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Catalysts of ruthenium sulfide supported in a dealuminated KY
zeolite were prepared by ion exchange and subsequent sulfidation
using several atmospheres containing sulfur. They were character-
ized by means of HREM, EDX, TPR, and EXAFS. The activity for
the tetralin hydrogenation, carried out in presence of large amounts
of H3S (1.85%), was very high and roughly 300 times the activity (ex-
pressed per metal atom) of an industrial NiMo/Al,03 hydrotreating
catalyst. A simple modeling of the results obtained by the physico-
chemical techniques suggests that the active phase consists of clus-
ters of less than 50 ruthenium atoms of a ruthenium sulfide-like
phase with very small domains of ruthenium metal.  © 1997 Academic

Press, Inc.

INTRODUCTION

At present, much research focuses on improving hy-
drotreating catalysts. It is particularly important to exam-
ine the hydrogenation properties of these catalysts, because
hydrogenation steps are involved in the hydrodesulfur-
ization (HDS) and hydrodenitrogenation (HDN) reaction
networks. Moreover, the aromatic content of gas oils will
probably be limited in the near future. The main difficulty
in performing these hydrogenation reactions is the high
amount of sulfur compounds present in the feeds which,
after desulfurization, are converted to H,S. Under these
conditions, metallic catalysts cannot be used without a dras-
tic decrease in the H,S partial pressure and, therefore, two-
stage processes have been designed. In order to avoid such
a complexity, the design of hydrogenating catalysts, capable
of maintaining their properties under a wide range of H,S
partial pressures, is of prime importance. With this objec-
tive, it seems appropriate to study ruthenium sulfide-based
catalysts, because in the unsupported state, ruthenium sul-
fide was found to exhibit prominent hydrogenation prop-
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erties (1). Furthermore, Harvey and Matheson (2) and we
(3, 4) showed that ruthenium sulfide dispersed in Y zeolites
is very active for the hydrogenation of nitrogen containing
molecules. The interest in dispersing ruthenium in zeolite
is twofold. A highly dispersed phase, more active than that
on a conventional alumina support, may allow the reduc-
tion of the ruthenium content and thus the catalyst cost.
Second, the zeolite framework may influence the proper-
ties of the active phase as was shown for metal catalysts.
The interest in zeolites as supports for sulfide catalysts is
important, and numerous recent studies have dealt with
this subject (5-7). However, the characterization of these
catalysts is difficult due to the high dispersion of the active
phase and its location inside or outside the zeolite frame-
work. In particular, the exact nature of the active phase is
unclear. The objective of the present paper is to clarify the
nature of the particles of ruthenium sulfide encaged in an
ultrastable zeolite exchanged with potassium. The sulfided
state of the catalysts was varied by using various sulfiding
conditions. Similarly, catalytic tests for the hydrogenation
of tetralin were performed in the presence of various H,S
partial pressures. The choice of the support was dictated
by the possible utilization of this catalyst in a hydrotreat-
ing process. Nondealuminated Y zeolite could not be en-
visaged as a support for this kind of reaction due to the
restricted access of the large molecules present in gas oils
to the active phase when it is dispersed within the zeolite.
On the other hand, we used K-exchanged zeolite in order
to avoid the high acidity of the HY zeolite which could lead
to severe coking and consequently to deactivation of the
catalyst. The properties of the active phase were charac-
terized by HREM and EXAFS after sulfiding in various
atmospheres and after tests. The hydrogenation of tetralin
was chosen as a model hydrogenation reaction of a partially
saturated aromatic compound.

EXPERIMENTAL

Catalysts

Dealuminated zeolite KYd was prepared from a com-
mercial ultrastable HYd zeolite supplied by Conteka (ref.
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TABLE 1
Elemental Chemical Analysis of the Support and the Catalyst

Concentration (wt%)

Si/Al
Catalyst Si Al Na K Ru atomic ratio
HYd 0.1 6.0
KYd 40.5 6.3 0.1 3.0 6.2
RuKYd 35.2 5.8 0.4 1.8 5.9

CBYV 712, overall Si/Al =6). Exchange by potassium was
achieved by two successive ion exchanges in an aqueous
solution of KNOj3 (1M) at 333 K. The elemental chemical
analysis of the samples is given in Table 1.

In preparating zeolite KYd from the commercial ultra-
stable zeolite HYd, the ion exchange was incomplete. The
number of K atoms that are usually exchanged is deter-
mined by the number of Al atoms in the zeolite frame-
work. Thus, it can be calculated that the expected amount
of potassium in KYd is 8.4 wt% compared to the only 3%
of K actually obtained (Table 1). The low percentage of K
obtained in KYd can be probably attributed to the high pro-
portion of extra-framework aluminum species present on
the starting HYd zeolite. These species should not be taken
into account in the calculation of the expected amount of
K in KYd. These extra-framework aluminum species are
the residuals of the dealumination process which were not
completely removed by acid leaching.

The presence of the extra-framework aluminum species
was confirmed by the examination of HYd and KYd by
NMR of 2°Si; this method can detect only the atoms in
the framework. The NMR of #Si spectra of the zeolites
HYd and KYd were identical; their examination gave an
atomic ratio of Si/Al of 12 (aluminum fraction of 0.077) cor-
responding to 15 Al atoms per unit cell. Since the chemical
analysis (Table 1) has given an atomic ratio of Si/Al of 6 (alu-
minum fraction of 0.148) it is concluded that the samples
contain a high proportion of extra-framework aluminum
species. In fact, 15 aluminum atoms per unit cell permit the
effective exchange of 4.5 wt% of potassium. The degree of
exchange obtained, however, was even lower; there are al-
ways some protons which are not easily accessible because
the porosity is hindered by the extra-framework aluminum
species.

Ruthenium was introduced into the KYd zeolite by
means of ion exchange by stirring the zeolite in an aque-
ous solution of [Ru(NHj3)s]Cl; (from Johnson-Matthey) at
room temperature for 48 h. The catalyst was washed with
water three times and then air-dried overnight at 393 K. The
amount of Ru introduced into the zeolite given in Table 1
is lower than the expected value; this may be due to the re-
stricted accessibility of some protons and potassium cations
for ruthenium exchange. This catalyst will be referred to as
RuKYd.

Samples of RuKYd were sulfided using gas flows of 15%
of H,S in H, or N at atmospheric pressure. The temper-
ature of the reactor was gradually increased at a rate of
10 K/min to 673 K, at which temperature it remained for
4 h. The catalyst was cooled down to room temperature
under the same sulfiding atmosphere and then flushed with
N, for 30 min. These samples, labelled RuKYd (H,S/H>)
and RuKYd (H2S/N,), were characterized by HREM, TPR,
and EXAFS and tested for the hydrogenation of tetralin, as
will be described below. Since the sulfiding agent usually uti-
lized in industry is dimethyldisulfide (DMDS), RuKYd was
also sulfided using this sulfiding compound under a partial
pressure corresponding to 15% of H,S as in the other ex-
periments. This sample is denoted as RuKYd (DMDS/Hy).

The amount of sulfur, determined by chemical analy-
ses, was 2.2% for RuKYd (H,S/Ny) and 1.5% for RuKYd
(H2S/H5). The values of the overall sulfur to ruthenium ra-
tio, calculated using these measurements, are 3.9 and 2.6,
respectively. It should be stressed that this method does
not allow one to distinguish between the sulfur linked to
ruthenium and to the zeolite. This determination was not
performed on RuKYd (DMDS/H,) since, after sulfidation,
cooling to room temperature in the presence of the sulfiding
agent leads to the adsorption on the zeolite of high amounts
of nondecomposed DMDS.

After ion exchange with potassium and ruthenium fol-
lowed by sulfidation the obtained 2°Si NMR spectra were
very similar to those obtained for the zeolite HYd. Thus,
no additional dealumination took place during the differ-
ent stages of catalyst preparation and activation.

For purposes of comparison, a sample was treated at
673 K under pure hydrogen (0.1 MPa). This sample will
be referred to as RuKYd (H;). It was verified by on-line
mass spectroscopy that, under these conditions, the ruthe-
nium hexamine complex was totally decomposed, and the
metallic state was achieved.

A commercial NiMo/Al,O3 hydrotreating catalyst con-
taining 9% Mo and 2.4% Ni on y-Al,O3 was used as a ref-
erence. This catalyst was sulfided by H,S/H; at 673 K for 4 h.

Characterization

1. Electron microscopy. Zeolite grains, to be studied by
STEM-EDX or by TEM, were dispersed in pure ethanol;
the suspension was stirred in an ultrasonic bath, and one
drop was placed on a carbon-coated copper grid. Thin cuts
of the powder were also made by embedding the catalysts
in an epoxy resin and cutting them with an ultramicrotome
equipped with a diamond knife. Ultra thin slices (10 to
50 nm) of sample grains were examined in a JEOL 100 CX
instrument. They were also analyzed by EDX in a scanning
electron microscope (Vacuum Generator HB 501).

2. Temperature-programmed reduction and oxidation.
Temperature-programmed reduction experiments were
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carried out in a dynamic microreactor which allowed the
measurement of the amount of H,S removed under hydro-
gen by the use of a specific UV photodetector (hv photoion-
ization detector equipped with a 10.21 eV UV light source).
The detector was previously calibrated with a H,S/H; mix-
ture of known composition. The sample was flushed with ni-
trogen and then with a hydrogen flow of 40 cm®/min at room
temperature. The temperature was slowly raised at a rate
of 2 K/min to 1073 K up to complete reduction of the solid.

A similar procedure was used for temperature-
programmed oxidation experiments, but the gas phase com-
position was analyzed by means of a mass spectrometer
(FISONS Instruments) equipped with a quadripole ana-
lyzer (VG analyzer) working in Faraday mode. A silica cap-
illary tube heated at 473 K continuously bled off a small
fraction of the gas phase into the spectrometer.

3. Extended X-ray absorption fine structure. EXAFS
measurements were carried out on the D42 synchrotron
beam line (DCI-LURE Orsay) with the storage ring oper-
ating at 1.85 GeV and a mean current of 250 mA. The exper-
iments were performed in transmission mode at Ru K-edge
(E =22.117 keV) with a channel-cut Si (311) monochroma-
tor. The spectra were recorded over a 1000 eV energy range
with an energy step of 3 eV. Three to six spectra were added
before they were analyzed in a standard manner (8). Af-
ter background removal, the atomic-like absorption coeffi-
cient was obtained by fitting a polynomial of convenient de-
gree and was subsequently normalized using the method of
Lengeler and Eisenberger (9). The k3-weighted x (k) func-
tion was then Fourier transformed in the range 3to 13 A~!
using a Kaiser window (t =9). The peak corresponding to
the first coordination sphere was isolated and back-Fourier
transformed into k space to determine the mean coordina-
tion number n, the bond length R, and the Debye-Waller-
like factor Ao, by a fitting procedure using the simplex
method (10). A Ru foil (15 um thick) sample was used
to extract the experimental backscattering amplitude and
phase-shift functions for the Ru—Ru pair. Moreover, an un-
supported RuS, sample was prepared by precipitation at
room temperature from an aqueous solution of RuCls by
pure H,S and by further sulfidation in an H,S flow at 673 K
for 2 h (11). X-ray diffraction confirmed that the obtained
solid has the expected pyrite structure and elemental anal-
ysis indicated a sulfur to metal ratio equal to 2.25.

The quality of the fits is estimated by a reliability factor
defined as (12)

> [Rlxc o] - K|xek)]|)?
> [kx k)

This parameter has the same meaning as the R factor used
in the refinement of X-ray crystallographic structures (13).

Samples RuKYd (H»S/H;), RuKYd (H,S/N;), and
RuKYd (DMDS/H;) were examined after sulfidation and

Q:

after tetralin hydrogenation tests under the conditions de-
scribed below. They were transferred under dry nitrogen in
a glove box to sealed containers without being exposed to
air before X-ray absorption experiments.

4. Catalytic activity measurements. The catalysts were
tested for the hydrogenation of tetralin. Experiments were
carried out in a catalytic microreactor operated in the dy-
namic mode in the gas phase. The standard reaction condi-
tions consisted of a hydrogen pressure of 4.42 MPa, a par-
tial pressure of tetralin of 2.6 kPa, a partial pressure of H,S
84.4 kPa (1.875%), and a temperature of 523 K. Nondiluted
tetralin was introduced by means of a gas phase saturator.
In order to examine the influence of the H,S partial pres-
sure during the catalytic tests, the H,S partial pressure was
varied from 0 to 1.875%.

The standard experimental conditions were chosen so as
to be away from the thermodynamic equilibrium and thus
avoid the dehydrogenation of tetralin to form naphthalene
and to obtain a relatively low conversion (less than 10%b)
of tetralin to hydrogenated products. At these low conver-
sions, high selectivities (~90%) towards the hydrogenation
products cis and trans decalins were obtained. (The ratio of
cis to trans decalins at steady state, a temperature of 523 K,
and 10% conversion of tetralin was found to be 0.70.) Small
guantities of isomerisation products, such as methyl indans
from the isomerisation of tetralin and methylcyclopentanes
from the isomerisation of one or two of the rings of de-
calin, were observed. At higher conversion, the selectiv-
ity of tetralin hydrogenation to isomerisation but also to
cracked products increased rapidly.

After afirst stage of deactivation, which was more or less
intense depending on the sulfiding procedure of the cata-
lyst, all the samples deactivated very slowly and approxi-
mately at the same rate (Fig. 1). Consequently, the specific
rates were all measured after 18 h on stream.

RuKYd(H28/H2)

Specific rate - 10" mol /(g - s)

RuKYd(H28/N2 )

P | i 1 1 I

Il |
0 2 4 6 8 10 12 14 16 18 20 22 24
Time on stream (h)

FIG. 1. Deactivation of RuKYd (H;S/H,), RuKYd (DMDS/H,), and
RuKYd (H;S/N,) catalysts with time on stream.
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The low conversions (<10%) used in the catalytic tests
permit the application of a differential model for the deter-
mination of the specific rates of the reaction.

RESULTS

Electron Microscopy

Figures 2a through 2c show electron micrographs of
RuKYd ultra-thin cuts after the sulfidation treatment. In
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all of these micrographs, the zeolite appears to be very well
crystallized, and the pores (average diameter between 10
and 15 nm) created by the hydrothermal treatment can be
observed. Ruthenium sulfide was found to consist of spher-
ical particles homogeneously dispersed within the grains of
the zeolite. The size of the particles varies with the sulfid-
ing atmosphere. For RuKYd (H,S/N,) (Fig. 2a), the particle
size varies from 3 to 5 nm with a few smaller particles of
around 1 nm. RuKYd (DMDS/H,) (Fig. 2b) appearsto have
very small particle sizes circa 1 nm and RuKYd (H2S/Hy)

FIG. 2.

Electron micrographs of RuKYd catalyst (a) sulfided by H,S/N, before catalytic test, (b) sulfided by DMDS/H, before catalytic test,

(c) sulfided by H,S/H; before catalytic test, and (d) sulfided by H,S/H; after catalytic test.
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FIG. 2—Continued

(Fig. 2c) even smaller ones. It is assumed that the small-
est particles are situated within the supercages, the size of
which is 1.3 nm. The large particles formed after migra-
tion of the Ru phase, during sulfidation under H,S/N;, may
be located on the outside of the zeolite particles or inside,
which implies a partial destruction of the zeolite framework
around the sulfide particles. Such an influence of the treat-
ment conditions on the particle size is well documented for
transition metal/zeolite catalysts. Welters et al. (5) have also
shown the influence of the pretreatment conditions on the
size and location of nickel sulfide in zeolite.

When large areas (of the size of the grain diameter) of
the sulfided catalysts were analyzed by EDX, the sulfur
to ruthenium ratios were almost similar to those obtained
by chemical analysis; i.e., 4 for RuKYd (H2S/N;) and 2.4
for RuKYd (H,S/H;). When smaller zones were analyzed,
the sulfur to ruthenium ratio decreased to 2.5 for RuKYd
(H2S/N) and circa 1.5 for RuKYd (H,S/H>). For this last
sample, the sulfur to ruthenium ratio varied from one zone
to another. While the ruthenium content appeared to be
almost constant, the sulfur concentration changed. More-
over, when the electron beam was focused on the smallest
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FIG. 3. Electron micrographs of RuKYd catalyst reduced by H; (a) before catalytic test and (b) after catalytic test.

particles, the amount of sulfur changed even during the ex-
amination. Itappears that part of the sulfur was driven away
by the electron beam when it was focused on very small
areas. Consequently, for these small RuKYd particles, the
EDX determination does not seem to be reliable enough.
This is why TPR measurements were also performed to de-
termine the sulfur concentrations.

After the catalytic test, RuKYd (H,S/H;) was not exam-
ined on thin cuts but on the whole grain in order to deter-

mine whether sintering and/or migration of RuS; particles
had taken place outside or at the edge of the grain during
the catalytic test. It can be seen in Fig. 2d that the particles
aresstill dispersed homogeneously within the grains and that
their diameter is about 1 nm.

In the reduced RuKYd (H,), before (Fig. 3a) and after
(Fig. 3b) the catalytic test, also examined on whole grains,
Ru particles appear to be well dispersed, with particle sizes
between 1 and 2 nm (even less for a few of them).
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FIG. 4. Temperature-programmed reduction studies of (a) KYd and HYd sulfided by H,S/N, or H,S/H; and (b) RuKYd (H,S/N;) and RuKYd

(H2S/H,), catalysts.

TPR

Supposing the EDX analysis to be erroneous, the sulfur
on ruthenium ratios were much smaller for the particles
than for the overall grains of zeolites, which may suggest
that sulfur is associated with the zeolite. TPR of the KYd
zeolite alone, sulfided by H,S/H; or H,S/Ny, are shown in
Fig. 4a. A quite intense peak is observed at 430 K for the
sulfidation by H,S/N;, and a smaller one at about 500 K for
the sulfidation by H,S/H,. The amount of H,S evolved from
the HYd zeolite was small in comparison to the KYd zeo-
lite, suggesting that the sulfur is associated mainly with the
K* cations. A similar conclusion was drawn from the com-
parison of KY and HY nondealuminated zeolites (3). The
TPR spectra of RuKYd (H,S/H;) and RuKYd (H2S/Ny) are
given in Fig. 4b. The difference between both types of sulfi-
dation is clearly seen. In agreement with the EDX results,
the amount of sulfur evolved from the catalyst sulfided by
H,S/H5 is much smaller than that obtained after sulfidation
by HzS/Ng.

From the comparison of Figs. 4a and 4b it seems pos-
sible that, from the total amount of sulfur released during
the TPR of RuKYd, a small part may be related to the
K™ cations of the zeolite support itself. Thus, the peak at
400 K presenton KYd (H2S/N3) may be included in the low-
temperature peak region of the TPR diagram of RuKYd
(H2S/Ny). However, itis not clear whether the peak at 500 K
for KYd (H2S/H,) should be included inthe TPR of RuKYd
(H2S/H5), which presents two large bands below and above
this temperature. In fact, the presence of ruthenium sulfide
particles may induce a shift of the temperature of reduc-
tion of sulfur related to K* cation. Therefore, the S/Ru ra-
tio cannot be determined accurately from TPR. Neverthe-
less, a bracket of values of these ratios could be calculated
by deducting or not deducting the amount of H,S evolved
from the zeolite itself from the overall amount of H,S ob-

served for the catalyst (Table 2). Such calculations give 2.3
for RuKYd (H,S/N;) and 1.6 for RuKYd (H,S/H;) when
the overall amount of sulfur is taken into account, and 1.9
and 1.2, respectively when it is not. Since the corresponding
values obtained by EDX are 2.5and 1.5, it is concluded that
a reasonable agreement was obtained between both types
of determination. It is also concluded that the sulfidation
by H,S/H; leads to a stoichiometry much lower than the
value of 2 expected for RuS, particles, whereas this value
was obtained for the sulfidation by H,S/N.

EXAFS

Figure 5 allows the comparison of the Fourier transforms
of Ru, RuS;, and RuKYd (H,S/H;) before the test. This
figure clearly demonstrates that for RuKYd (H,S/Hy), after
activation, the Ru atom is coordinated with S and Ru atoms.
The evolution of the sample during the reaction can be
followed in Fig. 6. The coordination in S decreases, whereas
the coordination in Ru increases. Figure 7 gives an example
of the quality of the modeling for RuKYd (H,S/H,) before
the test.

Table 3 combines the results of EXAFS analysis of the
various samples. This table does not include the values of

TABLE 2

Values of S/Ru Ratios Calculated by Deducting or Not Deducting
the Amount of H,S Evolved from the Zeolite Itself from the Overall
H,S Amount Observed for the Catalyst

Quantity Quantity of H,S S/Ru (taking

of H,S from zeolite  S/Ru into account the

Sample (umolg™)  (umolg™)  total S from zeolite)
RUKYd (H,S/H,) 282 67 16 1.2
RuKYd (H;S/Ny) 414 77 2.3 1.9




52 MORAWECK ET AL.

3
S
z 27
-3
[
2
0n
&
]
S
T 1
=1
2
~,'/ ‘;‘_“\
"y ~-..“\.\._”..;«_ NS Vo
0 T T T = T 1
0 1 2 3 4 5 6
shell radius/R
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RuS; (dotted line), and RuKYd (H,S/H,) (dashed line) before testing
sample.

the energy adjustable parameter, AE. After the optimiza-
tion process it always remains in the range £2 eV around
the value used as references for the pure compounds bulk
Ru and RuS,, whatever the bond type and the sample.

The calculated lengths of Ru—Ru and Ru-S bonds are
slightly lower than in the bulk reference compounds. In the
case of the Ru-Ru bond, this difference is larger than
the currently admitted value (0.2 A) for the precision on
the bond length obtained by EXAFS.

Absence of hydrogen in the sulfiding mixture avoids the
formation of Ru—Ru bonds in the activated catalyst. There-
fore, for RuKYd (H2S/Ny), true ruthenium sulfide particles
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FIG.6. Comparison of the Fourier transforms of RuKYd (H,S/H>)

after (solid line) and before (dotted line) the test.
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FIG. 7. Modeling of the first coordination sphere of RuKYd (H,S/H3)
before the test; solid line, computed curve; triangles, experimental curve.

having the RuS; structure were formed. The Ru-S coor-
dination number of 6.3 is in agreement with that of the
reference RuS, sample.

In RuKYd (H,S/Hy), the existence of Ru—S bonds was
found, but there was also a relatively large number of
Ru-Ru bonds corresponding to ruthenium metal. Sulfi-
dation by DMDS/H; gives a catalyst containing an even
greater number of Ru—Ru bonds. These results suggest that
the active phase is composed of ruthenium sulfide and small
domains of ruthenium metal. It can be seen in Table 3
that, after the catalytic test, all catalysts RuKYd (H2S/Ny),
RuKYd (H2S/Hy), and RuKYd (DMDS/H,) were found
to be in similar states. Thus, after tetralin conversion we
always observe the formation of Ru—Ru bonds together

TABLE 3
Results of EXAFS Analysis

Ru-S Ru-Ru
Sample n RA) Ac2(A) n R(A) Ac2(AY) (%)
Ruthenium — — — 12 2.677 — —
RuS; 6 2.354 — — - — —
RuKYd (H2S/N,) 6.3 233 00033 — — — 13.4
before test
RuKYd (H2S/N,) 49 233 0.0027 4.7 263 0.0082 8.1
after test
RuKYd (H,S/H,) 51 233 00036 35 262 00019 83
before test
RuKYd (H;S/H,) 47 233 0.0020 5.1 263 0.0039 4.8
after test
RuKYd (DMDS/H;) 46 232 0.0023 54 264 0.0049 5.7
before test
RuKYd (DMDS/H,) 4.7 234 00025 55 263 0.0038 2.6

after test
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with an increase in the total mean coordination num-
ber around ruthenium. When the catalyst already exhibits
Ru-Ru bonds before the reaction we observe a slight in-
crease in the mean coordination number of ruthenium, in-
dicating a growth of the ruthenium metal domains.

Tetralin Hydrogenation

First, the zeolite KYd and the catalyst RuKYd were
sulfided by using the standard sulfiding procedure (15%
H,S/H,, 673 K, 0.1 MPa), and their activities for the hy-
drogenation of tetralin were compared. The activity of the
zeolite alone was negligible (0.08 x 10~" mol/g s) in compar-
ison to that of the RuKYd catalyst (from 2.4 to 9.4 x 10—’
mol/g s). The NiMo/Al,O3 industrial catalyst also showed a
much lower activity (0.25 x 10~ mol/g s).

The sulfidation of the catalyst using a H,S/H; mixture
gave the highest activity (9.4 x 10~" mol/g s). The differ-
ence between the results obtained with H,S/H; and H,S/N;
(2.4 x 10" mol/g s) was expected since as shown above the
dispersion is different depending on whether the catalyst
is sulfided in the presence or absence of hydrogen. How-
ever, this was not the case for the sulfidation by DMDS/H,
(4 x 10~7 mol/g s), which leads to very small particles as
obtained for H,S/H,. In addition to the problem of dis-
persion, two other parameters could be important, i.e., the
stoichiometry and the possible presence of coke. Since the
EXAFS results show that the nature of the active phases af-
ter the test are very similar whatever the initial procedure,
this could not explain the difference in reactivity observed
for the catalysts sulfided by DMDS/H; and H,S/H,. There-
fore, the detrimental effect of the sulfidation by DMDS
might be ascribed to coke formation on the acidic sites
of the zeolite. In fact, temperature-programmed oxidation
studies show a CO;, release peak at 633 K, whereas no peak
was observed for RuKYd (H2S/H,). The presence of coke
obviously impedes the catalytic properties of the sample
sulfided by DMDS as documented in Ref. (14).

In order to examine the influence of the H,S partial pres-
sure during the catalytic reaction, two different sets of re-
actions were carried out with RuKYd (H2S/H>). In the first
one, the catalyst was allowed to deactivate for 80 h under
the normal H,S concentration in H; (1.875%) (Fig. 8). In
the second one, the H,S partial pressure was varied. When
the H,S pressure decreased, the rate increased until a max-
imum was reached for the partial pressure of 1000 ppm. At
this pressure, the deactivation was very fast, which suggests
that the nature of the catalyst is changing. For H,S concen-
trations lower than 1000 ppm, the rate decreased with the
H,S concentration. At the end of the experiment the initial
H,S partial pressure was restored (1.875% H,S/H,), and
the hydrogenation rate reached a value a little lower than
that observed for the catalyst when it deactivates for the
same period of time under the initial mixture of reactants.
This indicates that, although lowering the concentration of
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FIG.8. The influence of the H,S partial pressure during the cata-
lytic test on the hydrogenation activity of the sulfided RuKYd (H2S/Hy)
catalyst. The sulfidation was performed with 15% H,S/H, at T=673 K
and P=0.1 MPa.

H>S in the reactor leads initially to higher catalyst activi-
ties, there is an optimum H,S concentration below which
the catalyst activity starts to diminish, due probably to an
irreversible modification of the surface. Since EXAFS ex-
periments have shown that the particles contain both RuS;
and Ru metal-like domains, it is assumed that lowering the
H,S concentration leads to the formation of larger crystal-
lites of Ru metal which may be less active than the sulfide
phase in the presence of high amounts of H,S. To examine
this hypothesis further, two other sets of experiments were
performed.

RuKYd (H,S/H;) was allowed to deactivate for 18 h
(Fig. 9) under the normal H,S concentration in H
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FIG. 9. The influence of the complete removal of H,S from the cata-
lytic test on the hydrogenation activities of sulfided RuKYd (H,S/H>) (left)
and reduced RuKYd (Hy) (right) catalysts for tetralin hydrogenation. The
sulfidation was performed with 15% H,S/H,at T =673 Kand P =0.1 MPa.
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(1.875%); then H,S was completely removed from the re-
actor feed. Upon removal of H,S the hydrogenation rate
dropped by about 60%. After 15 h on stream time, the initial
H,S concentration was restored, which led to an enhance-
ment of the activity, but the level of activity was clearly
smaller than expected without modifying the H,S concen-
tration. In another experiment, the catalyst was not sulfided
but only reduced by hydrogen. The catalytic test was carried
out in the same setup as for all the experiments but without
addition of H,S. After 20 h, 1.875% of H,S was introduced,
which led to an activity enhancement. The removal of H,S
restored the first level of activity. It is particularly interest-
ing to note that the rates obtained in the presence or ab-
sence of H,S are coherent for the three sets of experiments.
From these results it is concluded that the dispersion of the
ruthenium metal phase, formed either by direct reduction
or during a few hours of catalytic testing without H,S, is
probably similar. This ruthenium metal phase is less active
than the sulfided phase.

DISCUSSION

Nature of the Ruthenium Phase

The pyrite structure of RuS, can be represented as a
modified NaCl structure with two interpenetrating fcc sub-
lattices. Ru atoms are located on one fcc sublattice and
(S-S)?~ groups are placed on the other (15). In the cubic
unit cell each ruthenium atom is surrounded by six S-S
pairs arranged in a slightly distorted octahedron. Each sul-
fur atom is bonded to three metal ions and to another sul-
fur atom. There is only one type of S-S and Ru-S bond

in this structure. For a single unit cell structure, there are
14 metal atoms, all of them being at the surface, and 13
sulfur pairs associated with the Ru atoms, 12 of them lo-
cated at the surface. A crystallographic model based on a
three-dimensional growth of the cubic unit cell allows the
calculation of the amount of Ru and S-S ions present either
at the surface of the crystallite or in the entire particle as a
function of the particle size (16). From this cubic model it is
possible to derive a truncated octahedron structure which
provides a spherical morphology similar to the HREM ob-
servations. The smallest particle iscomposed of 38 Ruatoms
(32 on the surface) and 122 sulfur atoms corresponding to
a complete sulfur coordination of Ru of 6 (Fig. 10a). The
sulfur to ruthenium ratio is then equal to 3.21 and the par-
ticle size to 1.1 nm. The removal of superficial sulfur atoms
would lead to a mean coordination number n(Ru-S) of 3.9
and a sulfur on ruthenium ratio of 1.1.

Since it was shown that the geometrical models appear
to be correct for the interpretation of the TPR patterns
(16, 17), they might be utilized for the modeling of the re-
sults obtained here by the different techniques. However,
this could be done only for samples uniformly dispersed
suchas RuKYd (H,S/H;) and RuKYd (DMDS/Hy), but not
for RuKYd (H,S/N), which presents particle sizes ranging
from 3 to 5 nm and below. For the first sample, the par-
ticle size is circa 1 nm, which corresponds to the smallest
particle size of the above model. The EXAFS measure-
ments indicate the presence of Ru-S and Ru—Ru metal
bonds, whose presence should be taken into account. If
one hexagonal face (111 plane) of the truncated octahe-
dron is naked from its sulfur upper atoms, then the mean
coordination number n(Ru-S) is reduced to 5. Following

FIG. 10. Truncated octahedron of a particle of (a) fully sulfided and (b) partially reduced ruthenium disulfide.
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the partial desulfurization of the particle described above,
the remaining hexagon of Ru atoms aggregates breaking
most of the Ru-S bonds located below and creates metal—
metal bonds (Fig. 10b). The corresponding Ru-Ru coor-
dination number is equal to 3.4. This model is consistent
with the EXAFS results obtained for RuKYd (H,S/H)),
that is, 5.1 for the mean Ru-S coordination number and 3.5
for the Ru—Ru coordination number. The resulting sulfur to
ruthenium ratio of the overall particles corresponds roughly
to 2. However, the experimental value determined by sev-
eral techniques is lower, i.e., 1.7. To account for this exper-
imental value, it is proposed to add to the phenomenon of
metal clusterization on one face of the particle a random
elimination of sulfur atoms on the other faces of the par-
ticles. This sulfur elimination would not destroy the RuS;
structure. In fact, it was shown for unsupported RuS, (18)
that the range of stability of the pyrite phase is very broad.
For this catalyst, a complete depletion of the surface of
the particles in sulfur is obtained without any noticeable
modification of the structural and morphological proper-
ties. Such a random elimination of sulfur from the surface
of the ruthenium sulfide particles dispersed in the KYd ze-
olite leads to a slight decrease in the n(Ru-S) coordination
number.

After the test, the Ru—Ru coordination number increases
to 5.1, which is better represented by a three-dimensional
particle of about 13 Ru atoms located either on the RuS;_x
particle or separated. This indicates that the metallic parti-
cle growth is detrimental to the RuS; cluster which leads to
asmall decrease in the Ru—S coordination number from 5.1
to 4.7. Due to the very small sizes of the particles, it is not
possible to determine whether the Ru metal phase is totally
separated from the RuS,_x phase or whether it is in close
contact. The catalytic activity measurements, which indi-
cate a partial reversibility of the desulfurization state of the
catalyst, favor the second hypothesis. The results obtained
for RuKYd (DMDS/H,) are very similar, but no evolution
of the catalyst is observed before and after the test, this sam-
ple being, before the test, less sulfurized than when H,S/H;
is used as the sulfiding mixture.

The representation of the ruthenium phase dispersed in
the KYd zeolite which emerges from the EXAFS, HREM,
EDX, and TPR results is therefore a cluster of less than 50
ruthenium atoms composed of a ruthenium sulfide phase
and a metallic phase in close interaction, the proportion of
each phase depending on the experimental conditions.

In this model, the metal domain is located on a face of the
sulfide particle but other hypotheses could be envisaged, ei-
ther a metallic core covered by a sulfide phase or distinct
particles. The present model appears the most satisfying to
take into account the very low Ru—Ru coordination num-
ber of the metal-like phase observed for RuKYd (H,S/H5)
before catalytic testing, which suggests that this cluster is
only two dimensional.

Relevance to Catalytic Properties

The nature of catalyst after the test is similar whatever the
activation conditions, as shown by EXAFS, the only differ-
ence being the dispersion (rather poor for RuKYd (H2S/Ny)
and the formation of coke for RuKYd (DMDS/H5), which
explains the difference in activity. Consequently, the fol-
lowing discussion is related only to RuKYd (H2S/H,).

The high activity for hydrogenation reactions of unsup-
ported RuS; in comparison to the other transition metal
sulfides is well documented (1). Furthermore, the study
of the reduction process of this catalyst has shown that
as long as the stability of the catalyst is preserved (until
about 50% of sulfur removal), an increase in the degree
of desulfurization brings about a very large increase in ac-
tivity for butene hydrogenation and H,-D, exchange reac-
tions. It was then concluded that the active sites for these
reactions are coordinatively unsaturated ruthenium atoms
present on the surface of the ruthenium sulfide phase (18).
The pure bulky ruthenium metal phase appears much less
active, which was attributed to poisoning by residual sul-
fur. These conclusions concerning the unsupported ruthe-
nium sulfide can account for the high activity of the present
catalyst which is composed of very small particles of ruthe-
nium sulfide containing mostly superficial ruthenium atoms
which are not fully coordinated by sulfur. Nevertheless, it
was also shown by EXAFS that very small metal particles
are present which may also be active. The dispersion of
these particles is much higher than those formed by re-
duction of the unsupported ruthenium sulfide phase which
may change their resistance to poisoning. The present re-
sults are not very different for RuKYd (H,) and RuKYd
(H,S/Hy) although slightly smaller for the metallic catalyst.
The discrimination between a poisoned metal and a sulfide,
proposed in the literature (19), is not relevant for this high
dispersion state. In fact, reaction with sulfur rapidly induces
a high sulfur coverage of the particle and then the thermo-
dynamic feature resembles that of the sulfide and not that
of the poisoned metal.

CONCLUSION

Zeolite Y-supported ruthenium sulfide catalysts, pre-
pared by ion exchange and further sulfidation by H,S/H5,
are very active for the hydrogenation of tetralin in the pres-
ence of H,S. These propertiesare related to the nature of the
active phase which consists of clusters of circa 50 ruthenium
atoms of a ruthenium sulfide like phase located in the zeo-
lite framework. In these clusters, almost all the ruthenium
atoms are exposed which explains their very high activity.
The purpose of using zeolite as supports of sulfide catalysts
is then to stabilize highly dispersed particles. Apparently,
an equilibrium state, between the metallic and the sulfide
phase, is reached. Under these conditions, the nature of



56 MORAWECK ET AL.

the zeolite may have a significant effect on the electronic
and catalytic properties of the particles. The role of the
acid base properties of the zeolite is addressed in another
study (20).
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