitted to legislation.

Noble metal catalysts are generally utilized for the hydrogena-
tion of aromatics. However, these catalysts are known to be very
sensitive to sulfur and nitrogen compounds present in diesel
streams and, consequently, many studies have been devoted to the
increase of their thiotolerance. The utilization of an acidic support
or the addition of a second metal like Pd have improved the sulfur
tolerance [1-8].

Factors influencing the thioresistance of nickel catalysts in
aromatics hydrogenation were also, recently examined by Pawelec
et al. [9]. These authors pointed out the importance of a good
balance between metal and acid sites.

Sulfide catalysts might also be considered for the hydrogena-
tion of aromatics in the presence of sulfur. Harvey and Matheson
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[10] were the first to show that ruthenium sulfide dispersed in Y
zeolites was very active for the hydrogenation reactions. Later,
some of the present authors made an extensive study of the
properties of ruthenium sulfide clusters encaged in various Y
zeolites [11] and examined the influence of the acidic properties of
the supports. These catalysts kept outstanding hydrogenation
properties in the presence of large amounts of H,S (1.85% H,S in
H,). Characterization by physicochemical techniques, especially
EXAFS, suggested that the active phase was composed of
nanometric clusters of a ruthenium sulfide like phase with very
small domains of ruthenium metal [12].

These hypotheses were confirmed recently [13] using in situ XAS
during sulfidation of [Ru(NH3)g]** supported on a partially deal-
uminated Y zeolite (HYd). It was shown that reductive sulfidation of
the precursor in presence of a mixture of 15% H,S/H, started at room
temperature and was complete at 373 K. At that temperature, the
sample was fully sulfided (5.9 S neighbours per Ru). Above 423 K a
partial sulfur reduction (4.3 S neighbours per Ru) and the formation
of metallic ruthenium (3.3 Ru neighbours per Ru) were observed.
Upon addition of toluene, the intensity of Ru-Ru peak in the FT
EXAFS spectra was modified, whereas the Ru-S peak remained
unchanged. This suggested that the chemisorption of toluene
occurred on the metallic domains and showed the prominent role of
these sites for aromatics hydrogenation. The high activity of these
metallic sites (compared to metallic ruthenium) was assigned to an
electronic effect of the RuS chore on the supported Ru® domains.
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Another remarkable property of ruthenium supported on
zeolite is its thiotolerance. Indeed, whereas the addition of H,S
to the feed drastically decreases the hydrogenation activity of
metallic platinum and palladium [14], ruthenium is able to
preserve most of its hydrogenation activity in presence of sulfur. It
has indeed been reported that Ru°® supported on Y zeolite keeps
about 3/4 of its hydrogenation activity (tetraline hydrogenation)
after exposure to 330 ppm H,S/H, [15]. Under these conditions, the
hydrogenation activity of Ru°/HYd remains nevertheless about 8
times lower than that of RuS,/HYd.

In order to understand the relationship between the active phase
obtained after reductive sulfidation and that formed after reduction
and poisoning, we have used in situ EXAFS to examine the properties
of a Ru°/HYd catalyst before and after exposure to H,S.

2. Experimental
2.1. Catalyst preparation

The [Ru(NH3)s]?*/HYd sample was prepared as described in
[16]. The acidic dealuminated Y zeolite (HYd) used as support has
the following characteristics: Si/Al=13.6 (Si/Alfamework =19
determined using 2°Si NMR), Sger =802 m? g~!. The Ru loading
as determined by chemical analysis is 1.5 wt%.

2.2. Characterization

2.2.1. HRTEM
Samples were reduced beforehand under pure H, at 673 K during
2 h (heating rate 1 K min~!). High resolution transmission electron
microscopy measurements were performed on a Jeol JEM 2010
microscope. The mean particle size was calculated from ca. 100
particles using the dy, formula (volume area mean diameter) [17].
don — >omd?
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2.2.2. CO chemisorption

CO chemisorption was used to determine the Ru® particle size
and the effect of exposure to H,S on the number of metallic sites.
The total amount of CO chemisorbed on Ru°/HYd was determined
using the CO pulse adsorption method. ca. 100 mg of the sample
was reduced in situ in pure H, (30 cm® min~') at 673K for 2 h
(heating rate 1 Kmin~!) and then purged by He at the same
temperature for 10 min. Pulses (0.5 cm?) of 10.1% CO (in He) were
injected into a stream of He carrier gas (30 cm® min~!) and
contacted with the catalyst at 323 K. The amount of chemisorbed
CO was analyzed by a thermal conductivity detector and the
dispersion was calculated as follows:

_ totalamount of adsorbed CO (molg 1)
"~ total amount of supported metal (mol g-1)

x 100 (%)

The average metal particle size was estimated using the
equation dyp = 6vyp/(amD) where dya is volume area mean
diameter, vy, is the volume occupied by an atom in bulk metal
(13.65 A3 for Ru) and ay, is the surface occupied by a surface atom
(6.35 A2 for Ru).

To study the effect of H,S, the same measurement was
performed, except that after in situ reduction in H,, the sample
was exposed to a 500 ppm H,S/H, stream at 523 K during 1h
before the addition of the CO pulses.

2.2.3. XAS
A wafer of dried [Ru(NH3)6]3*/HYd (200mg, 10 mm in
diameter) was set in an in situ cell designed for high temperature

(up to 873 K) measurements under a reactant gas [ 18] and reduced
under H; (flow rate: 100 ml/min) at 673 K during 1 h (heating rate
5Kmin~!). After reduction the temperature was decreased to
523 K, the gas flow switched to 350 ppm H,S/H, for 3 h and to 2%
H,S/H; for 2 h. The Ru K-edge (22.1 keV) EXAFS and XANES spectra
were measured at Photon Factory (Institute for Material Structure
Science, High Energy Accelerator Organization, KEK-IMSS-PF,
Japan) on beamline 10 B using a channel-cut monochromator.
The transmission spectra were collected using ionization chambers
filled with Ar and Kr for Iy and I, respectively. Spectra were
measured at 523 K after reduction (Ru°/HYd), after 3 h under
330 ppm H,S/H, (Ru°/HYd-330 ppm) and after 2 h under 2% H,S/
H, (Ru°/HYd-2%)

The extraction of the EXAFS oscillation was performed as
described in [13] using Athena software [19,20]. The curve fitting
analysis was performed with Artemis software [19,20], over a k
range of 3-14 A~' and a R range of 1.2-3 A. The maximum number
of independent points can be estimated from the expression
IP=[(2 Ak AR/m) + 1], where Ak is the extent of the data in k-space
and AR the R range to be modelled. The number of variables used
for the analysis (8) remained well below the number of
independent points (IP = 12).

The fit of the experimental data were performed as described in
[13], using theoretical paths generated by the Atoms 2.5 [21] and
FEFF 8.0 [22]. The passive electron reduction factor sz, was
determined experimentally on metallic ruthenium (S? = 0.79).

2.2.4. Tetralin hydrogenation

Detailed experimental conditions are given in [15]. Briefly, prior
to catalytic test the samples were either reduced under pure H; or
sulfided (15%H,S/H,) at 673 K under atmospheric pressure.
Reaction was performed in an open high-pressure microreactor
working in the gas phase (Py, =4.5MPa and Pieralin = 2.7 KPa,
Py,s = 1.48kPaor 0) at 523 K. After a first period of rapid
deactivation, the catalyst deactivate very slowly. The specific
rates were measured after a steady state was reached that is
after18 h time on stream (a typical deactivation curve can be seen
in [12]. The specific activity of Ru°/HYd in absence of sulfur was 1.8
10" mol s ! g !. It decreased to 1.3 x 10~7 mol s~ in presence of
H,S. The activity of RuS,/HYd in the same conditions was
12 x 107" mol s~ g~

3. Results and discussion
3.1. Characterization of the Ru° particles

Fig. 1 shows the HRTEM micrograph of Ru°/HYd. Small Ru®
clusters can be detected with a diameter ranging between 15 and
25 A. The volume area mean diameter of the particles is 20 A. The
dispersion measured by CO chemisorption is 86% which corre-
sponds to a mean particle size of 15 A. This value is significantly
smaller than the average particle size measured by HRTEM, which
could indicate that very small Ru® particles (<1 nm) are also
present that could not be detected using TEM.

The XANES spectra of Ru°/HYd at the Ru K edge is compared
with those of [Ru(NH;)s]>*/HYd and bulk Ru® (Fig. 2). The shift in
the position of the edge between [Ru(NH3)]s]>*/HYd and Ru°/HYd
(from 22,130 to 22,118 eV) is a clear indication of the reduction of
ruthenium. The XANES spectrum of Ru°/HYd is similar to that of
Ru® except that the XANES modulations have smaller amplitude
and are slightly shifted. According to Bazin et al. [23], these
differences arise from the nanometric size of the metallic particles
in Ru°/HYd.

The EXAFS spectrum (FT(k> x(k))) of Ru°/HYd is shown in Fig. 3
together with those of [Ru(NH5)g]>*/HYd and Ru°. The EXAFS signal
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Fig. 1. TEM micrograph of Ru°/HYd.

of [Ru(NH3)s]?*/HYd is characteristic of N (or O) neighbours at
2.13 A (observed at 1.69 A in Fig. 3 in the absence of phase
correction) and an average coordination of 5 is determined by the
fit. The position of the main peak is shifted upon reduction and is
characteristic of the formation of metallic ruthenium with Ru
neighbours at 2.67 A (observed at 2.36 A in Fig. 3 in the absence of

normalised LW(E)

r T T T T T T T 1

22100 22110 22120 22130 22140 22150 22160 22170 22180
energy (eV)

Fig. 2. XANES spectra of the EXAFS spectra of (a) [Ru(NH3)s]**/HYd; (b) same sample
after reduction under H, at 673 K (straight line); and (c) bulk Ru°. Spectrum (a) was
recorded at room temperature under He; spectra (b) and (c) were recorded at 523 K
under Hj.
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Fig. 3. FT(k>x(k)) of the EXAFS spectra of (a) [Ru(NHs)s]**/HYd; (b) same sample
after reduction under H; at 673 K (straight line); and (c) bulk Ru°. Spectrum (a) was
recorded at room temperature under He; spectra (b) and (c) were recorded at 523 K
under Hs.

phase correction). The amplitude of this peak is nevertheless much
lower for Ru°/HYd than for bulk Ru®, which is a confirmation of
nanoparticles formation. Moreover the shoulder at ca. 2 A indicates
the presence of O neighbours. As previously reported by
Koningsberger and coworkers for metallic Pt° nanoparticles
supported on nonreducible metal oxide supports [24,25] it was
necessary to include two O shells, one at 2.13 and the other at
2.46 A. However a fit with three shells (2 O and 1 Ru) would involve
12 variables, a value too close to the number of independent points.
For this reason, two spectra recorded at two different temperatures
(523 and 673 K) were simultaneously fitted, leading to a number of
independent points of 24 and a number of variables of 12 (for each
shell the number of neighbours, their distance, the shift in E; were
kept the same for the two spectra and the variation of the Debye
Waller factor with temperature was estimated as reported in [13].
The value of the fit reported in Table 1 indicate the presence of
about 2 O neighbours per central Ru with a majority of O
neighbours at long distance (0.7 at 2.13 A and 1.2 at 2.46 A). Note
that there is a large uncertainty on these values that could
therefore be overestimated.

The presence of O neighbours at long distance was reported by
Koningsberger and coworkers after mild reduction (T eq = 573 K)
whereas O neighbours at short distance were observed after high
temperature reduction (T=873K); at intermediate reduction
temperature both contributions were present [24]. The short
metal oxygen distance is, according to these authors characteristic
of support oxygen atoms in contact with zero-valent metal clusters
(this distance is slightly higher than the metal oxygen distance in
metallic oxide dry_o = 1.99 A). The long metal oxygen distance is,
according to these authors, due to the formation of an interfacial
layer of H, between the zeolite and the metallic particle.

The average coordination of the Ru shell is 8.3. According to the
work of de Graaf et al. an average coordination of 7.3 corresponds
to platinum clusters made of 43 atoms whereas an average
coordination of 8.5 corresponds to clusters made of 79 atoms (Pt
particle size 16 A) [26]. Although the crystalline structure of
metallic Ru is different from that of metallic Pt (hexagonal close
packed instead of cubic close packed) one can assume that the
nanoparticles have the same cuboctahedric shape. Considering the
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Table 1

Structural parameters from EXAFS for reference compounds (Ru(0) and RuS,) and for [Ru(NH5)s]>*/HYd zeolite after reduction and after exposure to sulfur (350 ppm and 2%

H,S in H,). Spectra were recorded at 523 K.

Eo (eV) Scatterer N R (pm) 0° (x 1074 A?) AE, (eV) R-factor (%)
Ru(0) 22,117 Ru 12 267 (1) 65 52 (0.2) 03
[Ru(NHs)s>*/HYd 22,130 N 5(0.7) 213 (1) 33 (10) 0(2) 15
RuS,/HYd 22,125 Ru 350 265.5 (5) 107 (5) -8 0.7
s 42 (0.4) 2322 (0.3) 64 (2) 8
Ru°/HYd 22,118 Ru 8.3 (0.6) 263 (1) 106 (4) -3(1) 0.1
02 1.2 (0.7) 246 (1) 13 (28) ~9(10)
o1 0.7 (0.4) 213 (2) 11 (25) _9(10)
Ru®/HYd 22,123 Ru 8.0 (0.7) 265 (1) 96 (5) —7(1) 02
350 ppm HaS/H, s 1.9 (03) 232 (1) 57 (1) —6(2)
Ru’/HYd 22,124 Ru 8.1 (0.8) 265 (1) 96 (6) —7(1) 0.4
2% H,S/H, s 2.2 (0.4) 232 (1) 61 (1) ~6(2)

2 The condition N(S) + 0.5 x N(Ru) < 6 was applied.

Pt-Pt (2.77 A) and Ru-Ru (2.65 A) bond lengths, the size of a 79
atoms Ru cluster should be approximately 15 A, that is the value
determined by CO chemisorption. The fact that the average size of
the Ru® nanoparticles is close to the size of the zeolite supercage
(13 A) and the high number of O neighbours (at short and long
distance) are clear indications that most of the ruthenium
nanoparticles are located in the zeolite cavities.

3.2. Characterization of Ru°® nanoparticles after exposure to H>S
(350 ppm and 2% H,S in H,)

The metal dispersion determined after exposure to 500 ppm
H,S decreases from 86% to 17.5%. Although the decrease in the
number of metallic sites upon exposure to H,S is quite high (about
80% of metallic sites are lost), Ru°/HYd still shows a remarkable
sulfur tolerance as compared to other noble metal, with a
resistance to poisoning similar to that of bimetallic Pt-Pd
nanoparticles supported of ultra stable Y zeolite [27].

Fig. 4 shows the XANES spectra of Ru°/HYd just after reduction,
after exposure to 350 ppm H,S in Hy (3 h), and after subsequent
exposure to 2% H,S in H, (2 h). The XANES spectrum of RuS,/HYd
obtained by reductive sulfidation of [Ru(NH3)s]**/HYd at 673 K
under 15%H,S/H, [13] is also shown for comparison. The
modification of the XANES spectrum upon exposure to H,S is

—
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Fig. 4. XANES spectra of Ru°/HYd after reduction under H, at 673 K (a), after

exposure to 350 ppm H,S/H, (b) and to 2% H,S/H, (c), and of RuS,/HYd (reductive
sulfidation at 673 K of [Ru(NH3)s]>*, (d)). The three spectra were recorded at 523 K.

clearly visible and the spectrum of the sample exposed to 350 ppm
H,S/H, and 2% H,S/H, are intermediary between those of Ru°/HYd
and RuS,/HYd. The edge is shifted from 2118 eV just after reduction
to 2122 eV (exposure to 350 ppm H,S/H,) and to 2123 eV
(exposure to 2% H,S/H;), that is close to the value of RuS,/HYd
(2125 eV). Moreover the positions of the XANES modulations are
intermediary between those of Ru°/HYd and RuS,/HYd.

The Fourier transform of the EXAFS spectra before and after
exposure to H,S are shown in Fig. 5. Exposure to 350 ppm H,S/H,
during 3 h does not modify the intensity of the main peak
corresponding to the Ru neighbours. A shoulder, at a position
similar to that of the S neighbours in RuS,/HYd is however clearly
visible. Surprisingly, subsequent exposure to 2% H,S/H, does not
change significantly the EXAFS spectra. The structural parameters
extracted from the simulation of these spectra are reported in
Table 1. These simulations confirm that the number of metallic
neighbours remains unchanged upon exposure to H,S, even for the
higher H,S partial pressure. It also shows the presence of 1.9 (after
exposure to 350 ppm H,S/H,) and 2.2 (after exposure to 2% H,S/H,) S
neighbours per Ru. The absence of modification of the Ru shell is a
clear indication that no bulk sulfidation of the metallic nanoparticles
took place even at high (2%) H,S partial pressure. This is a major
difference with other noble metal like platinum and palladium for
which bulk sulfidation was evidenced by EXAFS: for example for
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Fig. 5. FT(k> x(k)) of the EXAFS spectra of Ru°/HYd after reduction under H, at 673 K
(a), after exposure to 350 ppm H,S/H; (b) and to 2% H,S/H, (c), and of RuS,/HYd
(reductive sulfidation at 673 K of [Ru(NHs)s]**, (d)). The three spectra were
recorded at 523 K.
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very small Pt or Pd nanoparticles (14-15 A) supported on USY zeolite
the average coordination number decreases from 7 to about 3.5 and
for slightly large particles (26 A) it decreases from 9 to 7 (Pt) or to 5
(Pd)[28]. Even for bimetallic Pt-Pd particles a bulk sulfidation of the
Pd was reported [27].

Surface sulfidationis on the other side pronounced with 1.9-2.2 S
neighbours per Ru. Considering the dispersion measured by CO
chemisorption before poisoning (86%), it means that the average
number of S neighbours per surface Ru is 2.2 after exposure to
350 ppm H,S and 2.6 after exposure to 2% H,S. This is consistent with
the sharp decrease in CO chemisorption after exposure to H,S (from
86% to 17.5%). After exposure to H,S, O shells are no longer required
to obtain a high quality fit. This could indicate that the O neighbours
have been replaced by S neighbours. This hypothesis is also
consistent with the fact that the number of O neighbours (before
exposure to H,S) and S neighbours (after exposure to H,S) are very
close (although the numbers of O neighbours must be taken with
caution as the uncertainties on these values are every high).

For comparison, the EXAFS spectrum of a RuS,/HYd sample
obtained by reductive sulfidation (sulfidation at 673 K under 15%
H,S/H, of the same starting material, i.e. [Ru(NH;)g]>*/HYd) is
shown in Fig. 5. The position of the Ru-S and Ru-Ru peaks are
identical to those of the spectra of Ru°/HYd after exposure to H,S.
This is confirmed by the fit of the spectra which shows identical
bond length for the Ru-S and Ru-Ru bond whatever the sample. On
the other side the intensities of the peak are clearly different with
about 4.2 S neighbours and 3.5 Ru neighbours.

The question that remains is why the hydrogenation activity is
almost completely preserved after exposure to HsS in spite of the
strong decrease in surface metallic sites (evidenced by both CO
chemisorption and EXAFS). The likeliest explanation is that the
electronic properties of the remaining metallic sites are modified
by the surface sulfidation of the neighbouring sites, resulting in an
enhancement of their activity. The active sites in Ru°/HYd after
exposure to H,S would as a consequence be closely related to those
in RuS,/HYd formed by reductive sulfidation (15% H,S/H).

4. Conclusion

A Ru°/HYd sample was prepared by reduction at 673 K of
[Ru(NH;3)g]?*/HYd. This sample was characterized just after
reduction and after exposure to H,S (350 ppm H,S/H, and 2%
H,S/H,). The characterizations (XAS, TEM and CO chemisorption)
of the reduced sample reveal the formation of Ru® nanoparticles
(about 15 A) that are interacting with the zeolite framework and
are therefore mostly located in the zeolite cavities. The decrease
(by a factor of 5) in the number of metallic sites after exposure to
H,S is a clear indication of surface sulfidation. This is confirmed by
XAS, with the presence of about 2 S neighbours per Ru (1.9 after
exposure to 350 ppm H,S and 2.2 after exposure to 2% H,S).
Moreover the fact that the number of Ru neighbours remains
unchanged after exposure to H,S indicates that Ru®, unlike other
noble metals metallic nanoparticles such as Pt° and Pd°, do not

undergo bulk sulfidation. These results can help to understand why
Ru°/HYd keeps most of its hydrogenation activity in presence of
H,S: we propose that, after exposure to H,S, the activity of the
remaining metallic sites (ca. 20%) is increased due to a modification
of their electronic properties by the neighbouring sulfided sites.
FTIR of adsorbed CO [11] could be used to investigate further the
nature of the surface sites of these partly sulfided clusters and
especially the hypothesis of a modification of the electronic
properties of metallic ruthenium in presence of H,S.
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