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The elementary steps and active structures involved in thiophene hydrodesulfurization (HDS) are exam-
ined here through structural and functional assessments of Re and ReSx catalysts prepared from ReOx pre-
cursors by treatment in H2 or H2S. These samples retain their respective bulk phases at sulfur chemical
potentials prevalent during HDS, because nucleation barriers inhibit the interconversion of isotropic Re
metal and lamellar ReSx layers. HDS turnover rates were much higher on ReSx than Re, but both phases
showed similar kinetic effects of thiophene, H2, and H2S and binding constants for adsorbed thiophene
and S-atoms, consistent with a common mechanism involving active sites that differ in number but
not in binding properties. In such elementary steps, the surface consists of a template of refractory
S-atoms that are bound irreversibly, known to form even at H2S/H2 ratios much lower than in HDS prac-
tice. Interstices within such templates can reversibly bind reactive intermediates, thus allowing catalytic
turnovers, and act as HDS active sites. The number of such interstices depends on MAS bond strength,
which is lower for particles with ReSx than with Re bulk phases; their binding properties, however, are
not dictated by the bulk phase, because they consist of those surface spaces that become capable of bind-
ing S-species weakly enough to allow their formation and removal as part of each catalytic turnover. On
both Re and ReSx, thiophene conversion rates are limited by the addition of one H-atom to bound thio-
phene to form intermediate species that give tetrahydrothiophene (THT) and C4 hydrocarbons at a kinetic
branch after this kinetically-relevant step. Thiophene pressures and H2S/H2 ratios do not influence THT/
C4 product ratios, which decrease as residence time increases because of secondary CAS cleavage in THT
to form C4 products. Both products form in a single surface sojourn at similar site coverages by interme-
diates, as is also the case for secondary THT reactions. The effects of H2 on these primary and secondary
events indicate that the kinetic branching occurs at a bound intermediate with the H-content of dihy-
drothiophene, from which the CAS bond cleavage transition state is also formed. As in CAC and CAO
cleavage, CAS bond scission requires H-removal from saturated reactants (THT) by (i) increasing the bond
order of its surface attachment; (ii) weakening the CAX bond being cleaved (X = C, O, S); and (iii) evolving
H2 to minimize entropy losses upon formation of the transition state.

� 2018 Published by Elsevier Inc.
1. Introduction

Catalytic hydrodesulfurization (HDS) is the reaction by which
sulfur atoms are removed from organosulfur compounds through
the cleavage of carbon-sulfur bonds. Such reactions have been
extensively studied on transition metal sulfides [1–3]. The struc-
ture and reactivity of Co-Mo and Ni-W sulfides [3–10] have
attracted particular attention because of their broad deployment
in heteroatom removal from refinery streams in processes required
to produce fuels that meet stringent specifications for heteroatom
content [11,12]. HDS rates on such catalyst systems [1,13–23] are
seldom reported as turnover rates, a measure of intrinsic reactivity
that requires reliable counts of active sites. O2 uptakes after a
specific reductive treatment [24–26] are often used for such pur-
poses, but oxygen atoms merely titrate S-vacancies formed by such
reductive treatments, thus reflecting the lability of S-atoms in
metal sulfides instead of a rigorous count of exposed active sites.
The occasional claims of reactivity correlations with O2 uptakes
reflect the expected effects of MAS bond energies on redox cycles
that are limited by the availability of S-vacancies on stoichiometric
sulfides, but such O2 uptakes cannot be used to compare intrinsic
reactivity among diverse catalyst compositions or to determine
whether rate improvements reflect changes in the number or the
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reactivity of active sites. The structural and compositional com-
plexity of layered sulfides has precluded accurate assessments of
turnover rates, while their non-uniform and anisotropic nature
has often led to contradictory claims about reaction mechanisms,
about how reactivity and selectivity depend on composition and
structural properties, and about the nature and number of the
required active sites [27]. Assessments of reactivity are also ham-
pered by the strong inhibition effects of H2S products, which cause
axial gradients in rates and even in the type of sulfide phase pre-
sent, even at low reactant conversions.

The chemical nature of catalytic surfaces under relevant condi-
tions (10�5–10�2 H2S/H2, 573–623 K) has been seldom addressed
in these catalytic systems, prompting our investigation of the
prevalent phases in HDS catalysts based on Ru and Pt as the active
metal at practical HDS conditions [17,18]. These materials exhibit
well-known phase boundaries for metal-metal sulfide transforma-
tions, which depend on S-chemical potentials and temperature
[28]. Ru and Pt catalysts persist as clusters in their metallic state
during HDS, consistent with thermodynamic expectations and con-
firmed by extensive characterization [17,18], thus allowing us to
assess turnover rates on such uniform structures. The marked
kinetic consequences of a metal or sulfide bulk phase, as shown
here for Re-based catalysts that retain their bulk phase during
HDS, illustrate how the number of sites that can reversibly bind
S-atoms depends critically on the presence of a metal or sulfide
core, which must be characterized at sulfur chemical potentials
prevalent in HDS catalysis.

Here, we address the site requirements and elementary steps
for thiophene HDS reactions on Re-based catalysts, present during
reaction in either their metal or sulfide form. Re sulfide, which
exhibits a lamellar structure similar to those in Mo and W sulfides,
has been reported to show higher HDS rates and hydrogenation
selectivities than the Co-MoS2 compositions widely used in prac-
tice [29]. Re metal clusters retained their metallic bulk at practical
HDS reaction conditions, thus allowing mechanistic and reactivity
studies without any concomitant phase transformations, which
would otherwise cause structural changes as S-chemical potentials
vary with reaction conditions. Re sulfide structures, formed by sul-
fidation of Re2O7 precursors dispersed on SiO2 supports, also
retained their anisotropic lamellar structure during catalysis. The
presence of a different phase when two precursors are exposed
to identical conditions reflects significant nucleation barriers in
sulfide-metal interconversions during HDS catalysis. This allows
the mechanism and reactivity of metal and sulfide Re structures
to be compared over a broad range of HDS conditions, without such
conditions influencing kinetic responses through phase changes.

Thiophene HDS turnover rates were more than 100-fold higher
on ReSx than on Re metal surfaces at similar S-chemical potentials,
set by the prevalent H2S/H2 ratios, but all kinetic effects of H2, thio-
phene, and H2S pressures were similar on Re and ReSx catalysts.
They reflect kinetically-relevant addition of H-atoms (H*) to thio-
phene (T*) on interstices within templates of unreactive S-atoms
[30], which act as the active site in their vacant form (*). These
interstices reversibly bind all reactive intermediates, as required
for catalytic turnovers, which must bind S* and equilibrate it with
the contacting H2S/H2 mixtures. The different reactivity of Re and
ReSx surfaces thus reflects a different number of interstices on their
surfaces, but these interstices exhibit similar binding properties.
The larger fraction of these interstices prevalent on ReSx reflects
its weaker MAS bonds relative to those on Re surfaces, and in such
an indirect manner MAS bond energies influence HDS turnover
rates.

Tetrahydrothiophene (THT) and C4 (butene/butane) form with
THT/C4 ratios that decrease with residence time but that do not
depend on thiophene pressures or S-chemical potentials, indicat-
ing that both form as primary products on the same surface sites
and that THT can also form C4 products via readsorption and desul-
furization on such sites. The involvement of protonic and hydridic
forms of bound H-atoms for these two reactions was previously
invoked to account for apparent effects of H2S in favoring THT
products [17,31,32], which are shown here to reflect instead the
lower thiophene conversions as H2S/H2 ratios increase. Higher H2

pressures favor THT over C4 formation via primary routes, showing
that CAS cleavage is mediated by transition states that contain
fewer H-atoms than for THT formation. These requirements for
unsaturated species in CAS cleavage resemble those for CAC cleav-
age in alkanes and cycloalkanes [33–36] and CAO cleavage in alka-
nols [37], adding HDS as yet another example of bond scission
facilitated by dehydrogenation events, which lead to entropy gains
(via H2(g) formation) and to enthalpic stabilization of CAX (X = C,
O, S) cleavage transition states and the weakening of CAX bonds.
2. Methods

2.1. Catalyst synthesis

Supported Re catalysts were prepared using a SiO2 support
(Cabosil, HS-5, 310 m2 g�1), acid-washed with 1 M HNO3 and trea-
ted in flowing dry air (Praxair, 99.99%, 1.0 cm3 g�1 s�1) at 773 K
(0.033 K s�1) for 4 h before contact with Re precursors. Aqueous
solutions of NH4ReO4 (Aldrich, 99%+) were impregnated onto
SiO2 to the incipient wetness point [38–42], and samples were kept
in vacuum at ambient temperature for >12 h and treated overnight
in flowing dry air (Praxair, 99.99%, 1.0 cm3 g�1 s�1) at 353 K. Higher
Re contents (e.g. 13.5% wt.) required sequential impregnation
cycles (because of NH4ReO4 solubility) with intervening drying
cycles overnight in stagnant air at 353 K [40,41]. Samples were
then treated in flowing dry air (Praxair, 99.99%, 1.0 cm3 g�1 s�1)
at 573 K (0.033 K s�1) for 3 h, except in the case of the 0.97% wt.
sample, which was not treated at 573 K in air before later
treatments.

The metal form of these catalysts was prepared by treating the
dispersed ReOx precursors in flowing H2 (Praxair, 99.999%, 1.0 cm3

g�1 s�1) at 773 K (0.05 K s�1) for 2 h at ambient pressure and then
passivating them in O2/He (Praxair, 0.1% O2/He, 1.0 cm3 g�1 s�1;
ambient temperature, 2 h). Their sulfide form (ReSx) was prepared
by exposing the air-treated samples to flowing H2S/He (Praxair, 5%
H2S, certified mixture, 45 cm3 g�1 s�1) at 773 K (0.05 K s�1) and
ambient pressure for 2 h, after they were loaded into a packed
bed reactor. This treatment is denoted as ‘‘in situ sulfidation” when
used before catalytic measurements. Table 1 lists the samples ref-
erenced in this study and their respective structural properties.
2.2. Catalyst characterization

Re contents were measured by inductively-coupled plasma
optical emission spectroscopy (ICP-OES; Galbraith Laboratories,
Inc.). Temperature-programmed reduction (TPR) and X-ray diffrac-
tion (XRD; Cu Ka radiation k = 0.15418 nm, Siemens D500) were
carried out on samples after treatment in air. TPR experiments
were conducted using 1% H2/Ar (Praxair, certified mixture, �90
cm3 g�1 s�1) by heating samples to 1073 K (0.17 K s�1) and mea-
suring H2 concentrations by thermal conductivity detection (150
mA bridge current) calibrated with a CuO standard.

Transmission electron microscopy (TEM), oxygen chemisorp-
tion uptakes, and XRD were used to determine cluster size and
metal dispersion. TEM was carried out on samples treated at 773
K (0.05 K s�1) in H2 (Praxair, 99.999%) or H2S/He (Praxair, 5% H2S,
certified mixture) flow for 2 h (denoted as fresh samples). These
samples were also exposed to a stream with S-chemical potential
typical of those prevalent during HDS catalysis (573 K, 3.0 MPa



Table 1
Catalyst dispersion and diameter of Re/SiO2 and ReSx/SiO2.

Nominal/measured weight loading (% wt. Re) Phase Re dispersionb Cluster diameter (nm) Dispersity Index (DI)f

15/13.5a Re0 0.17 6.9d/6.9e 1.3
15/13.5a ReSx 1c – –
5/4.3a Re0 0.41 2.9d/2.4e 1.2
5/4.3a ReSx 1c – –
1/0.97a Re0 0.95 1.2d/– –

a Measured from ICP-OES elemental analysis (Galbraith Laboratories, Inc.).
b Based on O2-chemisorption assuming a O:Res stoichiometry of 0.4:1 (see Section 3.1).
c Sulfide phases are assumed to be fully-dispersed.
d Calculated from Re dispersion, assuming spherical clusters and bulk diameter of Re metal: < diameter > (nm) = 1.18/(fractional dispersion).
e Surface-averaged diameter from cluster size distributions measured via TEM (Eq. (1)).
f Calculated from the ratio of surface-averaged to number-averaged cluster sizes (Eq. (2)).

E. Yik, E. Iglesia / Journal of Catalysis 368 (2018) 411–426 413
H2, 1.0 kPa H2S; 5 h), cooled in He (Praxair, 99.999%) flow, and
passivated with O2/He (Praxair, 0.5% O2/He, certified mixture) in
order to assess any structural changes caused by exposure to the
S-chemical potentials relevant in HDS catalysis (denoted as spent
samples). TEM samples (fresh and spent) were prepared by dis-
persing powders in acetone and placing the suspension dropwise
onto an ultrathin holey carbon film supported on a 400 mesh
copper grid (Ted Pella, Inc.). The deposited samples were dried at
ambient conditions and examined using a JEOL 1200 EX TEM
operated at 80 kV or a Philips 420 TEM operated at 120 kV.
Surface-averaged cluster sizes were calculated from > 300 Re parti-
cles using the equation:

dh isurf ¼
P

inid
3
iP

inid
2
i

ð1Þ

where ni represents the frequency of clusters exhibiting a diameter
of di.

The dispersity index (DI) was calculated by normalizing the
surface-averaged diameter by its number-averaged diameter:

DI ¼ dh isurf
dh inumber

; dh inumber ¼
Rinidi

Rini
ð2Þ

with values below 1.5 typical of monodispersed, colloidal metal
clusters [43].

O2 chemisorption uptakes were measured volumetrically on Re/
SiO2, following similar protocols reported in the literature [24–26],
at 0.1–50 kPa O2 pressure (Praxair, 99.999%) and 298 K, 323 K, and
473 K, after treating passivated samples in pure H2 flow (Praxair,
99.999%, 17 cm3 g�1 s�1) at 773 K (0.05 K s�1) for 1 h and evacuat-
ing (1 Pa typical) while cooling to ambient temperature over 2 h
(Pfeiffer Vacuum IPS 100). Re dispersions (defined as the fraction
of Re atoms exposed at cluster surfaces relative to total Re atoms,
Resurf/Retotal) were determined using a 0.4:1 O:Res stoichiometry
(determined by TEM comparisons, Section 3.2). Volume-averaged
cluster diameters were obtained from Rietveld refinement analysis
(Maud software [44]; SI, S.1) of diffractograms obtained from XRD.

The formation of H2S during H2 treatment of samples treated in
H2 or H2S/He (fresh samples) and of samples treated under simu-
lated HDS conditions (spent samples) was used to determine
S/Re ratios; these experiments are denoted as TPR-S in order to
distinguish them from H2 treatments intended to remove O-atoms
from ReOx precursors. Fresh samples, after their treatments in H2

and H2S/He (as described in Section 2.1), were cooled in flowing
He to ambient temperature before TPR-S experiments. Spent sam-
ples, after exposure to typical HDS temperatures and S-chemical
potentials (573 K, 3.0 MPa H2, 3.0 kPa H2S; 3 h), were also cooled
in flowing He to ambient temperature before TPR-S. All samples
(0.015 g) were then exposed to a H2-containing stream (2% H2/8%
Ar/He mixture, Praxair, certified mixture, 220 cm3 g�1 s�1) and
heated to 873 K or 973 K (0.17 K s�1) and held at that temperature
for 1 h. The H2S formed during the experiment was detected by
mass spectroscopy (Leybold Inficon, Transpector Series; response
factors from H2S calibration standards) in order to determine S/
Re ratios in each sample.

Fresh and spent samples (prepared by the same treatments
described above for TEM analysis) of 4.3% wt. ReSx/SiO2 and Re/
SiO2 (0.41 dispersion, Table 1) were also examined using X-ray
absorption spectroscopy (XAS). After cooling to ambient tempera-
tures in He, samples were rapidly transferred in a N2 atmosphere
into a XAS cell. The Re LIII-edge was used to obtain the X-ray
absorption near-edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS) spectra at the Stanford Syn-
chrotron Research Laboratory (SSRL, Beamline 4-1). EXAFS data
were extracted from the raw files using the Athena software;
the regression of structural parameters was carried out using the
Artemis software [45,46] over the k-range (photoelectron wave
number) and absorber-scatterer distances of 3.5–16.1 Å�1 and
1.5–5.7 Å, respectively, for Re/SiO2 [47,48] and 2.0–15.9 Å�1 and
1.0–3.5 Å [47,48], respectively, for ReSx/SiO2 [47,48]. Transmitted
and incident X-ray intensities (It and I0) were used to calculate
absorption coefficients (l) as a function of incident energies (E).
Background subtraction and normalization of l by the step height
change at the absorption edge energy (Dl0) gave v(E), defined as:

v Eð Þ ¼ l Eð Þ � l0 Eð Þ
Dl0

ð3Þ

where l(E) is the measured absorption coefficient and l0(E) is the
fitted absorption coefficient reflecting the absorption of an isolated
atom. This function can be regressed to the form of the EXAFS equa-
tion [49,50], which describes constructive and destructive interfer-
ence patterns from emitted photoelectron scattering, by using
single and multiple scattering pathway models (FEFF program
[51]) in order to derive structural parameters such as absorber-
scatterer coordination numbers and distances.

2.3. Hydrodesulfurization rates and selectivities

Turnover rates and product selectivities were measured in a
packed bed reactor with plug-flow hydrodynamics [17,18]. Re/
SiO2 samples were diluted with SiO2 (Cab-O-Sil, HS-5, 310 m2

g�1) at 1:1 and 4:1 diluent:catalyst ratios (by mass). ReSx/SiO2

samples were prepared by treating ReOx/SiO2 samples in H2S/He
in the reactor prior to catalytic measurements (in situ sulfidation),
and thus, the air-treated powder precursors were loaded into the
reactor either in undiluted form or diluted 1:1 with SiO2 (Cab-O-
Sil). For diluted mixtures, the samples were pressed and sieved
to retain 0.125- to 0.180-mm aggregates. Aggregates were mixed
with quartz granules of similar size in order to ensure isothermal
reactors. Calculations using the Mears’ criterion for internal trans-
port artifacts confirmed the absence of any mass or heat transfer
effects on measured rates [52] (SI, S.2).
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After samples were loaded into the reactor, they were exposed
to treatments in pure H2 (Praxair, 99.999%, 2.9 cm3 g�1 s�1) or 5%
H2S/He (Praxair, certified mixture, 45 cm3 g�1 s�1) at 773 K for 2
h within the reactor in order to form Re/SiO2 or ReSx/SiO2, respec-
tively (Section 2.1). Temperatures were then decreased to 573 K,
and H2 (Praxair, 99.999%) and H2S (0.5% H2S/H2, Praxair, certified
mixture) pressures were set to the desired values. Thiophene (Alfa
Aesar, 99%) and decane (Aldrich, 99+%, used as the thiophene sol-
vent and internal standard) were vaporized into the H2S/H2 flow
using a high-pressure syringe pump (Isco 500D); the injection
point and all transfer lines thereafter were kept above 433 K to
avoid condensation.

The speciation and concentrations of all compounds in the efflu-
ent stream were determined by on-line gas chromatography (Agi-
lent 6890) using a methyl silicone capillary column (HP-1, Agilent,
25 m � 0.32 mm � 0.52 mm film) connected to a flame ionization
detector and a Porapak Q packed column (Supelco, 1.82 m � 3.18
mm, 80–100 mesh) connected to a thermal conductivity detector.
Rates are reported as the molar rate of conversion of thiophene
normalized per surface g-atom for Re catalyst from oxygen
chemisorption and per total Re atom for ReSx (because their small
lamellar structures did not allow accurate dispersion estimates),
Fig. 1. TEM images of (13.5% wt.) of Re/SiO2 (a) after H2 treatment of ReOx at 773 K and (
H2S/H2, 573 K) and of ReSx/SiO2 (c) after H2S/He treatment of ReOx at 773 K and (d) after e
573 K).
thus providing a lower bound for reactivity of the latter. Residence
times and concentrations were varied by changing H2, H2S, and
thiophene flow rates using electronic controllers (Parker, Series
201); system pressures were maintained using a back pressure reg-
ulator (Mity Mite) with a Teflon diaphragm (Freudenberg Oil and
Gas). Axial concentration and chemical potential gradients were
minimized by co-feeding H2S, maintaining low conversions
(3–15%), and extrapolating data to zero residence time where
required. Rates were measured over a broad and practical range
of H2 (1–3 MPa), H2S (0.2–3.0 kPa), and thiophene (1–10 kPa)
pressures.

3. Results and discussions

3.1. Structure of Re-based catalysts and effects of treatment protocols

X-Ray diffractograms showed lines corresponding to Re2O7

crystallites after impregnation and treatment in air at 573 K (SI,
S.3, Fig. S.3-1), consistent with the reported Re-ReOx-O2 phase dia-
gram [53]; these diffraction lines were very broad, thus preventing
reliable estimates of the mean cluster diameters of these ReOx pre-
cursors, but indicative of highly dispersed Re2O7 domains. These
b) after exposure to simulated hydrodesulfurization conditions (3.0 MPa H2, 0.00033
xposure to simulated hydrodesulfurization conditions (3.0 MPa H2, 0.00033 H2S/H2,
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ReOx precursors formed Re metal clusters after thermal treatment
in H2 and ReSx domains after treatment in H2S/He mixtures (Sec-
tion 2.1). The sharp H2 consumption peaks observed below 770 K
reflect the autocatalytic reduction of Re7+ to Re0 [41,54,55] (SI,
S.4, Fig. S.4-1); the amount of H2 consumed (H2/Re = 3.4–3.6) is
consistent with the reduction of Re2O7 to Re0. TEM images showed
very different morphologies after treatment in H2 and H2S/He at
773 K. H2-treated samples showed quasi-spherical Re clusters
(Fig. 1a) while samples exposed to H2S gave the lamellar structures
(Fig. 1c) characteristic of ReSx [29].

The radial structure functions of Re/SiO2 (Fig. 2a; 4.3% wt. load-
ing, 2.4 nm TEM surface averaged diameter) exhibited features
similar to those for a Re foil standard and to those reported
elsewhere for Re metal particles (on mordenite/c-Al2O3 mixed
support) treated in moist H2 at 773 K [48]; the radial structure
functions, however, exhibited weaker features for Re/SiO2 than
for Re foils, as expected from the smaller number of neighboring
scatterers and the lower Re-Re coordination numbers in small clus-
ters. The formation of ReS2 upon treatment of ReOx/SiO2 samples in
H2S/He at 773 K is evident from the lamellar features in micro-
graphs (Fig. 1c), from the S/Re ratio of 2.05 during H2 treatments
(Fig. 3a; TPR-S), and from a radial structure function (Fig. 2b) that
resembles that for a bulk ReS2 standard [47]. The structure and
S-content of these Re/SiO2 and ReS2/SiO2 samples after exposure
to a stream with S-chemical potentials typical of HDS catalysis
(H2S/H2 = 3.3 � 10�4, 573 K) were also examined. TEM images
showed that ReSx lamella remained intact (Fig. 1d), in spite of
Fig. 2. Fourier transforms for the EXAFS spectra (corrected by phase shift) for (4.3% wt.) (
SiO2 and (d) spent ReSx/SiO2, after exposure to simulated hydrodesulfurization conditions
[48], over range of k (photoelectron wave number) and R (distance between absorbing a
2.0–15.9 Å�1 and 1.0–3.5 Å, respectively, for ReSx/SiO2. Multiple (Re) or single (ReSx) pho
regression indicated as a dotted line (���) represents the inclusion of an additional Re-S s
length of the absorber-scatterer pair (Re-Re and Re-S, respectively) and CNi denotes the
the loss of S-atoms (S/Re = 1.32 vs. 2.05; Fig. 3b). Re0 clusters did
not change appreciably in structure or size (6.9 vs. 5.6 nm after
H2S/H2 treatment; 13.5% wt. Re/SiO2; Fig. 1a and b) upon exposure
to H2S/H2 mixtures; their low S/Re ratio (0.10; Fig. 3c) corresponds
to about 0.6 ML S* on Re0 clusters with 0.17 dispersion (Table 1).

Radial structure functions for the fresh Re/SiO2 and the ReSx/
SiO2 samples were very different, but each remained unchanged
after contact with H2S/H2 mixtures (Fig. 2). X-Ray absorption data
were regressed to the EXAFS equation [49,50]; the resulting fits,
using models that considered only the first coordination sphere
for ReSx and up to the third shell for Re, allowed estimates of coor-
dination numbers, bond lengths, and Debye-Waller factors for rel-
evant scattering paths using established procedures [45,46] and
the atomic positions in the bulk crystal structures of Re and ReSx
as the initial structure in optimizations [47,48]. Coordination num-
bers and bond lengths (Re-Re, Re-S) were consistent with previous
EXAFS studies [47,48] on bulk ReSx and Re nanoparticles (�3 nm
cluster size).

A LIII Re-S first-shell single scattering path was included in the
Re/SiO2 structure refinement (Fig. 2c) in order to determine
whether bound S-atoms were detectable at Re metal surfaces
exposed to H2S/H2 ratios prevalent during HDS catalysis. The Re-
S distance (0.236 nm), determined from regression of the fine
structure of this sample, was slightly shorter than in ReSx after sul-
fidation and also after exposure to H2S/H2 (0.238 nm), consistent
with the stronger (and shorter) Re-S bonds expected at Re metal
surfaces compared to Re-S bonds in bulk ReS2 [30,56]. Re-Re
a) fresh Re/SiO2 and (b) fresh ReSx/SiO2, synthesized from ReOx and for (c) spent Re/
(3.0 MPa H2, 1 kPa H2S, 573 K). Spectral fits were based on the EXAFS equation, v(R)
nd scattering atoms) of 3.5–16.1 Å�1 and 1.5–5.7 Å, respectively, for Re/SiO2 and of
toelectron scattering pathway models are used to fit (—) measured spectra (s). The
cattering path for the spent Re/SiO2 (c). The distances (dRe-Re, dRe-S) reflect the bond
number of nearest i neighbors (coordination number) in the first shell.



Fig. 3. Temperature programmed reduction (TPR-S) profiles shown as H2S forma-
tion rates and used to determine the S-content of (13.5% wt.) (a) fresh ReSx/SiO2, (b)
spent ReSx/SiO2 (after exposure to simulated hydrodesulfurization conditions: 3.0
MPa H2, 0.001 H2S/H2, 573 K) and of (c) spent Re/SiO2 (after exposure to simulated
hydrodesulfurization conditions: 3.0 MPa H2, 0.001 H2S/H2, 573 K). Inset: temper-
ature ramp used for all samples.

Fig. 4. Normalized XAS absorption coefficient (l), measured from ratios of incident
(Io) and transmitted (It) X-ray intensities (It = I0e�lx, x is sample thickness) as a
function of relative energy, referenced to the edge energy measured on Re foil at
SSRL (10.54 keV), for (4.3% wt.) Re/SiO2 (a) after H2 treatment of ReOx at 773 K
(fresh Re) and (b) after exposure to simulated hydrodesulfurization conditions (3.0
MPa H2, 0.00033 H2S/H2, 573 K) (spent Re) and for ReSx/SiO2 (c) after H2S/He
treatment ReOx at 773 K (fresh ReSx) and (d) after exposure to simulated
hydrodesulfurization conditions (3.0 MPa H2, 0.00033 H2S/H2, 573 K) (spent ReSx).
Inset: differences in l near the LIII edge of (i) lfresh Re – lspent Re (- -), (ii) lfresh ReSx –
lspent ReSx (—), and (iii) lspent Re – lspent ReSx (���).
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features in the Re/SiO2 sample, however, overlapped those for Re-S,
and measured spectra were well-described whether this Re-S scat-
tering path was included or not. Consequently, the presence of che-
misorbed S-atoms on Re/SiO2 after H2S/H2 treatments cannot be
determined unequivocally from this analysis but is clearly evident
from S/Re ratios (Fig. 3c). ReSx/SiO2 gave nearly identical X-ray
absorption spectra before and after H2S/H2 treatment, even though
they contain different S/Re ratios (2.05 and 1.32), indicative of neg-
ligible changes to the bulk structure of ReSx.

The near-edge region in EXAFS spectra showed a white-line at
the LIII Re edge (Fig. 4), corresponding to the excitation of 2p elec-
trons to 5d bound states; its intensity is expected to increase as the
5d occupancy decreases upon oxidation of Re centers. The formal
oxidation state of Re should increase as its surface is titrated by
S-adatoms upon exposure of Re/SiO2 to H2S/H2 mixtures. Instead,
the white-line weakened upon exposure of Re/SiO2 to H2S/H2, sug-
gesting that Re did not oxidize as Re-S bonds were formed. This
observation suggests that sulfur is a weaker oxidant than oxygen;
indeed, sulfur is less electronegative than oxygen, and MAS bonds
in transition metal sulfides are known to be more covalent than
MAO bonds in transition metal oxides [57,58]. Some studies have
also suggested that chemisorption of sulfur compounds on transi-
tion metal surfaces occurs via electron donation from the S-atom
to the d-orbitals of the metal [59], which would lead, as observed
here, to a decrease in white-line intensity upon formation of
S-adlayers. Indeed, slightly weaker white-line features were
observed for ReSx/SiO2 relative to Re/SiO2 (for samples not exposed
to H2S/H2), which seems consistent with electron donation from
S-atoms to Re centers, in spite of the Re4+ formal valence in ReS2.
As evident from the difference spectrum (Dl) of the fresh and
spent ReSx (Fig. 4, inset, ii), ReSx/SiO2 samples gave stronger
white-line features after exposure to H2S/H2 mixtures, a treatment
that led to the loss of S-atoms, as shown by TPR-S (Fig. 3). The
XANES features in Re and ReSx retained their significant differences
after exposure to HDS-type conditions (Fig. 4, inset, iii), indicating
that exposure to similar H2S/H2 ratios for 5 h, in contrast with the
behavior of Ru and Pt catalysts [17,18], did not lead to similar
structures and oxidation states. Overall, these trends indicate an
increase in valence electron density around the Re center with
increasing number of Re-S bonds, in spite of the oxidation state
formalisms typically cited.
The metastable nature of the structures formed by the initial
treatments of Re2O7/SiO2 precursors is consistent with measured
HDS rates and selectivities (at 3.0 MPa H2, 2.5 kPa thiophene,
573 K) on Re/SiO2 and ReSx/SiO2 that remained constant with time
for more than 100 h (Fig. 5), indicative of their unchanged respec-
tive structures during catalysis. Turnover rates were, however,
about 100-fold larger on ReSx/SiO2 than Re/SiO2; this represents
a lower bound for the turnover rate on ReSx because all Re atoms
in this sample are assumed to reside at surfaces (Section 3.2). Ther-
modynamic data from Re-S phase diagrams [28] show that bulk Re
metal is the stable phase at all reaction conditions (<0.01 H2S/H2,
573 K). It seems plausible that nucleation barriers prevent the
significant structural rearrangements required to interconvert
lamellar structures of ReS2 and isotropic hcp structures of Re metal
at these temperatures. Turnover rates on a ReSx/SiO2 sample, sub-
sequently treated in H2 at the conditions used to form Re/SiO2 from
Re2O7/SiO2 (Section 2.1), were lower than those on fresh ReSx/SiO2

(SI, S.5, Fig. S.5-1; 1.9 � 10�2 to 0.41 � 10�2 s�1 after treatment in
H2, 773 K, 2 h), indicative of the conversion of some ReSx to Re
metal at these higher temperatures, as expected from the evolution
of some H2S from ReSx at 773 K during TPR-S (Fig. 3a). A subse-
quent sulfidation treatment (5% H2S/He, 773 K, 2 h), however, did
not restore initial rates for this sample, consistent with the refrac-
tory nature of Re metal towards the nucleation of the thermody-
namically stable ReSx phase, even at these high sulfur chemical
potentials. These interconversion hurdles are apparently much less
severe for the conversion of ReOx to Re or ReSx.
3.2. Dispersion of Re0 and ReSx structures

H2 chemisorption methods are widely used to measure metal
dispersions [17,18] but are unreliable for Re-based materials
because H2 dissociation barriers lead to inconsistent H:Res ratios
at saturation [24,39,60–62]; such adsorption stoichiometries are
also unreliable for CO and O2 titrants [24] because of diverse bound
configurations and subsurface penetration, respectively. The
oxophilic nature of Re atoms leads to O* saturation coverages at



Fig. 5. Hydrodesulfurization turnover rates of thiophene (T) consumption on (13.5%
wt.) Re/SiO2 (j) and ReSx/SiO2 (h) normalized by surface and total moles of Re,
respectively, as a function of time on stream (3.0 MPa H2, 2.5 kPa thiophene, 573 K,
15–20% conversion).

Fig. 6. Transmission electron micrograph and measured particle diameter distri-
bution for 4.3% wt. Re/SiO2, after H2 treatment of Re2O7 at 773 K for 2 h using the
procedure described in Section 2.1. Surface-averaged particle size (<d>surf), from
TEM, is reported.
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near ambient temperatures, thus inhibiting its diffusion into the
bulk. The broad range of reported saturation O/Res stoichiometries
(0.50–1.0 ML [24–26]) required that we confirm a more reliable
value by comparing TEM and adsorption data on 4.3% and 13.5%
wt. Re/SiO2, which contain large numbers of TEM-detectable and
nearly monodispersed clusters (Figs. 6 and 1a; dispersity indices
of 1.2–1.3) with 2.4 nm and 6.9 nm mean diameters, respectively.
Such comparisons gave similar saturation coverages on both sam-
ples at 323 K (0.34 and 0.41 ML O*). These uptakes were similar at
298 K and 323 K, but increased at 373 K, indicative of the onset of
bulk diffusion (SI, S.6, Fig. S.6-1). The dispersion of the 0.97% wt.
Re/SiO2 sample could not be measured from micrographs; it was
determined to be 0.95 from O2 uptakes (using 0.4 ML O* as satura-
tion), corresponding to a mean particle size of about 1 nm.
Rietveld refinement of X-ray diffractograms for 13.5% wt. Re/
SiO2 (SI, S.1, Fig. S.1-1) gave a (volume-averaged) mean diameter
larger than that from TEM size distributions (13 vs. 7.3 nm). These
differences may reflect the presence of a few large Re crystallites
that are difficult to distinguish from support agglomerates in
micrographs, but which contribute disproportionately as sharp
and intense components of the diffraction lines.

The surface area of ReSx lamellae could not be accurately deter-
mined from micrographs or chemisorption uptakes. Methods that
count active sites from the length and stacking number of sulfide
layers require assumptions about their trigonal or hexagonal
arrangements in reconstructing the two-dimensional TEM projec-
tions [19]; these methods assume that only edge sites in these
lamellar structures (e.g. MoS2) are active for HDS. O2 uptakes on
sulfides merely reflect the number of vacancies formed by a given
reductive treatment and act as reactivity predictors for a given
composition [13]; they cannot be used, however, as site counts
in determining turnover rates [63]. Consequently, turnover rates
reported here are based on the assumption that all Re atoms in
ReSx are present at surfaces, consistent with the well-dispersed
lamellar structures evident from TEM images. These turnover rates,
for both Re and ReSx, reflect measured rates, normalized on a con-
sistent basis of exposed atoms, without designating which of these
exposed atoms participate in turnovers as ‘‘active sites.” Instead,
we infer the nature of the working surfaces from how these rates
vary with the structure of the domains that contain these sites,
rather than presupposing, for instance, the involvement of specific
‘‘hydrogenation sites” or of certain charged H-species (Hd+, Hd�),
assigned without convincing evidence to rim or edge regions of
layered structures in the case of MoS2 [6,27,64]. In fact, the
involvement of such distinct sites would contradict our data, which
indicate that all products (i.e., tetrahydrothiophene, butene, and
butane) form on similar types of sites (Section 3.3) and that both
Re and ReSx exhibit similar kinetic trends and selectivities
(Sections 3.4 and 3.5). These observations support the argument
that HDS can occur, as in the case of most redox cycles on oxides,
on basal planes with labile heteroatoms.

3.3. Thiophene hydrodesulfurization turnover rates on Re/SiO2 and
ReSx/SiO2 catalysts

The depletion of thiophene reactant and the concomitant for-
mation of H2S cause rates to decrease with increasing residence
time (Fig. 7). H2S added to H2/thiophene reactants maintained a
nearly constant axial S-chemical potential along the bed; such
reactant mixtures, together with modest thiophene conversions
(5–10%), imposed nearly differential conditions, thus allowing
rates and selectivity measurements with modest or no extrapola-
tion to the condition at the reactor inlet. Thiophene forms an
organosulfur compound (tetrahydrothiophene; THT) and acyclic
alkenes and alkane (1-butene, cis-2-butene, trans-2-butene, n-
butane; C4) (Fig. 8). Neither butadiene nor dihydrothiophene were
evident in the effluent (dihydrothiophene traces were detected in
ReSx), in contrast with their presence among thiophene products
on Ru and Pt catalysts [17,18]; the facile hydrogenation steps indi-
cated by such products are also evident in the prevalence of butane
among C4 products. All linear butene regioisomers were equili-
brated and are treated here as one lumped product. No
hydrogenolysis products of the n-decane internal standard used
were detected.

Primary THT products also form linear C4 products via sec-
ondary reactions on Re and ReSx at all H2 pressures (1–3 MPa)
(Scheme 1), leading to lower THT selectivity and higher C4 selectiv-
ities with increasing residence time (Fig. 8). The selectivity to pri-
mary products (those formed during a single surface sojourn) is
given by extrapolation to zero conversion using the functional



Fig. 7. Hydrodesulfurization turnover rates of thiophene consumption as a function
of residence time for different H2S/H2 ratios (1.7 � 10�4 (d), 3.0 � 10�4 (▲), 1.0 �
10�3 (j)) on 13.5% wt. Re/SiO2 (3.0 MPa H2, 2.5 kPa thiophene, 573 K). Dashed lines
indicate trends.
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form of a mechanism-based rate equation (Section 3.5). Thiophene
conversion rates depend sensitively on thiophene pressure and
H2S/H2 ratio (Fig. 9a and c), but selectivities and their trends with
conversion are unaffected over a nearly ten-fold range of these
pressures and ratios (Fig. 8), indicating that the pathways that form
THT and C4 occur on sites that sense adsorbed species derived from
reactants and products to an identical extent.

H2S inhibits HDS rates [2,4,5,65], leading some previous studies
to infer that it also favors THT over C4 products [17,31,32] and to
propose that Hd+ species, formed via heterolytic H2S dissociation
on MAS site pairs (*A*S) to give (*Sd�Hd+A*Sd�Hd+) species [66,67],
mediate the hydrogenation routes. The data in Figs. 8 and S.7-1
show that such pathways are not required to account for the
effects of H2S on THT/C4 ratios, and previous reports of such effects
merely reflect inaccuracies in the extrapolations to zero conver-
sion. In fact, THT and C4 selectivities, and thus their ratios, were
unaffected by H2S/H2 ratios over a ten-fold range when these selec-
tivity ratios are compared at the same thiophene conversion
(Fig. 8).
Fig. 8. Selectivity to tetrahydrothiophene (THT,d), linear butenes (C4
=,▲), n-butane

(C4
0,j), and dihydrothiophene (DHT,r) as a function of conversion on 13.5% wt. Re/

SiO2 at (a) 2.0 MPa H2, (b) 3.0 MPa H2 and on 13.5% wt. ReSx/SiO2 at (c) 3.0 MPa H2

at 573 K, 1.0–10 kPa thiophene pressures and (0.67–5) � 10�4 H2S/H2 ratios.
3.4. Elementary steps of thiophene hydrodesulfurization on Re and
ReSx catalysts

Traces of H2S and organosulfur compounds (<1 ppm) strongly
inhibit (de)hydrogenation, hydrogenolysis [59], reforming [30],
and Fischer-Tropsch synthesis [68] on metals via the formation
of dense S-adlayers, which is also evident from the adsorption of
S-atoms on low index extended metal (Ni, Pt, Re) surfaces [69–
71]. Such dense adlayers reflect large and negative S-adsorption
enthalpies (at �0.50 saturation coverage, �100 to �150 kJ (mol
H2S)�1) on supported metal clusters (Ni, Ru, Fe, Co, Pt, Ir) [72–76].

Equilibrated dissociation of H2S onto metal sites (M) leads to
bound H* and S*. When H2 dissociation is also equilibrated, surface
coverages and S-chemical potentials depend solely on H2S/H2

ratios:

M sð ÞþH2S gð Þ$M�S surfaceð ÞþH2 gð Þ; DG0
ads ¼RT lnðPH2S=PH2 Þ

ð4Þ
H2S/H2 ratios present during HDS catalysis are much higher
than those required to form saturated adlayers (>10�5) at typical
reaction temperatures (573–673 K). The consequent high density
of S-atoms at surfaces leads to a dearth of vacant sites, which are
required as intermediates during catalytic turnovers, thus causing
a strong decrease in rates as H2S/H2 ratios increase (Fig. 9c). In



Scheme 1. Proposed network for thiophene reaction on active surface templates of
Re and ReSx. Thiophene and H2-derived species adsorb on interstitial binding sites
(*), retained on refractory surface templates of S-adatoms. Thiophene consumption
rates are mediated by a kinetically-relevant transition state derived from thiophene
and x H-atoms (x = 1, 2, 3, or 4) to form a common reaction intermediate, I*.
Tetrahydrothiophene (THT) and butene (C4

=) are observed primary products on Re
and ReSx, and they form from subsequent surface reactions of I* and H-atoms on
similar types of sites. The kinetically-relevant transition states that mediate THT
and C4

= formations are derived from I* and w and y H-atoms, respectively. Secondary
THT desulfurization reactions to form C4

= also occur. All linear butene regioisomers
are equilibrated and form butane (C4

0) via secondary hydrogenation reactions.

Fig. 9. Hydrodesulfurization turnover rates of thiophene consumption on 13.5% wt.
Re/SiO2 (closed symbols) and ReSx/SiO2 (open symbols, �10�2) at 573 K as a
function of (a) thiophene pressure at 2.0 MPa (.) and 3.0 MPa (r) H2, 0.0003 H2S/
H2 ratio, of (b) H2 pressure at 1.0 kPa (d), 2.5 kPa (j), and 7.5 kPa (▲) thiophene,
0.0003 H2S/H2 ratio, and of (c) H2S/H2 ratio at 3.0 MPa H2, 2.5 kPa thiophene (►).
Curves reflect regression of all measured data to the functional form of Eq. (9).
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some instances, high H2S/H2 ratios can also lead to the formation of
their respective sulfide phase, when nucleation barriers are suffi-
ciently small to allow the system to reach the phase dictated by
thermodynamics.

HDS rates increased with increasing H2 and thiophene pres-
sures (Fig. 9a and b), indicating that the transition state that medi-
ates the kinetically-relevant step contains a thiophene-derived
species with added H-atoms. Their sublinear dependencies on thio-
phene pressure are unexpected on S-saturated surfaces, for which
kinetic treatments would lead to integer kinetic orders; these
trends indicate that thiophene-derived (and possibly H2-derived)
species, in addition to those formed from H2S, influence the
denominator terms in the rate equation. This suggests, in turn,
the competitive adsorption of species derived from thiophene
and H2S, in spite of the expected strong binding and saturated cov-
erages of S* even at much lower S-chemical potentials than those
prevalent in HDS practice. This also implies that HDS turnovers
must occur on refractory surface ‘‘templates” of S-adatoms that
are able to retain interstitial spaces and thus bind all reactive inter-
mediates in the reversible manner required for catalytic turnovers.
These interstitial spaces become then the vacant binding sites, and
they define the working surface in its uncovered state, thus retain-
ing the Langmuirian properties required for the accepted treat-
ments of chemical kinetics on uniform surfaces.

The involvement of these interstices within S-adlayers as active
centers merely reflects the well-established repulsive interactions
that lead to ordering in adlayers and to S-binding energies that
decrease with increasing coverage [72–76], frequently in an abrupt
and stepwise manner with S* coverage and with a frequent sharp
drop in binding energies specifically at �0.8 ML. Similarly,
extended flat surfaces [69–71] saturate at 0.5–0.6 ML and form
ordered structures that maximize S-S distances, thus minimizing
repulsion. Thus, in a natural manner, surfaces in contact with a
given H2S/H2 ratio form a refractory surface structure consisting
of strongly-bound S-adlayers, but also adsorb molecules and more
weakly-bound S in the interstitial spaces within the template. The
Langmuirian kinetic treatment that follows hereinforth treats
these interstices as the uncovered working surface and uses the
number of interstices as the number of accessible sites, onto which
all intermediates are able to bind in the reversible manner required
for catalytic turnovers. Such constructs are also applicable to ReSx
surfaces, for which some S-atoms can be reversibly removed, until
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the structures form the uncovered working surface in the kinetic
treatments that follow. In all cases, such sites are assumed to bind
the species described in Scheme 2 in a manner that does not
depend on the coverage by other species, set by the thermodynam-
ics of adsorption of H2, H2S, and thiophene in their various
adsorbed forms.

THT and C4 products both form as primary products on the
active interstices within such refractory templates; the ratio of
THT and C4 products did not depend on thiophene pressure or
H2S/H2 ratio (Figs. 8 and S.7-1), even when adsorbed species
derived from thiophene and H2S coexisted on the surface and
H2S/H2 strongly inhibited rates (Fig. 9a and c). Thus, THT and C4

formation rates sense the occupancy of the sites by different spe-
cies to similar extents, indicative of the involvement of the same
site and possibly of common intermediates, in these two reaction
outcomes.

Total HDS rates increased with increasing H2 and thiophene
pressures (Fig. 9a and b) and decreased with increasing H2S/H2

ratios (Fig. 9c) in a manner consistent with the rate equation:

ð5Þ

The denominator terms of Eq. (5) reflect the respective site
occupancies by adsorbed species through a balance equation for
active sites:

ð6Þ
H2 + 2* 2 (H

H2S + * H2S

H2S* + * H* + H
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Scheme 2. Elementary steps for thiophene HDS and desulfurization-hydrogenation pat
refractory surface templates of S-adatoms formed on Re and ReSx, include hydrogen (H
species are derived from quasi-equilibrated H2S-H2 (steps i-iv) and thiophene (step v) ads
and H* (step vi), which forms a common reaction intermediate (I*). Tetrahydrothiophene (
that may involve one or more (i.e., n, n + 1, etc.) H-atom addition steps (steps vii and v
structure that mediates THT formation involves one more H-atom (i.e., n + 1, step vii) th
where [L] represents the total number of sites within the surface
template and (*) denotes those interstices that remain unoccupied
during steady-state catalysis. This equation is consistent with the
elementary steps in Scheme 2, with quasi-equilibrium assumptions
that render the addition of a hydrogen species (H*) to an adsorbed
thiophene intermediate (T*) the sole kinetically-relevant step. This
mechanistic interpretation brings chemical significance to the
parameters in Eqs. (5) and (6):

a ¼ k0K
0:5
H2
KT ð7aÞ

b ¼ KT ð7bÞ

c ¼ K0:5
H2

ð7cÞ

d ¼ KH2S ð7dÞ

� ¼ KH2SKHS

K0:5
H2

ð7eÞ

g ¼ KSKH2SKHS

KH2

ð7fÞ

Eq. (5) accurately describes the combined rates of formation of
THT and C4, but not their individual rates, because their relative
rates reflect a kinetic branching point that dictates the fate of a
common intermediate after the kinetically-relevant step. A previ-
ous proposal [17,18] supposes the involvement of parallel routes
to THT and C4 via different reactive intermediates at rates that
must depend similarly on H2 and thiophene pressures, indicative
of kinetically-relevant transition state structures of similar molec-
ularity, but possibly with a different atomic connectivity that
would dictate the products formed. Measured primary selectivities
*) (i)

H2S-H2 quasi-
equilibration

* (ii)

S* (iii)

S* (iv)

(v) quasi-equilibrated thiophene 
adsorption

(vi)
irreversible 

H-addition steps* (vii)

(viii)

 * (ix) quasi-equilibrated
product

adsorption-desorption
+ * (x)
hways. Surface species bound on *, which are interstitial binding sites retained on
*), hydrogen sulfide (H2S*), sulfhydryl (HS*), sulfur (S*), and thiophene (T*). These

orption steps. Thiophene conversion rates are mediated by the kinetic coupling of T*

THT) and butene/butane (C4) products form from I*, via subsequent surface reactions
iii), and desorb from * (steps ix and x). Selectivity data indicate the transition state
an the transition state that mediates C4 formation (step viii).



Fig. 10. Parity plot of measured hydrodesulfurization rates and those determined
by regression of all data to the functional form of Eq. (9) on 13.5% wt. Re/SiO2 (d)
and ReSx/SiO2 (�10�2) (▲) at 573 K, with the regressed parameters listed in Table 2.

Table 2
Kinetic parameters for thiophene hydrodesulfurization rates on 13.5% wt. Re/SiO2 and
ReSx/SiO2 from regression of kinetic data to the functional form of Eq. (9) at 573 K.

Thermodynamic/Kinetic Parameter Re ReSx

a = k0KH2
0.5KT (s�1 kPa�1.5) 2.2 (±0.4) � 10�6 2.6 (±0.5) � 10�4

b = KT (kPa�1) 6.8 (±1.2) � 10�2 1.7 (±0.2) � 10�1

g = KSKH2SKHS /KH2 (unitless) 6.3 (±1.9) � 102 3.3 (±2.6) � 102

Uncertainty (±) in reported values reflects 95% confidence level.
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to THT and C4, however, depend on H2 pressure (Fig. 8a and b; also
Section 3.5); THT and C4 must therefore form via two distinct tran-
sition states with a different number of H-atoms. The ability to
describe their combined formation rates using Eq. (5) then would
require a fortuitous coincidence that would have to persist over a
significant range of thiophene, H2 and H2S pressures (Fig. 10). We
consider instead a common kinetically-relevant step for thiophene
activation, leading to an intermediate (I*) that undergoes subse-
quent H-addition or CAS cleavage steps to form THT and C4 prod-
ucts (Section 3.5).

Some of the terms in the denominator of Eq. (5) represent
minority intermediates or spectators present at much lower cover-
ages than other species. We consider first the relative coverages of
H2S-derived intermediates (H2S*, HS*, and H*), as they form via the
equilibration of gaseous H2S and H2. At each thiophene pressure,
HDS rates normalized by (H2)0.5(T) (as dictated by the form of Eq.
(5)) are single-valued functions of H2S/H2 ratios (SI, S.8, Fig. S.8-
1), indicating that S* species prevail over those retaining H-atoms
(HS*, H2S*) and that S-chemical potentials at surfaces are set by
H2S/H2 ratios. THT and C4 selectivities (Fig. 8) were affected by
thiophene conversion and residence time, but not by H2S/H2 ratios,
in spite of their strong inhibition of turnover rates as S* coverages
increase (Fig. 9c), indicating that THT and C4 pathways do not
depend differently on H2S or H2S/H2 and therefore on S* coverages.
H2S dissociation to form S* and H* occurs via equilibrated
sequences:

H2S gð Þ þ ��H2S� ð8aÞ

H2S gð Þ þ ��HS � þ1
2
H2ðgÞ ð8bÞ

H2S gð Þ þ �� S � þH2ðgÞ ð8cÞ
Thus, the prevalence of S* over HS* and H2S* also appears to be dri-
ven by entropy, as its formation leads to the evolution of one H2(g)
molecule (Eq. (8c)).

The ability of Eq. (5), with S* as the most abundant H2S-derived
bound species (i.e., d = e = 0) and with the remaining adsorbate
species (H*, T*), to describe HDS rates was examined by non-
linear regression and sensitivity analysis methods [17,18] (SI,
S.9). The relative magnitudes of the H*, T*, and S* terms in the
denominator of Eq. (5) were determined, and the regression errors
were insensitive to the value of c, indicating that H* coverages are
much smaller than for T*, S*, or * on both Re and ReSx:

ð9Þ

This equation accurately describes all rate data over a 100-fold
range in rates for Re and ReSx catalysts and a broad and
relevant range of conditions (1–3 MPa H2, 1–10 kPa thiophene,
7–100 � 10�5 H2S/H2; Fig. 10). The large differences in turnover
rates (>100-fold) between Re and ReSx thus reflect different kinetic
and thermodynamic parameters in Eq. (9), instead of elementary
steps that differ in identity or kinetic relevance. The regressed
values of a, b, and g are shown in Table 2 for Re/SiO2 and ReSx/
SiO2 (13.5% wt. Re); they are examined in the context of their
sensitivity to binding properties, and specifically to MAS bond
energies, in Section 3.6. Next, we address, however, matters of
selectivity in the context of primary and secondary routes to THT
and C4 products in order to assess the nature and selectivity of
the kinetic branching point that dictates the products that form
from the common reactive intermediate I*.
3.5. Primary and secondary routes to tetrahydrothiophene and C4
products on Re and ReSx

Measured THT/C4 ratios decreased as conversion increased with
increasing residence time but did not depend on thiophene
pressures or H2S/H2 ratios (Figs. 8 and S.7-1), consistent with their
formation on the same active sites at coverages that lead to the
same denominator terms in their rate equations (Section 3.4).
THT and C4 formation rates depend differently on H2 pressure
(Fig. 8a and b) but not as a result of differences in their respective
denominator terms (Eq. (9)). Their different numerator terms must
reflect a different number of H-atoms in the transition states that
mediate the conversion of I* to THT and C4.

These product formation rates are discussed using the network
depicted in Scheme 1 for the kinetically-relevant formation of I*

species, which limits total thiophene conversion rates, and for their
subsequent reactions, which determine the selectivity to THT and
C4 products. These steps lead to first-order rates for the consump-
tion of I* (Eqs. (10) and (11)) with rate constants that depend on H2

pressure, but which do not vary with residence time because H2 is
present in large stoichiometric excess. The rates of these primary
paths, r1 and r2 at each H2 pressure, are given by:

r1 ¼ k1 � H2ð Þw2 �ð Þ I�ð Þ ¼ k01ð�ÞðI�Þ ð10Þ

r2 ¼ k2 � H2ð Þy2 �ð Þ I�ð Þ ¼ k02ð�ÞðI�Þ ð11Þ
where w and y must be integers, reflecting the number of H-atoms
added to I* in forming the transition states leading to THT and C4,
respectively. Their different values, and thus the different effects
of H2 on k0

1 and k0
2, account for the effects of H2 on primary THT

and C4 selectivities (Fig. 8a and b).



Fig. 11. Rate ratios of (a) primary THT to primary C4 formation rates (r1/r2) and (b)
secondary THT desulfurization to primary thiophene conversion rates (r3/r), from
regressed parameters obtained from fitting selectivity data to Eq. (16a) for (13.5%
wt.) Re/SiO2 (j) and ReSx/SiO2 (N) at 573 K. Dashed curves indicate the best fit of
(r1/r2) and (r3/r) ratios to Eqs. (17) and (16d), respectively. Lightly shaded regions
reflect the 95% confidence intervals from the regression of (r1/r2) and (r3/r) ratios to
�(H2)0.5 and �(H2)�1.0, respectively.
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The readsorption of THT onto the sites on which it formed pro-
vides another opportunity to form the transition state that medi-
ates C4 formation via secondary reactions, evident from the
observed residence time effects on THT/C4 ratios (Fig. 8; also
Section 3.3). Such reactions occur at rates (r3) given by:

r3 ¼ k3 � H2ð Þz2 �ð Þ THT�ð Þ ¼ k03ð�ÞðTHT�Þ ð12Þ
where (THT*) is the coverage of bound tetrahydrothiophene in equi-
librium with THT(g) (Scheme 2, step x), and z is the number of H-
atoms added to THT* in forming the transition state for CAS
cleavage.

Eqs. (10)–(12) lead to product formation rates given by:

d THT�ð Þ
ds

¼ k1 � H2ð Þw2 ð�Þ I�ð Þ � k3 � H2ð Þz2ð�Þ THT�ð Þ ð13Þ

d C4�ð Þ
ds

¼ k2 � H2ð Þy2 �ð ÞðI�Þ þ k3 � H2ð Þz2ð�Þ THT�ð Þ ð14Þ

These equations can be solved by assuming pseudo-steady state
concentrations for I*, which forms at rates given by Eq. (9) and
reacts at rates given by Eqs. (10) and (11):

dðI�Þ
ds

¼ r � k1 � H2ð Þw2 �ð Þ þ k2 � H2ð Þy2 �ð Þ
h i

� ðI�Þ ¼ 0 ð15Þ

Eqs. (13)–(15) describe how THT and C4 concentrations vary with
thiophene conversion (X) (SI, S.10). THT selectivity (the ratio of
THT formed per thiophene converted) is then given by:

STHT ¼ k1 H2ð Þw2
k1 H2ð Þw2 þ k2 H2ð Þy2

� k3 H2ð Þz2
k0K

0:5
H2 H2ð Þ0:5KT

� 1

 !�1

�

1� Xð Þ � 1� Xð Þ
k3 H2ð Þ

z
2

k0K
0:5
H2

H2ð Þ0:5KT

8><
>:

9>=
>;

X
ð16aÞ

where k0 was defined previously as the rate constant for the
kinetically-relevant coupling of T* and H* that determines total thio-
phene conversion rates (Scheme 2, step vi).

The regression of THT selectivity data (Fig. 8) to the general
functional form of Eq. (16a):

STHT ¼ a
b� 1

� 1� Xð Þ � 1� Xð Þb
X

ð16bÞ

leads to values for a and b, which are given by:

a ¼ k01
k01 þ k02

¼ k1 H2ð Þw2
k1 H2ð Þw2 þ k2 H2ð Þy2

ð16cÞ

b¼ k03
k0K

0:5
H2 H2ð Þ0:5KT

¼ k3 H2ð Þz2
k0K

0:5
H2 H2ð Þ0:5KT

¼ k3
k0K

0:5
H2KT

� H2ð Þd¼r3
r
;d¼1

2
ðz�1Þ

ð16dÞ
Eq. (16d) represents the rate ratio of secondary THT desulfurization
to primary thiophene consumption reactions. Rate ratios of primary
THT to C4 formation are described by rearranging Eq. (16c) into:

r1
r2

¼ k01
k02

¼ a
1� a

¼ k1 H2ð Þw2
k2 H2ð Þy2

¼ k1
k2

H2ð Þk; k ¼ 1
2
ðw� yÞ ð17Þ

Regressed values of r1/r2 data gave a half-order dependence
(k = 0.5, Eq. (17)) on H2 pressure (Fig. 11a; k1/k2 = 0.023 ± 0.002
kPa�0.5) for both Re and ReSx, consistent with THT products that
are favored over C4 as H2 pressure increases and with a THT tran-
sition state that contains one more H-atom than that for CAS
cleavage to form C4 (i.e., (w-y) = 1, Eq. (17)). In contrast, r3/r ratios
depend inversely on H2 pressure (Fig. 11b; d = �1, z = �1,
Eq. (16d)), and THT desulfurization rates consequently exhibit a
negative half-order dependence on H2 (i.e., z/2 = �0.5, Eq. (12)).
This negative H2 dependence implies that removal of H-atoms
from THT is required to cleave its CAS bond and form C4. The
sequential H-abstraction steps from THT:

THT gð Þ þ �� THT� ð18Þ

THT � þ � � TrHT � þH� ð19Þ

TrHT � þ � �DHT � þH� ð20Þ

DHT � þ � �MHT � þH� ð21Þ
are depicted in Scheme 3 (with I1* , I2* , I3* , and I4* for monohydrothio-
phene (MHT*), dihydrothiophene (DHT*), trihydrothiophene
(TrHT*), and THT*). Rates that depend on (H2)�0.5 are consistent with
a kinetically-relevant H-atom abstraction from TrHT* (Eq. (20)) and
with all preceding steps (Eqs. (18) and (19)) being equilibrated.

These conclusions about the number of H-atoms in the transi-
tion states that mediate CAS bond cleavage in thiophene and in



Scheme 3. Primary and secondary reactions on active interstices retained on
refractory surface templates of S-adatoms formed on Re and ReSx. Bound thiophene
species undergo a kinetically-relevant H-atom (H*) addition, which mediates the
rate of thiophene conversion, r. Partially-hydrogenated thiophene-derived surface
intermediates are formed on the surface, denoted as In* , where n indicates the
number of added H-atoms relative to thiophene, and these intermediates form the
transition states that mediate tetrahydrothiophene (THT; r1) and butene/butane
(C4

=, C4
0; r2) formation. I4* desorbs as THT(g), and THT(g) readsorbs on (similar)

surfaces to form C4
=, C4

0 (r3). Data indicates I3* species are quasi-equilibrated with THT
(g), and rates of THT desulfurization (r3) are mediated by a kinetically-relevant H-
atom abstraction from I3* . I2* is proposed to be the intermediate that undergoes CAS
bond activation to form C4 (i.e., ICS* ); thus, a kinetically-relevant H-atom addition to
I2* mediates primary THT formation (r1), consistent with r1/r2 ratios that exhibit a
half-order H2 dependence.
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THT also inform the nature of the relevant intermediate (ICS* ). The
common intermediate in THT and C4 formation (I*) involves
the kinetically-relevant addition of one H-atom to thiophene
(Section 3.4); as a consequence, C4 must form via a transition
state that contains at least one more H-atom than thiophene
(i.e., I1* , I2* , I3* , or I4* in Scheme 3). THT desulfurization rates exhibit
a �0.5 order dependence on H2 (Fig. 11b; d = �1, z = �1,
Eq. (16d)), thus requiring the equilibration of I3* and I4* species
with THT(g) (Eqs. (18) and (19) quasi-equilibrated). These I3*

species either undergo a kinetically-relevant H-abstraction step
(Eq. (20)), leading to the eventual formation of ICS* , which
consequently contains fewer H-atoms than I3* (i.e., I1* or I2* ), or act
themselves as the ICS* species, subsequently forming the CAS bond
scission transition state; both possibilities would lead to the
observed H2 dependence (z/2 = �0.5, Eq. (12)).

The ratio of primary THT to C4 formation rates increases with H2

pressure (Fig. 11a; k = 0.5, Eq. (17)). These observations imply that
a kinetically-relevant H-addition to ICS* must form the transition
state that mediates THT formation, or, if I3* were to be the ICS* spe-
cies, suggest that the equilibrated interconversion of I3* and THT(g)
leads to THT/C4 ratios that increase with H2 pressure (Eqs. (18) and
(19)). Such equilibration and the role of I3* as the precursor of C4

products would lead to THT/C4 ratios that depend on H2 pressure
but not on changes in conversion with residence time, in contradic-
tion with experiments (Figs. 8 and S.7-1); as a result I3* cannot be
the intermediate that leads to CAS cleavage (ICS* ). ICS* represents
instead a kinetic branching point for both C4 and THT formation
via respective transition states that differ in H-content. The CAS
cleavage transition state may form from I1* or I2* ; THT formation
is mediated, in turn, by a kinetically-relevant H-addition step to
this same ICS* moiety (I1* or I2* ). If I1* is the ICS* moiety, H-addition
would form I2* species (not in equilibrium with THT(g), based on
the kinetics of THT desulfurization), which must undergo rapid
hydrogenation steps to form THT. If I2* acts as ICS* and H-addition
to I2* is kinetically-relevant, then the resulting I3* would form THT
(g) via equilibrated steps (Eqs. (18) and (19)).

Irrespective of which hydrogenation step mediates the primary
formation of THT, secondary C4 formation from THT, which occurs
upon re-forming ICS* on the surface, is mediated by the kinetically-
relevant removal of H from I3* to form I2* (Fig. 11b; d = �1, z = �1,
Eq. (16d)). The CAS bond cleavage transition state is then formed
simply from the resulting intermediate (I2* ) of this H-removal step
(i.e., I2* is ICS* ), or, if I1* is the ICS* moiety, is instead formed after an
additional, rapid dehydrogenation step (of I2* ). Thus, experimental
evidence has narrowed the identity of ICS* to I1* or I2* but cannot
alone discriminate between these two plausible outcomes. We
adopt, here, the simpler mechanistic proposal of I2* as ICS* , which
implies the presence of a kinetic barrier for the interconversion
of I2* and I3* , which mediates THT primary formation and secondary
desulfurization reactions.

THT formation, in the context of this mechanistic proposal, can
be interpreted as an ‘‘overhydrogenation” mistake, caused by the
addition of an additional H-atom to ICS* ; such missteps can be cor-
rected even after desorption as THT via its readsorption and dehy-
drogenation so as to re-form ICS* , which can then undergo CAS
cleavage and S-removal. Irrespective of the specific identity of ICS* ,
CAS bond cleavage does require a species that contains more H-
atoms than thiophene but fewer than THT. Such requirements for
CAS bond cleavage are analogous to the H-removal steps required
for CAC cleavage in (cyclo)alkane hydrogenolysis and CAO cleav-
age in alkanol deoxygenation [35–37], which are essential in weak-
ening the bonds being cleaved and in providing an entropic driving
force for the formation of the required transition states through the
evolution of H2(g). These reactions, irrespective of the identity of X
in the CAX bonds, balance significant enthalpic barriers for CAX
and CAH bond cleavage with gains in enthalpy and entropy via
MAC bond formation and H2 formation, respectively.

3.6. Consequences of MAS bond energies for HDS catalytic rates and
selectivity and the role of active interstitial regions within refractory S*

surface templates

Turnover rates differ markedly on Re and ReSx catalysts, in spite
of their mediation of similar elementary steps (Sections 3.4 and
3.5), because their respective surfaces differ in the kinetic and ther-
modynamic parameters for such steps (in Eq. (9)). Different bind-
ing properties among catalysts are often invoked to explain HDS
rate differences, a truism reinforced by the specific assignment of
reactivity to MAS bond strengths, which must influence, but not
always in a well-established manner, the rates of adsorption, bond
activation, and desorption [13,21,22].

The equilibrium constant for S* formation (g in Eq. (7f)) reflects
MAS bond energies, but g is only slightly smaller on ReSx (3.3
(±2.6) � 102) than on Re (6.3 (±1.9) � 102) (Table 2), a difference
that is not likely to account for their 100-fold reactivity differences,
which reflect instead their very different a values (2.2 (±0.4) �
10�6 s�1 kPa�1.5 for Re and 2.6 (±0.5) � 10�4 s�1 kPa�1.5 for ReSx;
Table 2). This a term represents a grouping (k0KH2

0.5KT) of kinetic
and thermodynamic terms (Scheme 2, steps i, v, and vi) and reflects
the free energy difference (DGz

eff ) between the transition state (Gz)
for the kinetically-relevant step of thiophene consumption
(Scheme 2, step vi) and the gaseous thiophene and H2 reactants
(GT and GH2) and two vacant sites (G�Þ:

a ¼ k0K
0:5
H2
KT ¼ exp �DGz

eff

RT

 !
ð22Þ

DGz
eff ¼ Gz � 2G� þ 1

2
GH2 þ GT

� �
ð23Þ



Fig. 12. Thiophene hydrodesulfurization turnover rates as a function of Re particle
diameter (using Re dispersion, Table 1) of 0.97, 4.3, and 13.5% wt. Re/SiO2 (3.0 MPa
H2, 2.5 kPa thiophene, 573 K) with 0 kPa (j) and 1.0 kPa (h) H2S at the inlet.
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The kinetically-relevant transition state contains a bound
thiophene-derived species that is expected to be more stable and
thus exhibit a lower free energy (Gz) as MAS bonds become stron-
ger. Therefore, surfaces with stronger MAS bonds would, in fact,
give smaller free energy differences between transition states
and gaseous reactants (DGz

eff , Eq. (23)). Yet, a values are larger
(and activation free energies smaller) on ReSx than Re, in spite of
the stronger MAS bonds in the latter. These a values (Table 2),
as normalized by the respective amounts of exposed surface areas,
do not appear to reflect the intrinsic reactivity of such surfaces,
possibly because the fraction of the surface that consists of the
active interstices within refractory S* templates differs between
these two Re phases.

Available characterization and kinetic probes cannot definitively
exclude thepresence of very activeReS2 surfaces or domains present
at very low coverages on Re metal samples during exposure to H2S/
H2 mixtures. Such domains are not detected by any of the methods
used here, which showed that bulk ReSx does not form from Re0

domains at the conditions of HDS catalysis (Section 3.1). Any spec-
troscopic or structural distinctions between ReS2 domains and che-
misorbed S-species on Re metal surfaces would therefore be
speculative and cannot be falsified by experiment. We do expect,
however, that such ReS2 domainswould respond in their concentra-
tion, S-stoichiometry, and structure to H2S/H2 ratio in amanner that
is distinctly different from the response of lamellar ReSx structures
dispersed on supports. As a result, kinetic responses toH2S/H2 ratios
on Re metal and ReSx samples would differ, in contradiction with
measurements (Table 2).

The assignment of kinetic and thermodynamic significance to
k0KH2

0.5KT relies on an accurate normalization of measured HDS rates
by the number of active sites. In contrast, equilibrium adsorption
constants represent intrinsic values, independent of the number
of such sites. The number of sites that can turnover, because they
can reversibly bind reactants, products, and more specifically S*

atoms, remains inaccessible to experimental inquiry. The similar
b and g thermodynamic parameters on Re and ReSx (Table 2) indi-
cate that differences in the number of interstices in S* templates,
instead of binding energy differences, account for the different
turnover rates on Re and ReSx. Thus, MAS bond strengths at Re
and ReSx surfaces dictate the fraction of their respective surfaces
consisting of interstices capable of reversible S* binding within
templates formed by irreversibly-bound S*.
These reversibly bound S* species form as a natural conse-
quence of their equilibrium with H2S/H2 at interstices within a
template of strongly-bound S* species. The fraction of the exposed
surfaces that consist of such interstices is likely to be larger on sur-
faces that bind S more weakly, such as ReSx. The size of catalytic
particles can also influence their binding properties because smal-
ler structures favor exposed atoms of lower-coordination, which
bind adsorbates more strongly and form stronger MAS bonds. Such
effects are most evident for particles in the 1–10 nm diameter
range. It seems plausible that Re particles of this size would retain
a different number of active interstices per surface area. Yet, thio-
phene HDS turnover rates were essentially the same for Re crystal-
lites 1–7 nm in diameter (Fig. 12). These observations may indicate
that the formation of refractory templates of strongly-bound
S-adatoms dampens these structural non-uniformities expected
from changes in the coordination of surface atoms and, in doing
so, leads to surface structures with a similar fraction of active
interstices. Such insensitivity to structures is reminiscent of those
typical of surfaces nearly saturated with strongly-bound interme-
diates, as is the case for CO oxidation on Pt, for which the dense
CO* adlayers present lead to CO oxidation turnover rates and CO
binding energies that do not depend on Pt crystallite size (1.2–
20 nm) [77].
4. Conclusions

In contrast to Ru and Pt-based catalysts, Re and ReSx retained
their initial phases upon exposure to a similar range of
S-chemical potentials prevalent in HDS practice. Such phase integ-
rity suggests the presence of formidable nucleation barriers that
prevented their interconversions; these behaviors appear analo-
gous to those observed in the formation of transition metal
carbides and nitrides, which can readily form from their oxide
precursors but can only form at very high supersaturations and
temperatures from their respective metal clusters [78,79]. Such
metastability exhibited by Re and ReSx thus permitted rigorous
kinetic comparisons, at similar HDS conditions, without concurrent
phase transformations.

Turnover rates on ReSx, normalized by total Re atoms and thus
reflecting a lower bound estimate, were 100-fold greater than
those on Re, normalized by exposed Re atoms. Similar kinetic
responses, selectivity trends, and measured adsorption constants
were observed on both Re and ReSx, indicating that differences in
their measured rates are derived predominantly from differences
in the number and not in the reactivity of accessible binding sites
during steady-state catalysis. At relevant HDS conditions, refrac-
tory surface templates composed of strongly-bound S-adatoms
form on catalyst surfaces; reactants and weakly-bound S-atoms
then bind on the interstices retained within these templates. These
active interstitial sites define the working surfaces on which reac-
tive intermediates can bind reversibly, as required for catalytic
turnovers. While the fraction of these active interstices within
these refractory surface templates cannot be measured experimen-
tally, the lower rates exhibited by Re suggest a greater dearth of
binding sites, consistent with its stronger intrinsic MAS binding
energy relative to ReSx, and, in this way, the binding properties
of the underlying bulk can influence measured HDS rates.

Tetrahydrothiophene (THT) andbutene/butane (C4)were formed
onRe-based catalysts via pathways that occurred on similar types of
sites. They form from partially-saturated thiophene surface
intermediates, and their rates aremediatedby transition state struc-
tures that differ by one H-atom. THT in the gas phase can also read-
sorb on the (same) surface and form C4 products upon removal of
some H-atoms, presumably to reform the surface intermediate that
can undergo CAS bond activation. From such a perspective, THT
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formation represents an ‘‘overhydrogenation mistake,” for which
the surface corrects via readsorption,H-abstraction, and subsequent
CAS cleavage. Indeed, theprerequisites ofH-removal steps observed
here find precedence in CAC and CAO hydrogenolysis reactions of
alkanes and alkanols, respectively [33–37], where they lead to
enthalpic and entropic gains via C-metal bond formation and H2

evolution, respectively, while weakening the CAC or CAO bond.
These similar mechanistic features suggest that HDS represents a
specific example of a broader class of CAX (X = C, O, S) bond scission
reactions on crowded metal surfaces.
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