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Kinetic and isotopic methods were used to probe elementary steps and site requirements for thiophene
hydrogenation and desulfurization on Ru metal clusters. Turnover rates for these reactions were unaf-
fected by whether samples were treated in H, or H,S to form metal and sulfide clusters, respectively,
before reaction. These data, taken together with the rate and extent of sulfur removal from used samples
during contact with Hj, indicate that active structures consist of Ru metal clusters saturated with chem-
isorbed sulfur at temperatures, pressures, and H,S levels relevant to hydrodesulfurization catalysis. Turn-
over rates and isotopic data over a wide range of H,, H,S, and thiophene pressures are consistent with
elementary steps that include quasi-equilibrated H, and H,S heterolytic dissociation and thiophene bind-
ing with #'(S) or #* coordination onto sulfur vacancies. We conclude that hydrogenation proceeds via
addition of protons (H®*, as -S-H®" from H, or H,S dissociation) to #* thiophene species, while desulfur-
ization involves C-S activation in 5'(S) species aided by H®~ species formed via H, dissociation. Reactant
concentrations influence hydrogenation and desulfurization turnover rates to the same extent, suggest-
ing that the involvement of similar active structures, consisting of vacancies on sulfur-covered Ru clus-
ters. Smaller turnover rates and stronger H,S inhibition on smaller Ru clusters for hydrogenation and
desulfurization routes reflect the stronger sulfur binding and the smaller vacancy concentrations on small
clusters, which contain exposed atoms with lower average coordination. A preference for #(S) over #*
thiophene species at the higher sulfur coverages that prevail on smaller Ru clusters causes desulfuriza-
tion and hydrogenation rate ratios to increase with decreasing cluster size. We conclude that hydrogena-
tion and desulfurization routes require similar active sites and that weaker M-S bonds lead to higher
concentrations of kinetically-relevant sulfur vacancies. These elementary steps and site requirements
are likely to also prevail on metals and sulfides with M-S bond strengths similar or higher than Ru-S,
for which vacancy sites are also present as minority species.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

the involvement of sulfur vacancies (coordinatively unsaturated
sites, CUS) at edges of lamellar MoS, structures [6-14]. The other

Sulfur is removed from petroleum-derived streams via hyd-
rodesulfurization (HDS) processes using transition metals and their
sulfides as catalysts. Higher conversions of organosulfur species
without a concomitant increase in H, pressures are required to
meet increasingly stringent standards for heteroatom content in
transportation fuels. The rational design of more effective HDS cat-
alysts will benefit from advances in experimental and theoretical
tools to define more precisely the mechanism and site require-
ments for these reactions [1-5].

Most previous studies have focused on supported Co(Ni)Mo sul-
fide catalysts, for which reactivity [6-8] and structural [9-11] mod-
els, taken together with simulations [12-14], have been used to
suggest specific mechanistic roles for two distinct types of active
sites. One site is proposed to catalyze direct C-S cleavage through
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site catalyzes hydrogenation and hydrogenolysis of C-C and C-S
bonds and resides near the edges of MoS, terraces [6-14]. The aniso-
tropic structure of MoS, presents considerable challenges in defin-
ing, characterizing, and measuring these two types of sites [15]; it
also encourages the attribution of specific reactivity based on the
compelling geometric non-uniformity of its lamellar structure. The
nature, structure, and local environment of the proposed active sites
and their relation to HDS reactivity remain, however, the subject of
considerable debate after decades of significant study.

We examine here the mechanism and site requirements for
highly active Ru-based clusters, which exhibit well-defined isotro-
pic structures suitable for structural and functional assessment by
experiment and theory. For such systems, the coordination of ex-
posed surface atoms can be placed in the context of the extensive
literature about the effects of cluster size and the structure sensi-
tivity in catalytic reactions for isotropic metal clusters [16]. Noble
metals (and/or their sulfides) have been reported to be very active
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catalysts for desulfurization and hydrogenation of organosulfur
compounds [1,2,17-21]. Ru-based catalysts, in particular, are the
most active among these metals [18,20,21], but such comparisons
and conclusions are seldom underpinned by rigorous measure-
ments of turnover rates or assessments of the state of Ru-based
clusters as metals or sulfides during HDS catalysis.

Ru metal and sulfide clusters can be synthesized with a broad
range of dispersion and cluster size on several supports, thus
allowing systematic assessment of the catalytic consequences of
surface coordination [22,23]. It forms isotropic phases with well-
defined structure for both metal and sulfide, and these structures
are more amenable to structural and functional characterization
than dispersed MoS, domains. In addition, the latter require spe-
cific promoters, such as Ni or Co, whose presence at non-equivalent
and uncertain locations within lamellar structures make the
assignment of reactivity to specific sites equivocal.

Most previous studies have claimed that RuS, pyrite structures
(formed by treating Ru compounds with H,S) are the active phase
during HDS [18,23-29] and that coordinatively unsaturated sites at
sulfur vacancies act as the specific catalytic sites [25-29]. RuS,,
however, converts to Ru metal in H, at typical HDS temperatures
(500-700K) [27,30,31]. Thus, the persistence of RuS, structures
during typical HDS catalysis seems implausible. The sulfur vacan-
cies proposed as active sites in RuS, [25-29] based on spectro-
scopic evidence are claimed to bind organosulfur species and to
dissociate H, and H,S [27,29,32-34], but these elementary steps
and their kinetic relevance, as well as the state of clusters as Ru
or RuS; during catalysis, have remained speculative and even con-
tradictory among parallel studies.

We report here turnover rates, product selectivities, isotopic
data, and a sequence of elementary steps consistent with these
data for thiophene reactions on Ru clusters with a broad dispersion
range (0.15-0.81, corresponding to cluster with 1.2-6.2 nm mean
diameter). The catalytic consequences of H, or H,S treatments
shown here provide evidence that active sites reside on Ru metal
clusters with surfaces nearly saturated with chemisorbed sulfur
during HDS catalysis. Kinetic and isotopic data show that S vacan-
cies are involved in quasi-equilibrated thiophene adsorption and in
H, and H,S activation, which form adsorbed species required for
kinetically-relevant H-assisted C-S bond cleavage and H-addition
reactions for thiophene desulfurization and hydrogenation, respec-
tively. HDS turnover rates decrease with increasing Ru dispersion,
because of the stronger S-binding on coordinatively unsaturated
Ru atoms, which prevail at surfaces of small clusters, and of the
concomitant decrease in the concentration of sulfur vacancies
present during steady-state HDS catalysis.

2. Experimental
2.1. Catalyst synthesis

Silica (Cab-0-Sil, HS-5, 310 m? g~ ') was treated in ambient air
at 673 K (0.033 Ks™ 1) for 3 h. Ru was deposited on SiO, via previ-
ously reported protocols [22] by adding to SiO, an aqueous solu-
tion of Ru(NH3)sCls (Aldrich, 98%) and NaOH (EMD Chemicals
Inc., CAS No. 1310-73-2; 11.5 pH; 200 cm® g~ ! Si0,). After stirring
for 1 h (final pH = 11.2), the solids were filtered and washed with
doubly deionized water to remove chloride ions. The sample was
kept in vacuum at ambient temperature for >24 h and then treated
in flowing dry air (Praxair, 99.99%, 1.0cm>g !'s™!) to 353K
(0.033 Ks~!' ramp rate) for 5h. The Ru contents were 0.1, 0.3,
and 1.0 wt.% (Table 1). These samples were then treated at
473-523K in flowing dry air (Praxair, 99.99%, 1.0cm>g 's™!
(0.033 Ks~' ramp rate)) for 2 h to obtain samples with a broad
range of Ru dispersion (0.15-0.81).

Table 1
Ru dispersion, average cluster diameter, and thiophene desulfurization and hydro-
genation turnover rates on Ru/SiO, catalysts.

Ru Ru Cluster diameter® Thiophene turnover rate ©
o 9 iond

oiey)  clbpEson () Desulfurization Hydrogenation
0.1 0.81 1.2 0.033 0.011

0.3 0.68 14 0.053 0.019

1.0 0.58 1.6 0.089 0.064

1.0 0.42 22 0.10 0.067

0.3 0.36 2.6 0.11 0.067

0.3 0.20 4.7 0.11 0.072

1.0 0.15 6.2 0.12 0.081

2 From H,-chemisorption.

b Calculated from fractional Ru dispersion.

€ (mol of thiophene)/(mol of surface Ru s), extrapolate to zero residence time and
conversion (623 K, 3.0 MPa of Hy, 2.5 kPa of thiophene).

These samples were treated in H, or H,S to prepare clusters of
Ru metal (Ru/SiO,) or Ru sulfide (RuS,/SiO,), respectively. Ru/SiO,
was prepared by treatment in 9% H,/He (Praxair, 1.67 cm> g~ ' s71)
at 673 K (0.033 K s~ ') for 2 h and passivation (0.5% O,/He; Praxair,
0.05 cm® g~ ' s!) at ambient temperature for 6 h. Passivated sam-
ples were treated in situ in flowing H, (Praxair, 99.999%,
50 cm® g~! s~ 1) by heating from ambient temperature to 673 K at
0.033Ks~! and holding for 1h before catalytic measurements.
RuS,/SiO, was prepared by in situ treatment on flowing 5% H,S in
He (Prxair, certified mixture, 25 cm®>g~!s™!) by heating from
ambient temperature to 673 K at 0.033 Ks~! and holding for 2 h
before catalytic measurements.

2.2. Characterization of composition, dispersion, and structure of Ru-
based catalysts

Ru contents were measured by inductively-coupled plasma-
optical emission spectroscopy (ICP-OES; Galbraith laboratories).
Ru dispersion (fraction of Ru atoms exposed at surfaces) was deter-
mined from uptakes of strongly chemisorbed hydrogen at 313 K
using a Quantasorb chemisorption analyzer (Quantachrome Corp.).
Samples were heated in flowing H, (Praxair, 99.999%,
0.83cm? g 's 1) to 673 K at 0.033 K s~! and holding for 1 h. Sam-
ples were then evacuated for 1h at 673 K to remove adsorbed
hydrogen and cooled to 313 K. H, uptakes were measured as a
function of pressure (6-50 kPa) and extrapolated to zero pressure
to obtain the amount of strongly chemisorbed hydrogen. This value
was used to estimate Ru dispersion using a 1:1 H:Rugyface
chemisorption stoichiometry [35]. Mean cluster sizes were esti-
mated from these dispersions by assuming spherical structures
and the atomic density in bulk Ru metal (13.65 x 10> nm?) [35].
The cluster size distributions of Ru/SiO, and RuS,/SiO, catalyst
after HDS catalysis were also measured by transmission electron
microscopy (TEM). RuS,/SiO, and Ru/SiO, were prepared from
the same precursor as described earlier; these samples were used
in HDS reactions (623 K, 12 h; 3.0 MPa H,, 2.5 kPa thiophene)
and then treated in H,S/H, mixtures at 623 K for 3 h (3.0 MPa H,,
3 kPa H,S, H,S/H, =1 x 1073) to simulate conditions prevalent at
high thiophene conversions (H,S/H,=1-300 x 107>). Samples
were then treated in flowing He (Praxair, 99.999%, 10cm® g~ ' s™1),
cooled to ambient temperature, and passivated (by contact with
flowing 0.5% O,/He; Praxair, 0.05 cm® g~! s~!) at ambient temper-
ature for 6 h. Micrographs were obtained using sample powders
spread onto a support grid without dispersing them in a liquid
using a Philips 420 TEM operated at 120 kV.

The sulfur content in fresh and used RuS,/SiO, samples was
determined from the amount of H,S evolved during temperature-
programmed reduction (TPR) using samples with similar Ru
amounts (2-4 mg). RuS,/SiO, was prepared as described previously
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and RuS,/SiO, and Ru/SiO, were also examined after HDS reactions
(623 K, 12 h; 3.0 MPa H,, 2.5 kPa thiophene) and subsequent treat-
ment in HpS/H, mixtures at 623 K for 3 h (3.0 MPa Hj, 3 kPa H,S,
H,S/H, =1 x 10~3). Samples were then treated in flowing He (Prax-
air, 99.999%, 10 cm® g ' s~ 1) and cooled to ambient temperature.
The sulfur content was determined by increasing temperature
from ambient to 873 K at 0.167 Ks~! and holding for 1 h in a 2%
H,/He stream (8% Ar as reference; 50 cm® min~') while measuring
the H,S concentration in the effluent stream by mass spectrometry
(Leybold Inficon, Transpector Series) after calibration with H,S/H,/
He mixtures of known composition (0.0012, 0.0015, and 0.0020%
H,S). The SiO, support did not give any H,S evolution during H;
treatment after sulfidation.

The structure of fresh and used RuS,/SiO, samples was probed
by X-ray absorption spectroscopy (XAS). Samples were prepared
using the same procedure as in TPR measurements. After cooling
to ambient temperature in He flow, treated samples were rapidly
transferred in N, into a XAS cell, which was sealed with Kapton
tape and used to obtain X-ray absorption spectra. Ru K-edge
XANES (X-ray Absorption Near-Edge Structure) and EXAFS (Ex-
tended X-ray Absorption Fine Structure) spectra were measured
at the Stanford Synchrotron Research Laboratory (SSRL) using
beamline 4-1 and a Si (2 2 0) double-crystal monochromator. The
intensities of the incident photon beam, the post-sample transmit-
ted beam, and the transmitted beam after a reference Ru foil were
recorded using three Ar-purged ionization chambers. The Ru foil
was used to calibrate incident photon energies (22,117 eV absorp-
tion edge). EXAFS data were extracted from the raw data as de-
scribed previously [36] using Athena software [37]. The fitting
analysis was performed with Artemis software [36,37] over a 3-
10 A~! k (photoelectron wave number) range and a 1.2-3 A R (dis-
tance between the absorber atom and a scatterer atom) range.

2.3. Catalytic rates and selectivities

Thiophene HDS turnover rates and product selectivities were
measured in a continuous flow packed-bed tubular reactor with
plug-flow hydrodynamics. Bed temperatures were measured with
a K-type thermocouple held within a stainless sheath in contact
with the catalyst. Temperatures were within +0.5 K of the average
bed temperature at all axial positions along the catalyst bed. Cata-
lyst powders were diluted with SiO, (Cab-O-Sil, HS-5, 310 m? g~ ')
at 9:1 SiO,/catalyst mass ratio, and the mixture was pressed and
sieved to retain 0.125- to 0.18-mm aggregates. A portion of these
diluted aggregates (containing 3.0-10.0 mg of original catalyst)
was then physically mixed with acid-washed quartz granules of
similar particle size (Fluka, acid purified; 1.0 g) to avoid tempera-
ture or concentration gradients that can corrupt the intended ki-
netic origin of measured rates and selectivities and to ensure
that bed lengths were sufficiently long for plug-flow hydrodynam-
ics. Varying the extent of dilution within the pellets (1:1 to 9:1
SiO,/catalyst ratio) or the catalyst bed (165:1 to 650:1 quartz/cat-
alyst ratio) did not influence measured thiophene turnover rates or
product selectivities, confirming the absence of transport artifacts
in measurements of turnover rates [38,39].

Catalysts were treated in pure H, (Praxair, 99.999%,
50 cm®g~'s~!, from ambient temperature to 673 K, 0.033 Ks™',
1h hold) or 5% H,S/He flow (Prxair, certified mixture,
25cm>g s, from ambient temperature to 673 K, 0.033 Ks !,
2 h hold) in situ to form Ru/SiO, or RuS,/SiO,, respectively (as de-
scribed earlier), before catalytic measurements. After these treat-
ments, the temperature was decreased to 623 K, the pressure of
H, was increased to desired pressure, and thiophene reactants
were introduced using a high-pressure syringe pump (ISCO
500D) and vaporized into the flowing stream. The reactant stream
contained thiophene (Alfa Aesar, 99%, 1-10 kPa), n-decane (Sigma-

Aldrich, 99+%; 50 kPa, as thiophene solvent and internal standard),
and H, (Praxair, 99.999%, 1.0-3.0 MPa). Kinetic effects of H,S were
determined by adding a 2% H,S/H, mixture (Praxair, certified mix-
ture) to the reactants to give 2-15 kPa H,S in the inlet stream. All
transfer lines before and after the catalyst bed were kept above
473 K to avoid condensation of reactants or products.

Reactant and product concentrations were measured by on-line
gas chromatography (Agilent 6890) using a methyl silicone capil-
lary column (HP-1, Agilent, 25 m x 0.32 mm x 0.52 pm) connected
to a flame ionization detector and a Porapak Q packed column
(Supelco, 1.82 m x 3.18 mm, 80-100 mesh) connected to a thermal
conductivity detector. Blank experiments using SiO, did not lead to
detectable thiophene conversions. Each sample was allowed to
reach steady-state during an initial 15-h stabilization period; rates
changed by <5% thereafter over periods of several days.

Turnover rates are reported here as molar thiophene conversion
rates per surface Ru atom. Selectivities are reported as the percent-
age of the converted thiophene appearing as a given product. Res-
idence time (mol surface Ru s mol~! thiophene) is defined as the
reciprocal of the space velocity; it was controlled by varying reac-
tant molar rates, while keeping their respective pressures constant.
The kinetic response of HDS turnover rates to thiophene, H,, and
H,S concentration was measured by varying their respective pres-
sures in the inlet stream.

2.4. Kinetic isotopic effects and isotopic exchange rates

Kinetic isotope effects (H,-D,, thiophene-do/thiophene-d4) and
isotopic exchange rates (H,-D,, D,-H,S, and D,-thiophene-d,)
were measured on 1.0 wt.% Ru/SiO, (0.58 dispersion) using meth-
ods similar to those described in Section 2.3. H, and H,S isotopo-
mers (H,, HD, D,, H,S, DHS, D,S) were measured by on-line mass
spectrometry (Leybold Inficon, Transpector Series). The products
of D, exchange with thiophene-do were measured by gas chroma-
tography using mass-selective and flame ionization detection (Agi-
lent 6890 GC-MS system). Matrix methods were used to calculate
the concentration of thiophene products detected by GC-MS [40].
Thiophene-d4 (Isotec, chemical purity >99.0%), D, (Spectra Gases
Inc., UHP), H, (Praxair, 99.999%), and H,S/H, (Praxair, certified
mixture) were used as reagents. Detailed conditions for each
experiment are described together with the corresponding data
in the tables and figures included in later sections.

3. Results and discussion
3.1. Catalytic reactions of thiophene on Ru clusters

Rates and selectivities were measured as a function of residence
time on Ru/SiO, (1 wt.%, 0.58 dispersion) to probe primary and sec-
ondary desulfurization pathways. In the absence of added H,S, thi-
ophene conversion turnover rates decreased with increasing
residence time (Fig. 1a). These lower rates reflect the combined ki-
netic effects of thiophene depletion (3-10% conversion) and inhibi-
tion by H,S products, whose concentration increased with
increasing thiophene conversion. The presence of H,S (10 kPa) in
the inlet stream decreased turnover rates and also led to weaker
effects of residence time on thiophene turnover rates, because
H,S concentrations changed only slightly with increasing conver-
sion when H,S was present in the inlet stream. Turnover rates re-
ported hereinafter reflect values extrapolated to zero residence
time to exclude any kinetic effects of reactant depletion or inhibi-
tion by products and to rigorously reflect the inlet concentrations
in the kinetic effects of all species on reaction rates.

Butadiene, 1-butene, cis-2-butene, trans-2-butene, butane, and
tetrahydrothiophene were the only products detected. 1-Butene,
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Fig. 1. Total thiophene conversion turnover rates (a) as a function of residence time (the reciprocal of the space velocity) on 1.0 wt.% Ru/SiO, (0.58 dispersion) at 623 K,
2.5 kPa C4H,4S, 3.0 MPa H,, and 0 kPa (M) or 10 kPa H,S (®) and product selectivities (b) as a function of thiophene conversion at 0 kPa H,S.

cis-2-butene, trans-2-butene interconversion reactions were equil-
ibrated on all catalysts at all conditions; these products are there-
fore reported here as a lumped chemical species and denoted as
butenes. The non-zero selectivities for butadiene, butenes, and tet-
rahydrothiophene at low conversions (Fig. 1b) indicate that these
species are all primary products, which can form directly from thi-
ophene during one surface sojourn; in contrast, the selectivity
trends for n-butane indicate that it forms via secondary reactions
of primary products. The thiophene to tetrahydrothiophene ratio
in the effluent decreased monotonically with increasing residence
time, indicating that thiophene and tetrahydrothiophene are not in
equilibrium, apparently because hydrogenation-dehydrogenation
reactions are too slow to achieve thermodynamic equilibrium. Tet-
rahydrothiophene selectivities decreased with increasing thio-
phene conversion, consistent with the subsequent conversion of
tetrahydrothiophene to C4 hydrocarbons via sequential hydrogena-
tion-desulfurization steps. Butadiene selectivities were very low
(<10%) and became undetectable above 10% thiophene conversion.
n-Butane selectivities increased with increasing residence time,
because these products represent the thermodynamic endpoint
of thiophene conversion pathways at conditions of HDS catalysis.
Similar reaction profiles and mechanistic conclusions apply to all
Ru catalysts and reaction conditions examined in this study.
These reaction rate and selectivity data are consistent with the
sequence of primary and secondary reactions shown in Scheme 1.
Thiophene HDS occurs on Ru clusters via parallel pathways involv-
ing direct desulfurization (DS) to form butadiene and butenes and
hydrogenation (HYD) to form tetrahydrothiophene. Both reactions
occur during a single reactive sojourn of thiophene on cluster sur-
faces. Secondary reactions hydrogenate butadiene and butenes and
remove S atoms from tetrahydrothiophene as H,S. We report here
individual DS and HYD turnover rates by separating primary

Thiophene Tetrahydrothiophene

/ \ Hydrogenation
[ \ —_— { \
S
l Desulfurizat%\ / \

TS = \—/
/\/
n-Butane

Butadiene Butenes

Scheme 1. Proposed reaction network of HDS of thiophene.

thiophene conversion rates into these two pathways using the ini-
tial selectivities measured for tetrahydrothiophene (HYD) and
butadiene and butenes (DS pathway) and extrapolated to zero thi-
ophene conversion.

3.2. Effects of catalyst treatment on turnover rates and selectivities

Here, we provide experimental evidence for the chemical state
of Ru during HDS catalysis by transmission electron micrographs
and by comparing HDS turnover rates for catalysts exposed to thi-
ophene-H, reactants after treatments that form Ru metal (Ru/SiO,)
or Ru sulfide (RuS,/SiO,) clusters. TEM showed that mean cluster
diameters ((d)) were similar after HDS catalysis for 1 wt.% Ru/
SiO, samples treated in H, to form Ru metal clusters ((d) = 1.7 nm)
or in H,S to form Ru sulfide clusters ((d) = 1.9 nm) (HDS condi-
tions: 2.5 kPa thiophene, 3.0 MPa H,, 623 K for 12 h, then treated
in 3 kPa H,S, 3.0 MPa H,, 623 K for 3 h to reproduce typical H,S/
H, ratios during HDS, 1 x 107> to 3 x 10~3). Representative TEM
images and cluster size distributions are shown in the Supplemen-
tary material. These TEM data are consistent with H, chemisorp-
tion uptakes measured on the fresh sample after H, treatment
(0.58 dispersion, (d) = 1.6 nm), which indicate that Ru species ini-
tially present as Ru metal or sulfide preserve their initial dispersion
during HDS catalysis and that these dispersions can be rigorously
used to estimate turnover rates on both types of samples.

Ru/SiO; and RuS,/SiO, samples derived from the same precursor
material also gave similar thiophene HDS rates and selectivities,
indicating that common active structures were formed during
steady-state HDS catalysis irrespective of the initial state of the
clusters as either metal or sulfide. Fig. 2 shows that steady-state
thiophene DS and HYD turnover rates on Ru/SiO, and RuS,/SiO,
are identical for any given precursor material. We conclude that
the initial oxidation state of Ru (as Ru or RuS,) is inconsequential
for catalytic reactivity in thiophene DS or HYD reactions, appar-
ently because both starting materials form steady-state species
with similar structure and composition during steady-state HDS
catalysis, irrespective of their different initial state as Ru or RusS,.

We consider next the chemical state of samples used in HDS
catalysis and specifically their sulfur content by measuring the
H,S evolved during their subsequent treatment in H,. Fig. 3 shows
H,S evolution rates during temperature-programmed treatment in
H, on RuS,/SiO, (1 wt.%, 0.58 dispersion; treated in 5% H,S/He
673 K for 2 h; Fig. 3A) before and after thiophene HDS (2.5 kPa thi-
ophene, 3.0 MPa H,, 623K for 12 h; then treated in 3 kPa H,S,
3.0 MPa H,, 623 K for 3 h, Fig. 3B). Fig. 3C shows similar data on
Ru/SiO, (0.58 dispersion, treated in H, at 673 K for 2 h) used in



H. Wang, E. Iglesia/Journal of Catalysis 273 (2010) 245-256 249

2.0
10kPaH,So DS © HYD
OkPaHSw DS e HYD
1.5 1
0)
>
[h'd 1 on [ J
:: [} o) O
o 10 'E' ’ g -
> ° | |
v 1 O
- v
0.5 A
00 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7

Ru cluster size (nm)

Fig. 2. Effect of pre-treatment on desulfurization and hydrogenation turnover rates
of the catalysts with different cluster size. r RuS,/r Ru represents the ratio of
thiophene desulfurization and hydrogenation turnover rates (623 K, 3.0 MPa H,,
2.5 kPa thiophene, 0 or 10 kPa H,S) on RuS,/SiO, (pre-treated in H,S) to those on
Ru/SiO, (pre-treated in Hy).

S/Ru
(C) Ru/SiO, after HDS 0.1
MM, YRT— »
(B) RuS /SiO, after HDS 0.2
(A) fresh RuS /SiO, 1.6

H,S formation rate (10-3 cm® g*' Ru s")

7l
7 T

T T T T T
400 600 800 hold at 873 K

Temperarature (K)

Fig. 3. Temperature-programmed reduction profiles (from ambient to 873 K at
0.167 K s~! and holding for 1 h in a 2% H,/He stream with a flow rate of 0.0024 cm>
H, g~! Ru metal s—') of (A) fresh 1 wt.% RusS,/SiO, catalyst, (B) sample (A) used for
HDS reaction (3.0 MPa Hj, 3 kPa H,S, 623 K), and (C) 1 wt.% Ru/SiO, catalyst (0.58
dispersion, from the same precursor of (A)) used for HDS reaction.

thiophene HDS at the same conditions as the RuS, sample in
Fig. 3B. Fresh RuS,/SiO, samples showed two H,S evolution fea-
tures (at 590 and 723 K) and a S/Ru ratio (1.6) slightly smaller than
expected for RuS, [23]. After HDS catalysis, the S/Ru ratio de-
creased to ~0.2 and H,S evolved from used samples as a broad fea-
ture at 600-700 K (Fig. 3B). This feature resembles that in Ru/SiO,
sample after HDS catalysis (Fig. 3C, S/Ru ~ 0.1). Irrespective of ini-
tial treatment and chemical state, the samples used in HDS reac-
tions contain small amounts of sulfur, but these S/Ru ratios are
inconsistent with the presence of stoichiometric RuS, clusters dur-
ing HDS catalysis; they indicate instead the presence of chemi-
sorbed sulfur atoms on Ru cluster surfaces. Similar results and
conclusions were evident for samples with higher or lower Ru dis-
persions (0.68, S/Ru = 0.2 after HDS; 0.15, S/Ru = 0.1 after HDS).
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Fig. 4. XANES spectra of (A) Ru foil, (B) 1 wt.% Ru/SiO, (0.58 dispersion) catalyst
used for HDS reaction (3.0 MPa H,, 3 kPa H,S, 623 K), (C) 1 wt.% RuS,/SiO, catalyst
(from the same precursor of (B)) used for the HDS reaction (3.0 MPa H, 3 kPa H,S,
623 K), and (D) fresh 1 wt.% RuS,/SiO; catalyst (from the same precursor of (B)). The
inset figure shows the differences between the spectra for (C) and (D) and between
spectra for (B) and (C).

XAS measurements were performed on Ru/SiO, sample (1 wt.%,
0.58, treated in H; at 673 K for 2 h) and on RuS,/SiO, (1 wt.%, 0.58
dispersion; treated in 5% H,S/He 673 K for 2 h) catalysts after thi-
ophene HDS (2.5 kPa thiophene, 3.0 MPa Hj, 623 K for 12 h; then
treated in 3 kPa H,S, 3.0 MPa Hj, 623 K for 3 h). Fig. 4 shows XANES
spectra for these samples, Ru foil, and RuS,/SiO,. The near-edge
spectra of Ru/SiO, and RuS,/SiO, samples after HDS are very simi-
lar (difference of the two spectra shown in the inset of Fig. 4), sug-
gesting that both starting catalysts form steady-state species with
similar structure and composition during steady-state HDS cataly-
sis. The modification of the XANES spectrum of RuS,/SiO, catalyst
after use in thiophene HDS is clearly evident from the difference
spectra shown in the inset of Fig. 4. XAS spectra of Ru/SiO, and
RuS,/SiO, after HDS are quite similar to that of Ru foil, but with
some features consistent with chemisorbed sulfur. Fig. 5 shows
the k>-weighted radial structure function (y(k)) for Ru/SiO, and
RuS,/SiO, after HDS catalysis and for two reference samples (Ru
foil and fresh RuS,/SiO,). The spectra of fresh RuS,/SiO, resembles
that of bulk RuS, [36], indicating that sulfidation (673 K, 5% H,S/
He) forms bulk Ru sulfide. The spectra of Ru/SiO, and RuS,/SiO,
samples after HDS are very similar; one feature corresponds to that
for Ru-Ru neighbors in Ru metal and the other one resembles that
for Ru-S neighbors in RuS,/SiO,. The structural parameters ex-
tracted from analysis of these spectra are reported in the Supple-
mentary material. The Ru-Ru coordination number is 7.1-7.8 and
that for Ru-S is 2.8-3.5 for these two catalysts after HDS, indicating
the structure of Ru species strongly resembling that of Ru metal
and the existence of surface sulfidation. These results are similar
to those reported for Ru metal clusters treated at 523 K in 2%
H,S/H; (8.0 and 2.2 Ru-Ru and Ru-S coordination numbers), a
treatment intended to mimic sulfur chemical potentials during
HDS catalysts and expected to form metal clusters with saturated
sulfur coverages [41].

These turnover rates, taken together with TPR and XAS data,
lead us to conclude Ru metal and sulfide clusters form similar
structures, consisting of metal clusters saturated with chemisorbed
sulfur, during HDS catalysis. This conclusion contradicts previous
proposals about the permanence and kinetic relevance of bulk RuS,
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Fig. 5. FT (k®x(k)) of the EXAFS spectra of (A) Ru foil, (B) 1 wt.% Ru/SiO, (0.58
dispersion) catalyst used for HDS reaction (3.0 MPa H,, 3 kPa H,S, 623 K), (C) 1 wt.%
RuS,/SiO, catalyst (from the same precursor of (B)) used for the HDS reaction
(3.0 MPa H,, 3 kPa H,S, 623 K), and (D) fresh 1 wt.% RuS,/SiO, catalyst (from the
same precursor of (B)). Some structural parameters (coordination number, CN) from
EXAFS for (B) and (C) are also shown.

clusters and about the role of M-S bond energies in the corre-
sponding bulk sulfides in determining the reactivity of HDS cata-
lysts. Our data and conclusions are consistent with the
involvement of nearly saturated sulfur coverages at surfaces of
Ru clusters with a metallic bulk and with the relevant role of sul-
fur-binding energies at metal cluster surfaces, instead of bulk sul-
fides, in controlling their surface reactivity and HDS turnover rates.

These results are consistent with the observed reduction of RuS,
species (formed by reactions of Ru precursors with H,S) at temper-
atures and H,S/H, ratios typical of HDS catalysis [27,30,31]. RuS,/
v-Al,05 (prepared at 673 K in 15% H,S/N;) reduces during thio-
phene HDS at 623 K [30] and RuS, (prepared at 673 K in 15%
H,S/N,) dispersed inside Y-zeolites formed Ru metal at 493-
593 K [31]. Taken together, our data and these previous studies
indicate that the Ru/SiO, catalysts contain metal clusters during
all kinetic and mechanistic experiments reported below.

3.3. Kinetic effects of reactant and product concentrations on
thiophene hydrogenation and desulfurization rates

The detailed effects of thiophene, H,, and H,S pressures on DS
and HYD turnover rates were measured on two Ru/SiO, catalysts
(1.0 wt.%, 0.58 dispersion; 0.3 wt.%, 0.36 dispersion) at 623 K. We
present here detailed kinetic data for one of these samples (0.58
dispersion; Fig. 6); the results and conclusions were similar on
the other catalyst, and the kinetic data on the latter sample are re-
ported in the Supplementary material.

DS and HYD turnover rates increased with increasing H, pres-
sure (Fig. 6a; 2.5 kPa thiophene, 0 kPa H,S). The DS to HYD turn-
over rate ratios were, however, independent of H, pressure.
Similar effects of hydrogen are evident from the data in Fig. 6b
for experiments in which H,S was present in the inlet stream
(HS/H, =0.005). DS and HYD turnover rates increased with
increasing thiophene pressure (Fig. 6¢; 3.0 MPa H,, 0 kPa H,S).
Their ratio was independent of thiophene pressure, as also ob-
served for the kinetic effects of H, pressure. A similar kinetic re-
sponse to thiophene was observed over a broader range of H,
and H,S pressures than that shown in Fig. 6¢, and these data are in-
cluded in the regression analysis of the kinetic data described in

Section 3.5. The kinetic effects of thiophene on rates were weaker
than for H, (Fig. 4a and c), apparently because thiophene-derived
intermediates are present at higher coverages than those derived
from H, during steady-state HDS catalysis and surface coverages
of thiophene-derived intermediates approach saturation with
increasing thiophene pressures.

H,S strongly inhibited HDS reactions on metals and sulfides
[1,5,19], apparently because sulfur atoms bind strongly on exposed
metal atoms or sulfur vacancies, which are required to bind the
intermediates involved in kinetically-relevant HDS elementary
steps (as discussed in Section 3.5). On Ru/SiO,, DS turnover rates
decreased markedly (0.097-0.0005 mol (mol~! surface Ru) s™!) as
inlet H,S pressures increased (from 0 to 15 kPa; Fig. 6d). The corre-
sponding effects on HYD turnover rates were weaker; as a result,
DS to HYD rate ratios decreased from 1.5 to 0.4 with increasing
H,S pressure (from 0 to 15 kPa; Fig. 6d). A stronger H,S inhibition
of DS rates relative to HYD rates was reported also for dibenzothio-
phene and 4,6-dimethyldibenzothiophene reactions on Mo and
NiMo sulfides [42]. These effects have been interpreted as evidence
for the involvement of different active sites in DS and HYD path-
ways. Such an interpretation seems less appropriate for isotropic
structures, such as those prevalent on Ru clusters; moreover, it is
also awkward in light of the remarkable insensitivity of DS/HYD
rate ratios to either H, or thiophene pressure, which led us to con-
clude that DS and HYD turnovers require similar active structures
and kinetically-relevant steps. As discussed below (Section 3.5), we
propose that these weaker effects of H,S on HYD (relative to DS)
are consistent with the involvement of sulfur vacancies on Ru clus-
ter surfaces as active sites in both reactions; differences in their
relative sensitivity to H,S reflects the involvement of protons
formed via H,S dissociation in HYD but not DS pathways.

The measured kinetic effects of H,, thiophene, and H,S pres-
sures for thiophene DS pathways resemble those reported on NiMo
sulfides [8] and pre-sulfided Ru [24]; these previous studies did not
address the kinetic response of HYD pathways or cover the broad
range of relevant H,, thiophene, and H,S pressures examined here.
We note that HYD pathways ignored in these previous studies are
specially relevant as the principal sulfur removal route for larger
sterically-hindered organosulfur compounds, such as 4,6-dim-
ethyldibenzothiophene [43].

Next, we report isotopic evidence for the reversibility and ki-
netic relevance of specific elementary steps (Section 3.4) and show
that this sequence of elementary steps accurately describes the
measured Kkinetic effects of H,, thiophene, and H,S on thiophene
DS and HYD rates (Section 3.5).

3.4. Kinetic isotopic effects and isotopic evidence for reversible H, and
H,S dissociation

Kinetic isotope effects (ry/rp) were measured from thiophene
DS and HYD turnover rates (extrapolated to zero residence time)
using H,-thiophene-dy, D,-thiophene-dy, and D,-thiophene-d,4
reactants (1.0 and 3.0 MPa of H, or D5, 2.5 and 10 kPa of thiophene)
at 623 K on Ru/SiO; catalyst (1.0 wt.%); 0.58 dispersion. The mea-
sured kinetic isotope effects (KIE) are shown in Table 2. H,/D, ki-
netic isotope effects near unity (1.0-1.1) were observed for
thiophene DS at all conditions tested; these values were only
slightly larger (1.2-1.3) for HYD rates. These data may be taken
as evidence for kinetically-relevant steps that do not involve H,-
derived species, but such conclusions would be inconsistent with
strong effects of H, on HYD and DS turnover rates. As discussed
in Section 3.5, these weak isotope effects reflect instead compensa-
tion effects of equilibrium isotope effects for H, dissociation steps
and normal kinetic isotope effects for subsequent irreversible and
kinetically-relevant steps that use chemisorbed hydrogen. Equilib-
rium isotope effects for dihydrogen dissociation are typically
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Fig. 6. Effect of H, ((a) 2.5 kPa thiophene, 0 kPa H,S; (b) 2.5 kPa thiophene, a fixed H,S to H, ratio of 0.005), thiophene ((c) 3.0 MPa H,, 0 kPa H,S), and H,S ((d) 3.0 MPa H,,
2.5 kPa thiophene) pressure on thiophene desulfurization (DS, B), hydrogenation (HYD, @) turnover rates and their ratio (O) on 1.0 wt.% Ru/SiO, (0.58 dispersion) at 623 K.

Table 2
Kinetic isotope effects for thiophene HDS on 1.0 wt.% Ru/SiO, at 623 K and 0 kPa H,S.

Pressures Kinetic isotope effect (ry/rp)*

Thiophene H; or D, Desulfurization Hydrogenation

(kPa) (MPa)
(Hy/D,)-thiophene 2.5 3.0 1.0 1.2
(Hz/D,)-thiophene 2.5 1.0 1.1 1.3
D,-(do/d4 thiophene) 2.5 1.0 1.1 1.0
(Ha/D,)-thiophene 10.0 1.0 1.1 1.3

@ Ratio of rates for protium and deuterium forms of hydrogen or thiophene.

smaller than unity because stronger M-D bonds (vs. M-H) offset
the larger dissociation energy of D-D bonds (vs. H-H) [44]. Similar
compensation effects have been proposed to account for inverse
H,/D, isotope effects in methanation [45] and Fischer-Tropsch
synthesis [46]. The slightly larger H,/D, KIE value for HYD relative
to DS is likely to reflect a larger normal isotope effect for subse-
quent reactions of H or D atoms in HYD than for hydrogen addition
steps in DS pathways as a result of differences in the lateness of the

transition states involved in these two otherwise analogous
reactions.

The presence of deuterium within thiophene did not lead to
detectable kinetic effects (KIE values of 1.1 (DS) and 1.0 (HYD)).
The equilibrium constant for molecular adsorption of thiophene
is not expected to differ for dg and d4 isotopologues, consistent
with these data. These negligible isotope effects also show that
subsequent C-H bond activation in adsorbed thiophene, which
would have led to normal kinetic isotope effects, is not involved
in kinetically-relevant steps required for either DS or HYD reac-
tions. Reversible activation of C-H bonds in thiophene, however,
was evident from fast isotopic exchange between D, and thio-
phene-d, (H/D exchange rate is 1.5 mol of thiophene/(mol of sur-
face Ru s) higher than that of thiophene chemical conversion
(both DS and HYD; 0.14 mol of thiophene/(mol of surface Ru s))
at 2.5 kPa thiophene and 3.0 MPa D, on Ru/SiO, with 0.58 disper-
sion), consistent with previous thiophene-D, data on MoS, at
673 K and ambient pressures [47].

The reversibility of the dihydrogen dissociation steps required
by HDS stoichiometry was probed by comparing H,/D, isotopic ex-
change rates with those for chemical conversion of dihydrogen in
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thiophene HDS reactions on Ru/SiO, (1.0 wt.%, 0.58 dispersion;
2.5 kPa of thiophene, 3.0 or 1.0 MPa of H, + D,, 0 or 5 kPa H,S).
Quasi-equilibrated dihydrogen dissociation steps would form
binomial isotopic distributions (50% HD for equimolar H,/D,).
Mixed isotopomers were detected at 623 K, 1.0 or 3.0 MPa of
H, + D,, with both 0 and 5 kPa H,S in the inlet stream. The H,/
HD/D,, ratios were 1:2.0 £ 0.1:1.0 + 0.1 at all thiophene conversions
(0.2-20%) and reaction conditions, consistent with binomial isoto-
pic distributions and with concomitant full equilibration of hydro-
gen dissociation-recombination steps.

The reversibility of H,S dissociative adsorption was confirmed
from the rate of formation of H, ,D,S isotopomers during
thiophene reactions (2.5 kPa) with equimolar H,/D, mixtures
(3.0 or 1.0 MPa) containing H,S (5 kPa). At both 1.0 and 3.0 MPa
pressures, significant amounts of DHS and D,S were detected; even
at low thiophene conversion levels, the H,S/DHS/D,S ratios
(1:2.1+£0.4:1.1 £ 0.3) were those expected from isotopic equilib-
rium with the prevalent dihydrogen pool (H,:HD:D,=1:2.0%
0.1:1.0 £ 0.1) at all reaction conditions. We conclude that dissocia-
tive H,S adsorption and the recombinative desorption of its chem-
isorbed fragments are in quasi-equilibrium and also lead to full
chemical and isotopic equilibration between H, and H,S during
HDS catalysis on Ru metal clusters. As a result, the chemical poten-
tial of sulfur during HDS catalysis and the concomitant coverage of
chemisorbed sulfur are determined solely by the H,S/H, ratios in
the reacting mixture instead of by the individual concentrations
of these two molecules.

We conclude that H, and H,S dissociation and the H and SH
species that they form remain equilibrated during thiophene HDS
on Ru cluster surfaces. As discussed below, H,S is expected to dis-
sociate heterolytically on vacancy-sulfur site pairs to form two
protons (-S-H®"), while H, forms a proton-hydride pair. H-D ex-

Kip .
H, + * —Cr> H™*H (2.1)
Kmos A A
H,S + HO'S*H®" (2.2)
Kt
T+ * —o—> T* (2.3)
HRE 4 e MDS e et (24)
— C4+S*
-1
Ks
HOHY + §* <0 HYSHY+x (2.5
K'r
T+ * &> T* (2.6)
Ho*E 4+ e YD e e .7)
— H4T*+*
HYS*HO + T _FIYD ey qeppt (2.8)
—> H,T*
Kyt
H4T* <:©:> H4T+* (29)

Scheme 2. Proposed reaction pathways for hydrodesulfurization of thiophene on
supported Ru metal clusters. (x represents the vacancy-sulfur site pair, #-#S; T, T*,
and T'* represent thiophene, 1'(S)-coordinated thiophene, and #*-coordinated
thiophene, respectively; H4T represents tetrahydrothiophene; k, and K, are the
kinetic and equilibrium constants, respectively).

change between H, and H,S becomes possible via recombination
of a hydride (from H,) with a proton (from H,S). Such chemical
equilibration between H, and D, (and D, and H,S) has been as-
sumed to also occur on Ni(Co)Mo sulfides at lower temperatures
and pressures (353 K; 0.2 MPa) than required in HDS practice [48].

3.5. Elementary steps in HDS of thiophene on supported Ru cluster

Here, we combine the kinetic and isotopic data shown above to
discuss and define a plausible sequence of elementary steps and
their kinetic relevance, as well as the reactive species involved
and their surface coverages, during thiophene-H, reactions on Ru
clusters. These elementary steps are shown in Scheme 2, in which
* represents a vacancy-sulfur anion site pair (#-#S, # is a vacancy
exposing a Ru surface atom, as shown in Scheme 1), <&— denotes
a quasi-equilibrated step, and k and K are the kinetic and
equilibrium constants, respectively, for each elementary steps.

Active sites consisting of vicinal sulfur vacancies and sulfur an-
ions have been claimed to be involved in HDS catalysis on metal
sulfides [1,25]. The surface concentration of these site pairs during
catalysis depends on temperature and H,S/H, ratios, as well as on
the identity and structure of the catalytic structures within which
they reside. Thiophene and H,S can adsorb competitively on such
site pairs, which have been invoked to interpret rate data for thio-
phene HDS on sulfided CoMo catalyst [49], arene hydrogenation in
the presence of H,S on Mo sulfides [50-52], and 2-methylthioph-
ene HDS and olefin hydrogenation on a series of transition metal
sulfides [53,54]. Here, we consider the involvement of site pairs
consisting of a vacancy (#) and a sulfur anion (#-5S2") in thiophene
DS and HYD reactions on Ru metal surfaces (Scheme 1). These sur-
faces are nearly saturated with chemisorbed sulfur species, as ex-
pected from the strong binding sulfur atoms on Ru surfaces [55].

The sulfur chemical potential and surface coverage depend on
H,S/H, ratios according to the thermodynamics of the reaction:

Ru + H,S < Ru—S(surface) + Hy, AG.

ads
AGY,, was estimated from enthalpies and entropies on Ru/Al,05
(1.5wt.%, 0.34 dispersion) at sulfur coverages near unity
(6s=1.00 £ 0.16; where 0s represents the fractional coverage based
on Ru dispersion values) [56]. AngS is —64 k] mol~' (623 K), corre-
sponding to H,S/H, ratios of ~4 x 107% to give saturation sulfur
coverages. These H,S/H, ratios are significantly smaller than those
prevalent during HDS reactions in our study (10-3000 x 107°),
suggesting that surfaces are indeed nearly saturated with sulfur
during steady-state HDS catalysis. Therefore, vacancy-sulfur site
pairs, required for thiophene binding and H, and H,S activation
and for kinetically-relevant steps in HYD and DS reactions, exist
as minority surface species. H,S inhibition of DS and HYD reactions
is consistent with the involvement of sulfur vacancies in
kinetically-relevant steps. Scheme 3 depicts vacancies as elec-
tron-withdrawing centers (Lewis acid) and sulfur anions (-S%7)
as proton-abstracting sites (Brensted base) that form SH groups
with significant Brensted acid character. The presence of Lewis
and Brensted acid sites on metal sulfides has been inferred from
infrared spectra of CH3SH adsorbed on RuS, [27,29] and H,S ad-
sorbed on MoS, [34].

= RTIn(Py,s/Pu,) (1)

H6+ H8+ H5+
— . 2- - .
TS SZ H, S H2S 52 SZ
|~ — | |
# # # #

Scheme 3. Proposed mechanisms of the dissociation of H, and H,S on the vacancy-
sulfur site pair (#-#S).
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Scheme 4. Proposed mechanism of the cleavage of the first C-S bond of #(S)-
coordinated thiophene.
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Scheme 5. Proposed mechanism of the addition of the first hydrogen to #*-
coordinated thiophene.

Our isotopic data show that H, dissociation (step 2.1, Scheme 3)
is quasi-equilibrated; this step can proceed via heterolytic routes
to form H®~ and H®" (as -S-H®") on surfaces nearly saturated with
chemisorbed sulfur atoms. H** and -S-H®" species have been de-
tected by neutron scattering [31,32] and 'H NMR [33] during H,
adsorption on substoichiometric RuS,_,. Our isotopic data show
that H,S dissociation is also equilibrated during thiophene HDS
reactions on Ru clusters. The heterolytic dissociation of H,S to form
-S-H®" (on vacancies) and H*" (on sulfur anions; as -S-H®" (step
2.2, Scheme 3)) is consistent with the formation of thiolate species
on vacancies and SH groups on sulfur anions from CHs;SH (the
methyl homolog of H,S) on RuS, [27,29]. Recombination and
desorption of H, (steps 2.1, 2.2 and 2.5) after H,S dissociation
can then form chemisorbed sulfur atoms.

Organometallic analogs and theoretical treatments suggest that
thiophene can adsorb on sulfur vacancies in #(S), #'(C), #%(C = C),
* n°, and n*-S-p, configurations [1,12]. Thiophene adsorbs on ex-
posed Ni in substoichiometric NiS, clusters via #'(S)- and #*-coor-
dination (Scheme 4 and Scheme 5, respectively); #* structures are
favored on surfaces with lower sulfur content, while #'(S) struc-
tures prevail at higher sulfur coverages [12]. We propose here sim-
ilar adsorption modes (steps 2.3 and 2.6), with binding onto sulfur
vacancies via 6-bonds with the lone pair in S atoms (1'(S), T* in
step 2.3 of Scheme 2; Scheme 4) and m-bonding via the aromatic
ring (%, T'* in step 2.6 of Scheme 2; Scheme 5). We suggest also
that thiophene adsorbed in #'(S)-coordination favors desulfuriza-
tion, and n*-species favor hydrogenation based on the stronger ef-
fects of Ru cluster size on HYD than on DS pathways discussed
below (Section 3.6).

The subsequent reactions of H®~ or -S-H®" species with ad-
sorbed thiophene are irreversible and kinetically-relevant (steps
2.4, 2.7, 2.8). For DS pathways, Scheme 4 shows this reaction as
the cleavage of the first C-S bond in thiophene (step 2.4). The C-
S bond in 1'(S)-coordinated thiophene reacts with vicinal H>~ to
form an adsorbed thiolate, which rapidly cleaves the remaining
C-S bond to form butadiene or its hydrogenated derivatives during
one or more surface sojourns. The remaining S atoms react with
hydrogen to form H,S (step 2.5). H and SH species have been in-
voked without consensus about their specific role in HDS reactions
in many previous mechanistic proposals [1,6,25,49,53,54]. In our
proposed mechanism, H®~ is involved in attack at the carbon adja-
cent to the sulfur atom in thiophene, while the lone pair in the sul-
fur atom interacts with a sulfur vacancy (Lewis acid site). These
concerted steps weaken the C-S bond and form stable thiolate
intermediates (Scheme 4).

Scheme 5 depicts -S-H®" reactions with #*-thiophene to form
protonated species as the first step in thiophene HYD pathways

(steps 2.7, 2.8); a subsequent H®~ attack then completes a hydroge-
nation turnover. The initial dihydrothiophene product was ob-
served in trace amounts (<0.2% selectivity) on Ru catalysts at low
thiophene conversions (<5%); it undergoes rapid hydrogenation
either during one surface sojourn as it forms or after desorption
and subsequent readsorption onto another site. Dihydrothiophene
is present, however, at much higher concentrations as a reactive
intermediate during thiophene HDS on Pt-based catalysts [57].
The attack of unsaturated species by protons has been implicated
in the hydrogenation of arenes on MoS, [50-52,58] and in the
hydrogenation of thiophene on CoMo sulfides [49]. With H,S/H;
mixtures, H®* species can form via heterolytic dissociation of either
H, (step 2.1) or H,S (step 2.2). As a result, HYD routes can use a
source of protons (from H,S) unavailable in DS pathways and
HYD reactions are found to be less sensitive to H,S inhibition than
parallel DS reactions (Fig. 6d).

The elementary steps in Scheme 2 and the pseudo steady-state
assumption for all intermediates lead to closed-form equations for
turnover rates of DS (Eq. (2)) and HYD (Eq. (3)) reactions:

_ kDSKTPTKHZPHz
2

_ kivp (Ku, P, + KHZSPHZS)K’TPT
YD = )

)
3)

DS

in terms of Ho, thiophene, and H,S pressures and of the rate or equi-
librium constants for the relevant elementary steps. The derivation
is shown in detail in the Supplementary material. Each term in the
common denominator of these equations represents the concentra-
tion of one of the intermediates involved relative to the correspond-
ing concentration of sulfur vacancies; this denominator is denoted
as o in Egs. (2) and (3) and defined as:

, K, sP
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where the species noted under each term defines its relation to a
specific surface intermediate. A term containing H,S pressures ap-
pears in the numerator of the rate equation for HYD but not for
DS, causing HYD/DS ratios to increase with H,S pressure while
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Fig. 7. Parity plots for the predicted (from Eqgs. (2) and (3) and kinetic parameters in
Table 3 for 1.6 nm Ru/SiO, catalyst) and measured thiophene desulfurization (M)
and hydrogenation (O) turnover rates at 623 K.
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Table 3

Kinetic parameters estimated for thiophene HDS on Ru/SiO, at 623 K.
Kinetic parameters® Ru cluster diameter (nm) Ratio®

1.6 2.6

Krkps (kPa~! mol/mol s) 0.23 (+0.06) 0.31 (+0.09) 14
Kikuyp (kPa~! mol/mols)  0.18 (20.07) 0.22 (20.07) 13
Kr +K'p (kPa—1) 0.11 (+0.02) 0.16 (+0.04) 15
Kup (kPa™1) 1.7 (209)x 104 1.7 (¢1.1)x 1074 1.0
Ky, S (kPa™1) 8.9 (+3.6) x 1072 0.11 (+0.04) 1.2
Ks 1.9 (£0.8) 1.0 (+0.3) 0.5

¢ For constants in Scheme 2 and Egs. (2)-(4).
b Ratio of constant for 2.6 nm catalyst to that for 1.6 nm catalyst.

remaining insensitive H, or thiophene pressures for a given H,S
pressure, consistent with kinetic results.

Fig. 7 shows that Egs. (2) and (3) accurately describe measured
thiophene DS and HYD turnover rates over a 30-fold range in turn-
over rates. Rate and equilibrium constants derived by the regres-
sion analysis for Ru/SiO, (0.58 dispersion, 1.6 nm clusters) are
reported in Table 3. The sensitivity analysis shown in the Supple-
mentary material indicates that best value of these parameters lies
within relatively sharp error minima in the regression analysis and
that measured rates are strongly sensitive to the values of these
parameters. Equilibrium constants for thiophene and H,S are much
larger than for H, as expected from the strong binding of sulfur-
containing compounds, specially H,S, also reported on MoS; and
NiMoS, catalysts [1,8]. The relative values of these equilibrium
constants show S* species are much more abundant than HS*H at
the conditions of these experiments; they also demonstrate that
inhibition by H,S reflects predominantly the titration of vacancies
by S* and depends on H,S/H, ratios and not independently on H, or
H,S pressures. Larger Ru clusters on SiO, (2.6 nm; 0.36 dispersion)
gave identical rate equations and excellent agreement with rate
data (Supplementary material); their kinetic parameters for HYD
and DS routes are also shown in Table 3 and will be discussed in
the context of the catalytic consequences of cluster size in the next
section.

In the context of these rate equations, measured H,/D, kinetic
isotope effects for DS and HYD rates reflect the ratios of Egs. (2)
and (3), respectively, for H, and D, co-reactants:

KIEps — Tosu _ kpsuKw, x B 5)
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which contain isotope effects of both equilibrium (Ky,/Kp,) and ki-
netic (kpsu/kpsp Oor kuypu/kuypp) origins. Dissociative H, adsorp-
tion typically gives inverse isotope effects because D* binds
significantly more strongly than H* on metals [44-46,59]. Density
functional theory estimates give smaller equilibrium constants for
dissociative chemisorptions of H, than D, (by ~0.7 at 500 K) on
Fe surfaces [60]. Hy/D, mixtures lead to inverse equilibrium isotope
effects (0.4-0.7 at 300-350 K) on organometallic complexes [44].
Assuming a tentative value of 0.7 for dihydrogen dissociation equi-
librium isotope effect (Ku,/Kp;) on Ru, Egs. (5)-(7) and the con-
stants in Table 3 lead to normal H,/D, kinetic isotopic effects for
the kinetically-relevant surface reactions in both DS and HYD path-
ways (kDS,H/kDS.D= 1.2-14, step 2.4; kHYD,H/kHYD,D= 1.4-1.8, step
2.7; details on the calculation are shown in Supplementary mate-
rial). These small normal isotope effects are consistent with a role
of hydrogen-derived species in the C-S bond cleavage and hydrogen
addition reactions that control DS and HYD rates, respectively, and

with reactant-like transition states proposed in Schemes 4 and 5 for
DS and HYD, respectively.

The catalytic sequence proposed in Scheme 2 requires only one
type of site, consisting of sulfur vacancies on nearly saturated sur-
faces of Ru metal clusters, for the elementary steps involved in thi-
ophene DS and HYD routes. We consider that DS and HYD involve
specific roles of H>~ (for DS) and -S-H?®" (for HYD) species, and we
use these concepts here to accurately describe kinetic and isotopic
effects on these two desulfurization pathways. In contrast, most
previous studies have assigned different structures and locations
to the active sites required for DS and HYD pathways. It is plausible
that layered MoS, structures expose different sites and that they
are independently involved in these two HDS pathways. We con-
clude, however, from the evidence herein provided that such dis-
parate structures are not inherently required to catalyze HYD
and DS routes, because isotropic Ru clusters, without the brim or
edge sites of layered MoS, structures [6-14], catalyze both desul-
furization routes using similar active sites for both reactions. We
find it unnecessary to propose different sites for HYD and DS routes
and would, in any case, be unable to make any such proposals con-
sistent with the isotropic nature of Ru metal clusters. These conclu-
sions are also relevant to other metals and even to Co and Ni
structures supported on MoS; species in bimetallic catalysts. Some
recent studies have also proposed the involvement of similar site
pairs in thiophene HDS and alkene hydrogenation on bulk mono-
and bimetallic sulfides [54,61]. We extend these concepts next
by interpreting the effects of Ru cluster size on HYD and DS turn-
over rates using these proposals for the elementary steps and the
sites required for these reactions.

3.6. Effects of Ru cluster size on thiophene HYD and DS turnover rates

The size of metal clusters causes significant changes in the rel-
ative exposure of atoms with different coordination at surfaces.
Specifically, coordination decreases with decreasing size for clus-
ters smaller than 10 nm as corners and edges become more abun-
dant relative to low-index terrace planes [16,62]. Surface atoms
with lower coordination tend to bind intermediates more strongly
because of their greater coordinative unsaturation, thus causing
the coverage of such species to increase as clusters become smal-
ler. Next, we examine and interpret HYD and DS turnover rates
on Ru clusters prepared on SiO, with a broad range of dispersion
(0.15-0.81 dispersion, 1.2-6.2 nm cluster diameter). In this study,
we have varied the size of Ru clusters by changing the Ru content
(0.1-1.0 wt.%) and the temperatures (353-523 K) at which these
samples were treated in flowing dry air before reduction and use
in HDS catalysis.

Thiophene DS and HYD turnover rates with 0 or 10 kPa H,S
present in the inlet stream are shown for Ru clusters of different
size in Fig. 8 and Table 1. Thiophene DS and HYD turnover rates
(at both 0 and 10 kPa H,S) increased markedly with increasing
Ru cluster size (1.2-2.6 nm) initially and then more gradually for
larger clusters (2.6-6.2 nm) (Fig. 6a and b). These trends suggest
that the low-index planes exposed on surfaces of larger clusters
are more effective at catalyzing the kinetically-relevant steps for
both HYD and DS pathways and that their relative abundance in-
creases with size until such low-index planed become the predom-
inant species for clusters larger than ~10 nm. These trends appear
to reflect, at least in part, the expected weaker binding of sulfur on
more coordinatively-saturated surface atoms at low-index planes
and the concomitantly higher concentrations of sulfur vacancies
with increasing Ru cluster size.

The effects of Ru cluster size on the ratio of the reaction rates at
0 and 10 kPa H,S reflect the relative sensitivity to inhibition of DS
and HYD routes by chemisorbed sulfur species, the surface cover-
age of which decreases with increasing cluster size (Fig. 8c). H,S
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Fig. 8. Thiophene desulfurization and hydrogenation turnover rates ((a) at 0 kPa H,S; (b) at 10 kPa H,S), inhibition degree of H,S (ratio of turnover rates for DS and HYD at
0 kPa H,S to those at 10 kPa H,S (¢)), and pathway selectivity (ratio of turnover rates for desulfurization and hydrogenation (d)) over Ru/SiO, catalyst with different cluster

size (623 K, 3.0 MPa H,, 2.5 kPa thiophene, 0 or 10 kPa H,S).

inhibition effects on both DS and HYD reactions are much stronger
on smaller than on larger clusters, indicating a stronger binding of
sulfur on smaller clusters. The ratio of reaction rates at both 0 and
10 kPa H,S remained unchanged for clusters larger than 2.6 nm
(Fig. 8c), as also found for the turnover rates for the individual
HYD and DS routes (Fig. 8a and b). Table 3 shows that the equilib-
rium constant (Ks) for H,S dissociation to form sulfur anions (steps
2.1, 2.2,2.5) is larger on the smaller clusters, because coordinative-
ly unsaturated surface Ru atoms, which bind sulfur more strongly,
are more abundant on such small clusters. As a result, turnover
rates decrease as metal clusters become smaller, because of a con-
comitant decrease in the concentration of sulfur vacancies. The size
of Ru clusters influences the number of sulfur anion-vacancy site
pairs available for dissociation of H, and H,S and for thiophene
adsorption; these steps are required to form the adsorbed species
involved in the kinetically-relevant steps for DS and HYD reactions.
We note that, according to the volcano curve concept [53,54,63],
weaker M-S bond in bulk transition metal sulfides would improve
their activity, relevant with our conclusion here in bulk metallic Ru
with sulfur-covered surface. However, one should be noted that
such heteroatom bonds at metal surfaces are typically much stron-
ger than in the corresponding bulk compound.

The effects of Ru cluster size on the ratio of DS to HYD rates re-
flect their relative sensitivity to the coordinative unsaturation of
exposed atoms. Fig. 8d shows that DS and HYD turnover rates de-
pend differently on Ru cluster size. The ratio of DS to HYD turnover
rates increased with decreasing Ru cluster size, indicating that the
binding energy of sulfur, which is higher on smaller clusters, influ-
ences HYD routes more strongly than DS pathways, in spite of their
similar site requirements. We suggest that smaller clusters, with

their higher sulfur coverages, favor #'(S)-coordination (Scheme 4)
instead of the #*-coordination (Scheme 5), which has been shown
to be favored at lower coverages. As a result, DS pathways, via
1'(S)-coordinated thiophene, prevail on smaller clusters, consis-
tent with the reported preference for #'(S) over #* coordination
on vacancies on NiS, clusters as the sulfur coverage increases [12].

The effects of Ru cluster size predominantly reflect the concom-
itant effects of sulfur-binding strength on the equilibrium concen-
tration of sulfur vacancies and the involvement of such vacancies
in kinetically-relevant steps for both DS and HYD reactions. This
conclusion is consistent with the elementary steps in Scheme 2
and with the rate equation derived from this Scheme and sup-
ported by our rate and isotopic data. Similar effects of metal cluster
size on turnover rates have been reported for dimethyl ether com-
bustion [64], methane combustion [65], and NO oxidation [66] on
supported Pt clusters and for methane oxidation on supported
PdO, clusters [67]; these reactions share a common requirement
for kinetically-relevant steps on site pairs involving a vacancy site
on surfaces nearly saturated with heteroatoms (S or O). In all cases,
such vacancies become increasingly scarce as the binding strength
of these heteroatoms increases with the coordinative unsaturation
brought forth by a decrease in cluster size.

4. Conclusions

Kinetic and isotopic measurements provide a consistent mech-
anistic picture of thiophene hydrodesulfurization turnovers on
supported Ru clusters. This reaction occurs via two parallel path-
ways: desulfurization to butadiene and butenes and hydrogenation
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to tetrahydrothiophene, both involving kinetically-relevant steps;
both reactions occur on site pairs consisting of an adsorbed sulfur
atom and a vacancy site on Ru surfaces. Thiophene adsorbs on sul-
fur vacancies via #'(S)- or *-coordination and H, and H,S are het-
erolytically dissociated on site pairs via quasi-equilibrated steps,
consistent with the effects of reactants and products on rates and
with isotopic evidence. Subsequently, the formed adsorbed species
perform H-assisted C-S bond cleavage of #'(S)-thiophene or
hydrogen addition reaction of 1*-thiophene that control thiophene
desulfurization and hydrogenation rates, respectively. The rate
equation derived from the proposed sequence of elementary steps
is consistent with the kinetic response of thiophene desulfurization
and hydrogenation turnover rates to thiophene, H,, and H,S con-
centrations. Temperature-programmed reduction, transmission
electron microscopy, and turnover rate measurements indicate
that pre-treatment of the catalyst in H, or H,S at 673 K (form Ru
or RusS,, respectively) does not affect the structure and composition
of Ru clusters during hydrodesulfurization at 623 K and H,S/H, ra-
tio range of 1 x 107> to 3 x 103, which remain metallic, but sur-
faces are nearly saturated with chemisorbed sulfur, consistent
with the involvement of nearly saturated sulfur coverages at sur-
faces of Ru clusters with a metallic bulk in controlling their surface
reactivity and hydrodesulfurization turnover rates. Both thiophene
desulfurization and hydrogenation turnover rates are lower on
small Ru clusters, which also show stronger H,S inhibitory effects
and lower selectivities to hydrogenation. These size effects reflect
that smaller clusters, with more coordinatively unsaturated sur-
face atoms, bind sulfur more strongly than larger clusters and ex-
hibit higher steady-state sulfur coverage, which lead to lower
vacancy concentrations and more preferable #'(S) thiophene
adsorption than #* on smaller clusters. We expect that our conclu-
sions are also relevant to other metals and even to Co and Ni struc-
tures supported on MoS, species in bimetallic catalysts that
require sulfur vacancies for hydrodesulfurization catalysis.
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