JOURNAL OF CATALYSIS 112, 250-266 (1988)

Hydrogenation and Hydrodesulfurization over Sulfided
Ruthenium Catalysts

Il. Impact of Surface Phase Behavior on Activity and Selectivity

YeonG-JEN Kuo, RaymMonND A. Cocco, AND BRUCE J. TATARCHUK!

Department of Chemical Engineering, Auburn University, Auburn, Alabama 36849

Received June 6, 1987; revised February 10, 1988

Thiophene hydrodesulfurization (HDS) has been studied over sulfided Ru/y-ALO; and CoMo/y-
Al, O, catalysts using a microreactor operated at 101 kPa and 548-623 K. The activity and selectiv-
ity of thiophene HDS over ruthenium catalysts depended on the presulfidization procedures, yet
similar trends were not observed over CoMo/y-AL;O; catalysts. Ruthenium catalysts sulfided in
100% H,S at 673 K possessed ca. sevenfold higher thiophene conversion rates than CoMo/AlLO,
when compared per square meter of active area. Thiophene HDS rates averaged over oxygen
titratable sites were ca. twofold higher on Ru/ALO, catalysts than on CoMo/Al,O; specimens when
compared per oxygen titratable site. Mild presulfidization in 101 kPa of 10% H,S/H,at T < 673 K or
in 101 kPa of 100% H,S at T = 523 K, provided surfaces (i) retaining partial monolayers of adsorbed
sulfur as evidenced by microgravimetry, XPS, and pulse oxygen adsorption and (ii) catalyzing
direct hydrogenolysis to C, products and H,S. Extensive presulfidization in 101 kPa of =80%
H,S/H, at T = 673 K leads to sulfur incorporation into the bulk and formation of crystalline RuS; at
the surface. The RuS;-like surface produced approximately equal quantities of C, hydrogenolysis
products and tetrahydrothiophene. Sg,/Rug, ratios observed by microgravimetry, XPS, and pulse
oxygen adsorption were found to depend on the presulfidization conditions. S.,,/Ru, ratios could
be reversibly altered by appropriate resulfidization/annealing procedures and were found to cor-
relate well with thiophene HDS selectivity but not with the presence of RuS, in the bulk. The
above-noted trends are believed to be the result of a phase transformation dictated by surface
thermodynamic driving forces. Calculations and comparisons of thiophene selectivity versus pre-
sulfidization conditions indicate that Gibbs free energies of +7 kJ/mole are required to form RuS, at
the surface compared to values of —359 kJ/mole in the bulk. The instability of the RuS, surface may
be indicative of a generalized surface thermodynamic criterion applicable to other pyrite sulfides.
RuS, surfaces were observed to chemisorb much larger quantities of reversibly and irreversibly
bound hydrogen which may affect the competition between direct hydrogenation and direct hydro-
genolysis pathways, thereby controlling the selectivity of thiophene conversion. © 1988 Academic

Press, Inc.

INTRODUCTION

As noted in previous reports (/-5), the
demands which are expected to be placed
on future hydrotreating schemes necessi-
tates that fundamental examinations be un-
dertaken to elucidate the manner by which
this processing operation proceeds over
various candidate materials. Since ruthe-
nium sulfide has been shown to possess a
relatively high specific activity compared to

! To whom all correspondence should be addressed.

other transition metal sulfides (6-8), we
have undertaken a detailed catalytic and
characterization effort of this material
aimed at determining the origin of its high
specific activity.

The previous paper in this study (/) re-
vealed that when ruthenium catalysts were
exposed to H,S/H, mixtures at concentra-
tions and temperatures typical of reaction
environments two distinct and apparently
stable surface structures were obtained. If
catalysts were exposed to ca. 10% H,S/H,
mixtures at temperatures below 673 K, less
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HYDROGENATION AND HYDRODESULFURIZATION, Ii

than one-half monolayer of strongly bound
sulfur was retained by the catalyst surface,
whereas, if catalysts were presulfided in
>80% H,S/H, at temperatures greater than
673 K, multilayers of sulfur were incorpo-
rated into the catalyst, with crystalline
RuS, extending all the way to the surface so
as to provide a unique set of catalytic prop-
erties compared to that provided by milder
sulfidization treatments. Since both surface
structures are indefinitely stable under re-
action conditions, these states are of obvi-
ous catalytic interest.

In the previous paper (/) the character-
ization and performance of ruthenium cata-
lysts which retained less than one-half
monolayer of adsorbed sulfur were con-
sidered. The focus of this discussion, how-
ever, revolves around the physical and
chemical characterization of ruthenium cat-
alysts which incorporate multilayers of sul-
fur into the bulk. Since thermodynamic
calculations indicate that sulfidization of
ruthenium catalysts in as little as 30 ppm
H,S/H,; should produce RuS; in the bulk, it
is clear that at least one explanation for the
aforementioned ‘‘sulfidization-activity re-
gimes’’ may be attributed to the limitations
provided by surface and bulk kinetic pro-
cesses during sulfidization. While this ratio-
nalization may appear to provide a rela-
tively straightforward explanation for these
data, other presulfidization treatments at
intermediary H,S/H, ratios between 10 and
80% H,S provide crystalline RuS; in the
bulk (e.g., observed by X-ray diffraction
(XRD)) yet possess specific activities and
selectivities identical to those obtained
over ruthenium surfaces which retain less
than one-half monolayer of sulfur adatoms.
This *‘apparent contradictory’ behavior
coupled with the observed reversibility
between these two ‘‘sulfidization—selec-
tivity”’ regimes is suggestive that additional
influences including those provided by sur-
face thermodynamic considerations may be
important in determining the structure, sta-
bility, activity, and selectivity which these
catalysts provide.
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For the above-noted reasons, the motiva-
tions and goals of this study are to examine
how the coupled influences of surface and
bulk kinetics with surface and bulk thermo-
dynamics control the formation, stability,
and performance of sulfided ruthenium cat-
alysts. These studies are accomplished by
comparing the results of appropriate char-
acterization techniques such as microgra-
vimetry, X-ray photoelectron spectroscopy
(XPS), XRD, chemisorptions of H, and O,,
and H,-D, exchange reactions with thio-
phene selectivity to produce either C4 hy-
drocarbons (i.e., direct hydrogenolysis) or
tetrahydrothiophene (THT) (i.e., direct hy-
drogenation). Data provided in this paper
for RuS, suggest that the surfaces of pyrite
sulfides are inherently less stable than the
bulk sulfide, but once stabilized at higher
than expected H,S/H, ratios, retain large
quantities of surface hydrogen under reac-
tion conditions, thereby enhancing cata-
lytic selectivity toward hydrogenated
products.

EXPERIMENTAL

1. Catalyst Materials

Supported catalysts in the form of 0.5,
3.7, and 8.4% Ru/y-Al,O; specimens were
prepared by incipient wetness techniques
followed by drying, calcination, and reduc-
tion prior to use (9-11). y-AlL,Os supports
with a BET surface area of 234 m?/g were
obtained from Harshaw. A commercial
CoMo/y-AlL,O; catalyst (American Cyan-
amid, HDS-1442A H-Coal, 331 m*/g (BET),
14.78% MoO; and 3.46% CoQO) was also
studied for comparison purposes. The aver-
age ruthenium crystallite sizes and surface
areas for the 0.5 and 3.7% Ru/Al,O; speci-
mens were determined by irreversible H,
chemisorption using the previously noted
procedures (/) and found to be 1.8 (0.98
m?/g) and 2.5 nm (6.1 m?>/g), respectively.
Controlled sintering of the 3.7% Ru/Al,O;
specimen was also used in this study to pro-
duce a catalyst with an average crystallite
size of 3.8 nm and a surface area of 4.0
m?/g.
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The average crystallite size of the 8.4%
Ru/Al,O; catalyst was found to be ca. 15.0
nm by means of X-ray diffraction in con-
junction with the analysis method of Debye
and Scherre. The line broadening at half-
maximum was corrected for instrumental
broadening using Warren’s equation (12),
and the net broadening was used to calcu-
late the average crystallite size.

Unsupported ruthenium sulfide catalysts
were prepared by sulfidization of metallic
ruthenium sponges discussed earlier (/)
and/or direct precipitation of RuS, ac-
cording to the procedures of Pecoraro and
Chianelli (6). Formation of crystalline RuS,
after precipitation, washing, and sulfid-
ization was verified by X-ray diffraction.
The precipitated material had a BET sur-
face area of approximately 56 m?/g.

2. Chemical Reagents

Purification of the various reactants and
adsorption gases used during these studies
has been discussed previously (7, 5). Tetra-
hydrothiophene obtained from Aldrich
(>99%) was used without purification fol-
lowing gas chromatographic and mass spec-
trometric analyses.

3. Catalyst Characterization

Characterization equipment/procedures
involving selective chemisorption, physical
adsorption, and microgravimetry have been
described earlier (I-5). XPS analyses con-
ducted in conjunction with this study were
performed on a Leybold-Heraeus LHS-10
spectrometer utilizing MgKa X-rays. Fur-
ther details of these procedures are pro-
vided by Cocco et al. (13). A specially de-
signed ex situ reaction chamber had the
capability of presulfiding the catalyst speci-
mens from 298 to 773 K in gaseous mixtures
from 1 to 1077 Torr and then transferring
these specimens into the XPS analysis
chamber under vacuum. Subsequent sulfur-
to-ruthenium atomic ratios have been cal-
culated on the basis of the measured
S 2pi-32 to Ru 3ds, peak areas ratios nor-
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malized by the respective X-ray cross sec-
tions. Additional normalizations with re-
spect to appropriate inelastic electron
escape depths have not been employed as
such procedures presume knowledge of the
specimen morphology.

X-ray diffraction studies were applied to
supported and unsupported ruthenium cat-
alysts after sulfidization treatments to de-
termine bulk phase behavior (e.g., forma-
tion of bulk sulfides) and/or discern
changes in the size of metallic ruthenium
domains after sulfidization. XRD data were
collected on a Phillips Model PW-1390 dif-
fractometer using a CuKa source operated
at 35 kV and 30 mA. Measurements were
made with a 1° divergent slit, a 0.1-mm re-
ceiving slit, and a curved crystal graphite
monochromator. Glass sample holders
were employed to eliminate the artifacts
caused by adhesives and/or binders.

Unsupported catalyst specimens used in
some cases during XPS studies were pre-
pared from ruthenium sponge (Aesar,
99.99%) which was ground into a fine pow-
der and pressed intoa 1 X 0.1-cm pellet at a
pressure of 1.4 X 10° kN/m>.

4. Kinetic Studies

Details concerning the collection and
analysis of kinetic data including system
operating procedures, reactor modeling,
chromatographic product analyses, and cal-
culations of reactant conversions have been
described in detail previously (I, 5).

Thiophene conversions were kept below
10% to ensure differential reactor behavior
and to also allow easy distinction of pri-
mary from secondary reaction products in
the limit of zero conversion. Procedures
were also undertaken to verify that mea-
sured kinetic rates were not influenced by
the effects of heat or mass transfer (14, 15).
Conversions to tetrahydrothiophene were
determined on the basis of the number of
moles of tetrahydrothiophene in the prod-
uct sampling loop divided by the number of
moles of thiophene in the reactant sampling
loop.
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RESULTS

1. Sulfur Uptake versus Sulfidization
Conditions: Definition

As noted in the previous paper (/), the
larger van der Waals radius of sulfur com-
pared to metallic ruthenium allows sulfur
adatoms to saturate a ruthenium surface at
a coverage of ca. one-half the monolayer
density of ruthenium atoms. Therefore, the
sulfidization regimes discussed in this study
can be divided into two distinct regimes
which involve (i) mild presulfidization treat-
ments resulting in sulfur uptakes less than
or equal to one-half the number of initial
ruthenium surface atoms and (i) extensive
presulfidization treatments resulting in sul-
fur uptakes greater than one-half the num-
ber of initial surface ruthenium atoms. As
shown earlier, appropriately chosen ‘‘mild
presulfidization” conditions can be em-
ployed so that sulfur adatoms are restricted
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FiG. 1. Effects of pretreatment procedures on thio-
phene HDS selectivity over 3.7% Ru/AlLO; (2.5-nm)
and RuS, (56 m?/g) catalysts; all specimens eXxcept
RuS, were prereduced in H,, 101 kPa, 673 K, 8 h,
followed by the indicated sulfidization/annealing con-
ditions at 101 kPa; selectivity is defined as the ratio of
R; (primary thiophene hydrogenoylsis) to Ry; (primary
thiophene hydrogenation) measured under the follow-
ing conditions: Py, = 103.3 kPa, Pt = 10.3 kPa, Py,s =
1.04 kPa, 588 K.
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on and within the ruthenium surface,
whereas incorporation of more than 0.5
monolayer of sulfur necessitates incorpo-
ration of sulfur below the plane of the sur-
face. The above-noted presulfidization pro-
cedures may thus be classified as either
“‘surface’” or ‘‘bulk sulfidization,”” respec-
tively, as noted below:

“‘Surface sulfidization” resulting from
“mild presulfidization’’ treatments applied
to metallic ruthenium surfaces using (i) 50
cm’/min (STP) of 1 to 10% H,S in H; at 101
kPa for varying times (1-12 h, or longer) at
temperatures below 673 K or (ii) 50 cm®/
min (STP) of 10 to 100% H,S/H, at 101 kPa
for varying times (1-12 h, or longer) at tem-
peratures below 523 K (viz., Su/Rug =
0.5);

“‘Bulk sulfidization’’ resulting from more
“‘extensive presulfidization’’ treatments ap-
plied to metallic ruthenium surfaces using
(i) 50 cm*/min (STP) of 1 to 10% H.S in H,
at 101 kPa for varying times (1-12 h, or
longer) at temperatures greater than 673 K
or (ii) 50 cm?/min (STP) of 10 to 100% H,S/
H, at 101 kPa for varying times (1-12 h, or
longer) at temperatures above 523 K (viz.,
S(a)/RU(S) > 0.9).

Since major differences in thiophene hy-
drodesulfurization (HDS) activity and se-
lectivity were observed depending upon
which of the above-noted presulfidization
procedures was selected as well as the
manner in which each treatment was per-
formed, the goal of this investigation is to
better understand the appropriate surface
structures, surface thermodynamic con-
straints, and Kinetic considerations which
underlie these sulfidization steps and the
catalytic trends which the resultant sur-
faces provide.

2. Thiophene Selectivity versus
Presulfidization Conditions

A. A preliminary example. Figure 1
shows the reaction selectivity observed
during thiophene HDS over 3.7% Ru/AlL,O;
(d = 2.5 nm) catalysts following the indi-
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cated presulfidization procedures. Ry is the
specific rate for direct hydrogenolysis
(moles of C4 products/m? - s), Ry is the rate
for primary hydrogenation to THT (moles
of THT produced/m? - s), and Ry is the rate
for hydrogenolysis of THT (moles of C,
products/m?® - s). The distribution of desul-
furized-C,4 products as reported earlier (/)
is in the following ranges: butane, 38.5-
45.5%, and butenes, 54.5-61.5%, as deter-
mined at 588 K, Py, = 104.03 kPa, Pr =
10.34 kPa, and Py,s = 1.04 kPa. No bu-
tadiene was observed under any reaction
conditions. In all cases examined, separate
studies were conducted with THT to verify
that the measured R;/Ry ratio was not being
obscured by a rapid removal of the THT
intermediate. While the rate of pathway Ry
was generally found to be about twice that
of Ry during these studies, we believe this
pathway did not appreciably influence our
determination of the R;/Ry; ratio during dif-
ferential reactor studies in the limit of zero
conversion.

As shown in Fig. 1, little change in thio-
phene selectivity was observed following
sulfidization in 10% H,S/H; at 673 and 873
K for 2 h, or in 100% H,S at 523 K for 1 h.
In these instances the measured selectivity
was greater than 100 toward the direct hy-
drogenolysis pathway. The value of 100
was estimated from the noise in the gas
chromatogram at the appropriate retention
time for tetrahydrothiophene, although no
tetrahydrothiophene was detected. Follow-
ing sulfidization in 100% H,S at 673 K for 2
h, however, the specific activity for pri-
mary hydrogenation was increased to levels
approximately equal to those for direct hy-
drogenolysis, resulting in a decrease in the
R1/Ry ratio to a value of 1.12. This selectiv-
ity ratio compared favorably to that ob-
served over bulk ruthenium sulfide (RuS;)
as shown in Fig. 1. It was also found after
annealing this sample in flowing helium at
823 K for 24 h that the selectivity could be
converted back to its original value of
greater than 100. Subsequent resulfidiza-
tion of the sample in 100% H,S at 673 K
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once again resulted in an Ry/Ry; ratio close
to one (i.e., 1.19), indicating that it was pos-
sible to move between these two selectivity
regimes in a reversible fashion by appro-
priate annealing and/or resulfidization pro-
cedures.

Kinetic measurements following sulfid-
ization in 10% H,S/H, and in 100% H,S at
673 K for 2 h were also performed over
CoMo/Al,O; catalysts. In contrast to the
above findings over Ru/Al,O; catalysts, no
detectable THT was observed during our
studies at atmospheric pressures.

The aforementioned results highlight
the unique sulfidization—selectivity depen-
dence provided by supported ruthenium
catalysts with the remainder of this paper
devoted to understanding the surface struc-
tures, surface compositions, and surface ki-
netics/thermodynamics responsible for the
above-noted transitions in thiophene activ-
ity and selectivity.

B. Quantification of the effects caused by
the temperature and the H,S/H, ratio used
during presulfidization. Table 1 provides
specific activities and selectivities (mea-
sured at 588 K) over Ru/Al,O; catalysts sul-
fided in 10% H,S/H, and 100% H,S at tem-
peratures at or below 1023 K. It was found
that (i) specific activities for direct thio-
phene hydrogenolysis over 0.5% Ru/Al,Os
catalysts appeared independent of presul-
fiding temperatures when 10% H,S/H, was
used and (ii) tetrahydrothiophene was not
detected as a reaction product. A threefold
increase in R; was observed, however, as
3.7% Ru/Al,O; catalysts were sulfided in
100% H,S over the temperature range from
523 to 673 K as well as the appearance of
tetrahydrothiophene in the product stream.
The specific activity for thiophene hydroge-
nation to THT became comparable to R;
and measured selectivities decreased from
greater than 100 to 1.12 comparing favor-
ably to those measured over bulk ruthe-
nium sulfide. Apparent activation energies
for direct hydrogenolysis and hydrogena-
tion were found to be 88 and 42 kJ/mole,
respectively, and were independent of the



HYDROGENATION AND HYDRODESULFURIZATION, 11

TABLE 1

Effects of Presulfiding Temperature on the Activities
and Selectivities of Thiophene HDS*

Catalyst Temp. Activity x 108 Selectivity
(K) (moles/m? - s} Ry/Ry1
Ry Ry

0.5% Ru/AlLO3 673¢ 233 0.014° >100
(0.98 m%/g) (1.8 nm) 873 197 0.014° >100
1023° 220 0.014° >100
3.7% Ru/ALO3 5234 134 0.014¢ >100

(6.1 m?/g) (2.5 nm) 5734 187 037 5.05

6734 3.52 315 1.12

Ru$S; (56 m¥/g) 673¢ 3.06 5.88 0.52
CoMo/ALOL 673¢ 0.96 — —

“ Pyy = 103.3 kPa, P = 10.3 kPa, and Py,s = 1.04 kPa: 588 K.

® Presulfidization in 10% HyS/H,, 101 kPa, 2 h.

¢ Estimated reaction rate from noise level in the chromatogram; there-
fore values for Ry represent upper limits.

4 Presulfidization in 1009 H,S, 101 kPa, 2 h.

¢ Presulfidization in 10% H,S/H>, 101 kPa. 2 h.

f Assume 90% of the BET surface area (331 m%/g) of the CoMo/Al,04
catalysts was composed of “*active surface area’’ (7).

above presulfiding conditions. Unlike the
results obtained over ruthenium catalysts
with partial monolayers of sulfur retained
on the surface (/). the influence of crystal-
lite size has been shown to provide only a
minor influence on the observed selectiv-
ities and apparent activation energies (5).

Increasing thiophene hydrogenolysis
activities with increasing presulfidization
temperatures have also been observed by
Morooka and Hamrin (/6) using commer-
cial CoMo/ALQO; catalysts. Presulfidization
in ca. 9% H,S/H, at 723 K for 4 h provided
a twofold increase in the thiophene HDS
activity compared to that measured follow-
ing sulfidization at 673 K, although only di-
rect C4 hydrogenolysis products were de-
tected during their studies at 523-623 K and
101 kPa.

The specific activities of 3.7% Ru/Al,O,
sulfided in 100% H,S at 673 K and CoMo/
Al O, sulfided in 109% H,S/H, at 673 K have
also been compared in Table 1. It was
found that 3.7% Ru/Al,O; and CoMo/Al,O;
catalysts possessed relative activities of
0.067 and 0.0096 (umole of thiophene con-
verted per m? per second) at 588 K, respec-
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tively, assuming that 90% of the BET sur-
face area of the CoMo/Al,O; catalyst was
composed of ‘‘active surface area’” as men-
tioned earlier (/). Therefore, this compar-
ison indicates that following the above-
noted sulfidization conditions, 3.7% Ru/
Al Os catalysts are about seven times more
active than CoMo/ALO; specimens per
“‘square meter of active surface area.”

The effect of hydrogen sulfide concentra-
tion, used during presulfidization, on mea-
sured activities and selectivities is shown in
Table 2 for a family 2.5-nm ruthenium crys-
tallites presulfided at 673 K. These results
indicate that both thiophene hydrogenation
and direct hydrogenolysis are enhanced by
increasing the H,S/H, ratio from 50 to
100% H,S with a greater than 100-fold in-
crease in Ry being accompanied by a ca.
3-fold increase in R;. Apparent activation
energies for pathways R; and Ry retained
their previously noted values of 88 and 42
kJ/mole, respectively.

Global effects of the presulfidization tem-
perature and the H,S/H, ratio on thiophene
selectivity over ruthenium catalysts are
shown in Fig. 2. Two distinct regimes are
observed as indicated by the ‘‘selectivity
line”” shown on this figure., One regime,
with a R/Ry of ca. 1.0, is reminiscent of
bulk sulfide-like behavior, whereas sulfid-

TABLE 2

Effects of H,S Concentration Used during
Presulfidization on Activities and Selectivities
for Thiophene HDS*

Catalyst % HaS"  Activity x 108 Selectivity
in Hy (moles/m? - s) Ri/Rp
Ry Ru
3.7% Ru/AlLO; 50 140 0.014° >100

(6.1 m?/g) (2.5 nm) 75 1.54  0.26 5.92
80 180 1.13 1.59

%0 198 1.23 1.60

100 352 315 1.12

¢ Py, = 103.3 kPa, Pr = 10.3 kPa, and Py,s = 1.04 kPa; 588 K.

b Presulfidization at 101 kPa, 673 K, 2 h.

¢ Estimated reaction rate from noise level in the chromatogram; there-
fore values for Ry represent upper limits.
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FiG. 2. Effects of the presulfidization temperature
and the H,S/H, ratio on thiophene HDS selectivity
over 3.7% Ru/AlL,O; (2.5-nm) catalysts; all specimens
were prereduced in H,, 101 kPa, 673 K, 8 h, followed
by the indicated sulfidization conditions at 101 kPa for
2 h; @ indicates RuS,-like selectivity regime and O in-
dicates surface sulfidization-selectivity regime; reac-
tion conditions: Py, = 103.3 kPa, Py = 10.3 kPa, Py
= 1.04 kPa, 588 K.

ization conditions which yield an R/Ry
ratio >100 appear to provide surface struc-
tures equivalent to those catalysts studied
in the previous paper (I) where only 0.1 to
0.25 monolayer of sulfur is retained on the
ruthenium surface.

The selectivity dependence shown in Fig.
2 provides an unexpected and interesting
result since bulk thermodynamics predicts
the formation of RuS; in only 30 ppm H,S/
H, at 673 K (I7). While sulfur restriction on
the surface can be easily rationalized at the
lower sulfidization temperatures used in the
previous study (I) by recognizing the im-
portance of mass transfer limitations in the
solid; the sulfidization conditions used in
Fig. 2 (e.g., 1023 K, 2 h, 10% H,S/H,, 101
kPa, 2.5 nm) should be sufficient to over-
come such limitations. However, the
above-noted sulfidization conditions did
not produce bulk sulfide-like selectivity!
This result, combined with the observation
that the ‘‘selectivity line’” shown in Fig. 2
provided a sharp and reversible delineation
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between the two selectivity regimes, sug-
gests that surface thermodynamic con-
straints in addition to kinetic artifacts may
provide the source of the above-noted cata-
lytic behavior.

In order to gain insight into the origin of
this anomalous selectivity behavior, de-
tailed catalyst characterization studies have
been undertaken, and are reported below,
to correlate the sulfidization surface struc-
ture of the catalyst with the observed selec-
tivity.

3. Catalyst Characterization following
Sulfidization

A. Microgravimetry. Figure 3 provides
the weight gains experienced by prere-
duced 0.65 m?/g ruthenium sponge cata-
lysts sulfided under the indicated condi-
tions. The weight gain, corrected for
buoyancy effects, has been expressed as
the number of sulfur atoms incorporated
into/onto the catalyst divided by the num-
ber of surface ruthenium atoms prior to sul-

sor 100% HpS, 823K
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FiG. 3. Microgravimetric determination of Ru
sponge (0.65 m?/g) sulfidization; all specimens were
prereduced in H,, 101 kPa, 673 K, 8 h, followed by the
indicated sulfidization conditions at 101 kPa; S, num-
ber of sulfur adatoms determined from sulfur uptakes
after buoyancy corrections, and Rug, number of sur-
face ruthenium atoms determined from H, chemisorp-
tion at 373 K (9-11) and/or N, BET.
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fidization (viz., S;;)/Ru). As noted earlier
(1), mild presulfidization in 10% H,S/H, at
temperatures of 673 K provides sulfur to
ruthenium ratios of ca. 0.3 with XPS and
oxygen chemisorption studies indicating
that these sulfur adatoms are confined to
the ruthenium surface. Since these condi-
tions provide a sufficient thermodynamic
driving force to produce RuS; in the bulk,
the lack of its formation must be attributed
to limitations provided by surface and/or
bulk kinetic phenomena under these condi-
tions. Sulfidization in 10% H,S/H, at tem-
peratures of 723 and 773 K is sufficient to
permit sulfur incorporation into the bulk as
evidenced by S,/Rug, ratios in excess of
0.5. These data are well fit by parabolic rate
expressions suggesting that the rate of sul-
fur incorporation may be limited by solid-
state diffusion and transport processes (18).

Sulfidization in 100% H,S at 673 and 823
K provides a very different type of behav-
ior from that observed in 10% H,S/H,. Sig-
nificantly higher rates of sulfur incorpora-
tion are observed. These data are no longer
fit by parabolic rate expressions suggesting
that sulfidization may be limited by phase
boundary reactions, nucleation phenom-
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FiG. 4. Microgravimetric determination of the ef-
fects of the H,S/H, ratio on 3.7% Ru/Al,O; (2.5-nm)
sulfidization at 673 K, 101 kPa; all specimens were
prereduced in H,, 101 kPa, 673 K, 8 h, followed by the
indicated sulfidization conditions at 101 kPa; S, num-
ber of sulfur adatoms determined from sulfur uptakes
after buoyancy corrections, and Ruy,, number of sur-
face ruthenium atoms determined from H, chemisorp-
tion at 373 K (9-11) and/or N, BET.
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TABLE 3

Microgravimetric Determination of Ruthenium
Sponge Sulfidization Behavior®

Pretreatment S(a)/RU(S) AS(a)/RU(S)
100% H,S, 823 K, 14 h 56.2 0
100% H,S, 673 K, 14 h 56.2 } —0.34
10% H,S/H,, 673K, 3 h 55.86 } _0'25
2.5% H,S/H,, 673 K, 3 h 55.61 } +0'25
10% H,S/H,, 673 K, 3 h 55.86 } _0'53
He, 673 K, 14 h 55.33 ’

¢ The weight gain has been corrected for buoyancy
effects.

ena, crystal growth, or some other process
(19). The significantly higher sulfidization
rates observed in 100% H,S may also be
related to the rate of mass transport of vari-
ous species through a sulfide phase as op-
posed to metallic ruthenium. Support for
this suggestion is provided by Fig. 4 where
the rate of sulfidization is recorded versus
the H,S/H, ratio at 673 K. Comparison of
these data to the critical H,S/H, ratio re-
quired to cross the ‘‘selectivity line’’ in Fig.
2 (i.e., 80% H,S/H; at 673 K) suggests that
a significant increase in the sulfidization
rate occurs under conditions nearly identi-
cal to those required to form RuS, at the
surface as assessed by thiophene selec-
tivity.

The surface behavior of sulfided ruthe-
nium catalysts was further investigated by
examining the relative stability of these ma-
terials at 673 K in various H,S/H, environ-
ments. As shown in Table 3, sulfidization in
100% H,S at 823 K for 14 h produced a
relatively large sulfur uptake which we as-
sume to be in the form of a RuS,-like skin as
assessed by the thiophene selectivity ob-
served following such treatments (see Fig.
2). This material was then cooled to 673 K
in pure H,S and held at this temperature for
14 h. This treatment apparently did not per-
mit further sulfidization as no additional
weight gains were recorded. The H,S/H,
ratio was then stepped down to 10 and 2.5%
H,S/H, followed by an increase back up to
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10% H,S/H, and finally annealing in helium
at 673 K. Since reversible H,S adsorption
under these conditions is negligible, the
weight changes shown in Table 3 have been
attributed to sulfur removal/incorporation
within the surface of the catalyst. It is inter-
esting to note that the reversibility of these
weight gains mimics the corresponding re-
versibility noted in thiophene selectivity
(see Figs. 1 and 2) yet the total amount of
sulfur removed/added is on the order of one
monolayer.

B. X-ray photoelectron spectroscopy.
Similar to the microgravimetric results dis-
cussed above, S/Ru atomic ratios deter-
mined by XPS were found to depend on
both the sulfidization temperature and the
H,S/H, ratio (see Fig. 5). The data shown
in Fig. 5 have been corrected for the ap-
propriate X-ray cross sections and trans-
mission factors within the photoelectron
energy analyzer but not the respective pho-
toelectron escape depths as such calcula-
tions presume knowledge of the specimen
morphology. Further efforts along these
lines (/3) have shown, however, that the
sulfur-to-ruthenium stoichiometry is close
to the expected 2 : 1 value at the higher sul-
fidization temperatures in pure H,S. This
2:1 (S:Ru) ratio compared favorably to
that observed over a bulk RuS, sample
when the appropriate photoelectron escape
depths were included in the calculation
(13). Despite the absence of these normal-
ization factors, the data of Fig. 5 demon-
strate the more corrosive behavior pro-
vided by pure H,S environments with
sulfur incorporation into the bulk occurring
at lower temperatures in pure H,S (i.e.,
>523 K) than in 109% H,S/H, mixtures (i.e.,
>673 K).

Sulfidization in either environment at
temperatures greater than the above-noted
thresholds leads to sulfur incorporation into
the bulk and a stationary S/Ru ratio indica-
tive of a stable S: Ru stiochiometry within
the sampling depth of this technique. Only
a slight yet reproducible difference in the
measured S :Ru atomic ratio was apparent
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F1G. 5. Determination of sulfur to ruthenium atomic
ratios from a ruthenium pellet (0.65 m*/g) by XPS; all
specimens were prereduced in H,, 101 kPa, 673K, 8 h,
followed by the indicated sulfidization/annealing con-
ditions at 101 kPa; S/Ru atomic ratios were calculated
based on the measured S 2p ;-3 to Ru 3ds;, peak area
ratios normalized by the respective X-ray cross sec-
tions and transmission factors (/3).

depending on the sulfidization mixture em-
ployed (i.e., S:Ru = 3.15 in pure H,S at
773 K, S:Ru = 2.85 in 10% H,S/H, at 773
K). Additional efforts have shown that the
magnitude of this small difference in going
from 100% H,S to 10% H,S/H, is consistent
with a surface depletion of ca. one mono-
layer of sulfur when averaged over the en-
tire sampling depth of the photoelectrons
detected (/3). Thus, the magnitude of this
sulfur loss is in general agreement with that
observed by microgravimetry.

When specimens sulfided in pure H,S
were annealed in 109% H,S/H, for 15 min at
823 K, the S/Ru atomic ratio was reduced
to a value close to that obtained following
sulfidization in 10% H,S/H, (see Fig. 5).
Other annealing treatments at 823 K under
vacuum or pure H, provided more signifi-
cant sulfur depletion with values close to
those measured earlier for ruthenium sub-
strates covered by partial monolayers of
the adsorbate.

Based on the above-noted trends in (i)
the sulfur uptake versus sulfidization condi-
tions (XPS, microgravimetry), (ii) the re-
versibility of these trends as the H,S/H,
environment is changed (XPS, microgra-
vimetry), and (iii) the corresponding revers-
ibility trends observed during selectivity
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Fic. 6. Sulfidization-selectivity behavior of Ru
sponge catalysts (0.65 m?/g) determined by microgra-
vimetry, XPS, and kinetic measurements (Py, = 103.3
kPa, Pr = 10.3 kPa, Py,s = 1.04 kPa, 588 K); all speci-
mens were prereduced in H,, 101 kPa, 673 K, 8 h,
followed by the indicated sulfidization conditions at
101 kPa, 2 h. The dotted line separates the ‘‘surface
sulfidization (6, = 0.5)” regime from the ‘‘bulk sul-
fidization (g, > 0.5) regime.””

measurements, it appears that the catalytic
selectivity can be altered through a sulfid-
ization-induced relaxation/reconstruction
of the surface which involves at most one
monolayer of sulfur addition/removal. On
the basis of comparison of the selectivity
trends shown in Figs. 1 and 2 and the sulfur
incorporation trends shown in Figs. 3-5, it
is clear that the observed selectivity trends
cannot be simply correlated to the amount
of sulfur retained by the catalyst. This ob-
servation again suggests that differences in
thiophene selectivity may be attributed to
the presence of different sulfide phases at
the surface depending on the sulfidization
history of the catalyst.

For the purposes of subsequent discus-
sions, the sulfidization data provided by
XPS and microgravimetry have been di-
vided into two distinct regimes depending
on whether the Si/Ru, ratio is greater
than or less than 0.5. These data are shown
in Fig. 6, with a dotted line separating the
two regimes which have been termed ‘‘sur-
face sulfidization’” and ‘*‘bulk sulfid-
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ization,”” respectively. The selectivity line
(i.e., solid line) obtained from Fig. 2 has
also been included for comparison pur-
poses. Since bulk thermodynamic calcula-
tions indicate that crystalline RuS, should
be formed under any of the conditions
shown in Fig. 6, a dotted line has been used
to divide those regions which we suspect
are separated as a result of the influences
provided by kinetic restrictions at the sur-
face or in the bulk. Comparing the position
of the *‘selectivity line’” with the ‘‘surface-
bulk sulfidization line’’ indicates that S,/
Ruy, uptakes greater than 0.5 provide a set
of necessary but not sufficient conditions to
obtain RuS,-like selectivity.

C. Oxygen chemisorption. Figure 7
shows the results of oxygen chemisorption
performed over 3.7% Ru/Al;O; catalysts
following different pretreatments. An oxy-
gen uptake of 14.9 umole/g (measured at
298 K) was observed over ruthenium sur-
faces covered by partial monolayers of sul-
fur (sulfidization in 10% H,S/H, at 673 K),
compared to 7.6 umole/g over RuS,-like
surfaces (sulfidization in 100% H,S at 673
K). It was also found that helium annealing
(823 K, 24 h) of the previous catalyst
sample (presulfided in 100% H,S) resulted
in restoration of the oxygen uptake (14.3
pmole/g). Subsequent resulfidization in
100% H,S at 673 K again decreased the ox-
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FiG. 7. Effects of pretreatment procedures on O,
uptakes (measured at 298 K) over 3.7% Ru/AlLO;
(2.5-nm) catalysts. All specimens were prereduced in
H,, 101 kPa, 673 K, 8 h, followed by the indicated
sulfidization/annealing conditions at 101 kPa.
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ygen uptake to a value of 7.5 wmole/g.
Therefore, oxygen chemisorption studies
further demonstrated the above-noted re-
versible behavior observed over sulfided
ruthenium catalysts.

The relative activities of Ru/ALO; and
CoMo/Al,O; have been compared in Table
1 on the basis of ‘‘square meters of active
surface area.’”” If these two systems are
compared on the basis of oxygen titratable
sites as described earlier (/), the relative
activities of Ru/Al,O; sulfided in 100% H,S
at 673 K and CoMo/AlLO; sulfided in
10% H,S/H, at 673 K are found to be
0.054:0.034 mole of thiophene converted
per second per mole of oxygen titratable
sites at 588 K, respectively. This compar-
ison indicates that following the above-
noted sulfidization conditions, Ru/Al,O;
catalysts are ca. 1.5 times more active than
CoMo/AlO; specimens per oxygen titrat-
able site.

D. X-ray diffraction. Since the selectivity
behavior observed in the previous sections
has been attributed to the formation of a
RuS,-like surface (i.e., a crystalline solid),
XRD has been employed to examine the
formation of this phase. Recognizing that
XRD is incapable of detecting the crystallo-
graphic orientation in the outermost atomic
layer of a supported crystallite, it is never-
theless useful to determine whether or not
the formation of RuS, in the bulk can be
related to the structure and selectivity pro-
vided at the surface.

Figure 8 shows XRD patterns of 8.4%
Ru/Al,O; catalysts, with initial crystallite
diameters of 15.0 nm, following sulfid-
ization at the indicated conditions. Sul-
fidization in 101 kPa of 10% H,S/H, at
673 and 873 K for 2 h resulted in S¢)/Rug,
uptakes of 0.25 and 6.0, respectively, yet
did not lead to the formation of any detect-
able RuS,. Comparison of these two sulfid-
ization treatments with data shown in Fig. 2
also indicates that no detectable tetra-
hydrothiophene was produced over simi-
larly presulfided catalysts. By contrast, cat-
alysts sulfided in 101 kPa of 100% H,S at
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Fi1G. 8. XRD analyses of reduced and sulfided 8.4%
Ru/Al,O; catalysts (d = 15,0 nm); all specimens were
prereduced in H, 101 kPa, 673 K, 8 h, followed by the
indicated sulfidization conditions at 101 kPa.

673 K for 2 h (i) retained only 4.5 mono-
layers of sulfur, (ii) possessed significant
RuS, diffraction features, and (iii) produced
significant levels of tetrahydrothiophene. In
the above two instances, the appearance of
RuS, diffraction features was clearly re-
lated to the earlier noted ‘‘RuS;-like”’ selec-
tivity and the production of tetrahydro-
thiophene.

In contrast to the above-noted trend, sul-
fidization in 101 kPa of 10% H,S/H, at 1023
K for 8 h (i) removed all traces of metallic
ruthenium, (ii) produced significant quanti-
ties of RuS,, but (iii) did not produce
any measurable quantities of tetrahydro-
thiophene. While the exact origin of this
phenomenon cannot be inferred from XRD
data alone, earlier noted XPS, microgra-
vimetric, and selectivity studies have dem-
onstrated the sensitivity of the reaction
pathway to the sulfur concentration in the
topmost atomic layer. Thus, it appears
likely that the higher surface sulfur concen-
trations afforded by 100% H,S treatments
at 673 K readily permit nucleation of the
bulk sulfide at the surface from the very
onset of multilayer sulfur incorporation,
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whereas lower surface sulfur concentra-
tions provided by, e.g., 10% H,S/H, mix-
tures at 873 K, combined with the higher
mobilities produced in the solid at these
temperatures, necessitate saturation of the
entire ruthenium crystallite with sulfur
prior to nucleation of the sulfide. Driving
forces for the formation of ruthenium sul-
fide in the bulk appear to be the H,S/H,
ratio and the temperature which in turn
affects the kinetic contribution to, and nu-
cleation of, ruthenium sulfide.

The formation of RuS, at the surface,
with the concomitant production of tetra-
hydrothiophene, does not appear to be re-
lated to the presence of this phase in the
bulk as evidenced by the data shown in Fig.
9. For comparison purposes, these data,
which denote the detection of RuS, by
XRD, have been placed on the same phase
plane as that used earlier with a dotted line
again being used to separate various re-
gions which are believed to arise as the re-
sult of kinetic limitations. Comparison of
the ““XRD line’’ with the ‘‘selectivity line.”’
demonstrates that RuS, formation in the
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Fig. 9. Sulfidization—selectivity behavior of 8.4%
Ru/ALO; catalysts (d = 15.0 nm) determined by XRD
and kinetic measurements (Py, = 103.3 kPa, Py =
10.3 kPa, Py,s = 1.04 kPa, 588 K); all specimens were
prereduced in H,, 101 kPa, 673 K, 8 h, followed by the
indicated sulfidization conditions at 101 kPa, 2 h. A in-
dicates RuS, features detected by XRD and A indi-
cates the absence of RuS, features.
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TABLE 4
Gibbs Free Energy Changes for the Sulfidization
of Ru/Al,0:¢
T % HyS AGY Phase Selectivity
(K) in Hy  (k§/mole} detected Ry/Ry
by XRD
Sulfided 1. 673 10 -123 Ru’ >100
metal 2. 823 10 -15.0 R’ >100
3. 1023 10 -18.7  RuS; >100
RuSy-like 4. 673 80 77  Ru$S; + Ru’ 1.6
5. 773 75 7.1 RuS; + Ru’ 1.2
6. 873 70 6.2 RuS; + Ru’ 1.2

4 Presulfided at 101 kPa for 2 h at indicated conditions.

bulk is not sufficient to provide a surface
capable of producing tetrahydrothiophene.
These data strongly suggest that the ther-
modynamic driving forces required to form
RuS,-like surfaces are different from those
required to form RuS, in the bulk as dis-
cussed below.

DISCUSSION

1. Thermodynamic Requirements for the
Formation of RuS; at the Surface

Table 4 shows Gibbs free energy changes
(i.e., AG® for the sulfidization of Ru/Al,O;
catalysts under various conditions calcu-
lated according to the equations

%RU + HzS—>%RUSz + H2
AG = AGO - RT ln(Pst/PHz)

(D)
2

since AG equals zero at equilibrium, the
critical H,S/H, ratio required to form RuS,
in equilibrium with Ru as a function of tem-
perature can be written as

AGO = RT ln(Pﬁzs/PHz). (3)

The last three entries in Table 4 have
been calculated using Eq. (3) and the
critical H,S/H, ratios and temperatures
which are required to just cross the “‘selec-
tivity line”’ shown in Fig. 2. Comparison of
the AG® values in Table 4 with the free
energies required to form RuS, in the bulk
(i.e., AG" = —59 kJ/mole) suggests that
surfaces possessing RuS;-like selectivity
are inherently less stable than the bulk
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compound. Formation of RuS;-like sur-
faces appears to require at least +7 kJ/mole
of free energy.

While the formation and detection of
RuS; in the bulk of the specimens repre-
sented by entries 1 and 2 in Table 4 are
certainly limited by kinetic phenomena,
comparison of entry 3 with entries 4-6
demonstrates that the surface structure ex-
posed for reaction can be quite different
from the underlying material even when the
underlying material is RuS,. Additional
electron microscopy studies using model
supported Ru/Al,O; catalysts (I3) have
demonstrated that the RuS, detected in en-
tries 4-6 forms as an apparently contiguous
skin on the outer surfaces of the ruthenium
crystallites.

Based on the above results and earlier
noted trends in catalytic selectivity, etc., it
appears that the Gibbs free energy for
surface sulfide formation is considerably
greater than that required for formation of
RuS; in the bulk. This behavior appears to
be contradictory to earlier reports (20-22)
which suggest enhanced stabilities for ‘‘sur-
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face sulfides’” based on the heats of ad-
sorption of sulfur to clean metal surfaces.
However, it must be remembered that in
the case of the pyrite lattice, sulfur—sulfur
bonds are required in addition to metal-sul-
fur bonds. Therefore, estimations of the
free energy of formation for a ‘‘surface sul-
fide’”” based solely on the strength of sulfur
accommodation to a clean metal surface
(20-22) may not provide an accurate means
to gauge the thermodynamic stability of a
pyrite sulfide at an interface. In particular,
the aforementioned estimation procedures
may be especially misleading if the coordi-
nation numbers and bond strengths found
at a ‘“‘sulfur poisoned metal surface’ differ
significantly from those found in the bulk
sulfide or at the reconstructed/relaxed sur-
face of the bulk sulfide.

2. Hydrogen Chemisorption
and Hy-D, Exchange

Table 5 provides data recently obtained
in our laboratory (9, 23) showing hydrogen
chemisorption uptakes and H,-D, ex-
change rates obtained over sulfided Ru/

TABLE 5

Effects of Sulfidization on H, Chemisorption and H,-D, Exchange over Ru/Al,O; and Ruthenium
Sponge Catalysts

Catalyst Pretreatment Irreversible H, Reversible H,-D,
uptakes (umole/m?) H, uptakes first-order
(uwmole/m?) rate const.
77K 300 K 373 K 473 K 300 K (cm/s)*
3.7% Ru/Al, 05 H,, 673 K, N.D.* N.D. 10.2 N.D. 4.7 N.D.
(6.1 m*/g) 8h
(2.5 nm)
3.7% Ru/Al, 04 10% H,S/H;, 02002 0002 0=x=0.02 0=x0.02 0=+ 0.02 N.D.
(4.0 m¥/g) 673K, 2h
(3.8 nm)
3.7% Ru/Al,0O5 100% H,S, N.D. 1.4 6.5 N.D. 0.2 N.D.
(6.1 m¥/g) 673 K,2h
(2.5 nm)
Ru sponge 10% H,S/H,, 0x0.02 0x0.02 0=x002 0=0.02 0+ 0.02 2.1 x 10°¢
(0.7 m¥/g) 673K, 2h
Ru sponge 100% H,S, N.D. 0.5 1.9 N.D. 0.1 5.2 x 1074
0.7 m%/g) 673K, 2h

¢ H,~-D; equilibration measured at 573 K according to the prodcedures of (9, 23).

5 N.D. stands for not determined.
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AlLO; and ruthenium sponge catalysts,
respectively. Irreversible and reversible
hydrogen adsorption isotherms measured
between 300 and 473 K indicate that ruthe-
nium was all but poisoned after mild presul-
fidization in 10% H,S/H, at or below 673 K
or in 100% H,S at temperatures below 523
K. These results are in general agreement
with those observed by Schwarz (24) over
Ru(0001) in the presence of sulfur. Follow-
ing adsorption of H,S on Ru(0001) at 350 K,
no hydrogen could be adsorbed on the or-
dered (2 x 2) sulfur overlayer, and this be-
havior was attributed to the ability of sulfur
to block hydrogen dissociation sites (24).

The absence of hydrogen chemisorption
following mild presulfidization initially ap-
pears perplexing as the kinetic models dis-
cussed in the previous paper (/) find thio-
phene HDS to be limited by surface
reaction between adsorbed thiophene and
adsorbed hydrogen. This apparent dilemma
can be rationalized by noting the H,—D; ex-
change rates over these same catalysts.
These data demonstrate a finite HD forma-
tion rate thus verifying the dissociation of
molecular hydrogen but indicating that the
instantaneous coverage of these species is
apparently so small as to be immeasurable
by conventional volumetric adsorption
methods. These data indicate that hy-
drogen weakly interacts with the ruthe-
nium surface following mild presulfidiza-
tion and that loosely bound hydrogen atoms
are mainly responsible for thiophene HDS
in agreement with the kinetic studies
of Massoth (25) and Owens and Amberg
(26) over CoMo/AlLOx.

Sulfidization in 100% H,S at tempera-
tures greater than or equal to 673 K results
in partial restoration of the irreversible hy-
drogen uptake. Similar results from neutron
inelastic scattering (NIS) demonstrate that
irreversible hydrogen adsorption onto bulk
RuS; samples results in the formation of
sulfhydral groups at 80 K as evidenced by
hydrogen deformation modes at ca. 78 and
90 meV (23, 27, 28). In addition, H,-D, ex-
change rates were found to be ca. 100 times
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faster over ruthenium sponge catalysts fol-
lowing these more extensive presulfidiza-
tion treatments (see Table 5).

The above-noted hydrogen chemisorp-
tion and H,-D, exchange studies provide
one plausible explanation for the observed
differences in thiophene selectivity follow-
ing different pretreatments. Increased lev-
els of adsorbed hydrogen on RuS,-like sur-
faces may serve to enhance the relative rate
of thiophene hydrogenation as compared to
the relative rate of thiophene hydrogeno-
lysis, thereby increasing the measured hy-
drogenation-to-hydrogenolysis ratio. Other
possibilities exist, however, since hydroge-
nation may compete with hydrogenolysis
on the surface. Indeed, recent studies in
this laboratory using HREELS and TPD
over sulfur precovered Ru(0001) (29, 30)
demonstrate that thiophene decomposition
to ‘“‘metallocycle-like”” C4 intermediates
can occur even at 120 K in the absence of
hydrogen as the level of adsorbed sulfur is
reduced. These data can therefore be used
to rationalize the 23-fold higher specific ac-
tivity which small ruthenium crystallites
possess (ca. 1.8 nm) for direct hydrogeno-
lysis based on the low levels of sulfur which
these crystallites retain (/).

3. Comparison of Catalytic and
Characterization Studies

Based on the above-noted microgravi-
metric, XPS, XRD, chemisorption, and se-
lectivity measurements, the ‘“sulfidization—
selectivity”’ behavior provided by ruthe-
nium catalysts after various presulfidization
treatments is shown in Fig. 10. This behav-
ior may be classified into four distinct re-
gions.

Region 1 is produced following relatively
mild presulfidization with less than or equal
to 0.5 monolayer of sulfur restricted to the
surface. While this surface must be con-
sidered metastable with respect to the pre-
dictions of bulk thermodynamics, it has
been shown to be stable for periods on the
order of months under the indicated presul-
JSidization and reaction conditions (see Fig.
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F1G. 10. Sulfidization~selectivity behavior of ruthe-
nium catalysts determined by microgravimetry, XPS,
XRD, and the kinetic measurements (Py, = 103.3 kPa,
Pr = 10.3 kPa, Py,s = 1.04 kPa, 588 K); all specimens
were prereduced in H,, 101 kPa, 673 K, 8 h, followed
by the appropriate sulfidization conditions at 101 kPa,
2 h.

10). This surface does not produce measur-
able quantities of tetrahydrothiophene.
Region 11 is produced following more ex-
tensive sulfidization than that for Region I,
with the increased severity of the pre-
sulfidization being accomplished mainly
through the use of elevated temperatures at
H,S/H; ratios below ca. 60% H,S (see Fig.
10 for 2-h presulfidization treatments). Pre-
sulfidization under these conditions leads
to sulfur incorporation below the surface
(viz., into the bulk) yet crystalline RuS; is
not produced during a given period of time
most likely because the increased rate of
solid state diffusion moderates the in-
creased rate of sulfur incorporation to the
extent that a given volume/region of ruthe-
nium may have to become saturated or su-
persaturated with sulfur prior to nucleation
of RuS,. This region must be considered
metastable with respect to the predictions
of bulk thermodynamics, yet depending on
the temperature, the background hydrogen
pressure, and the size of the ruthenium do-
main; this region may persist for periods on
the order of days. Because of the elevated
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temperatures and hydrogen pressures used
in this presulfidization region, the sulfur
concentration at the surface provides a sur-
face similar in catalytic behavior and pre-
sumably structure to that found in Region I.
The surface structure created in this presul-
fidization region does not produce measur-
able quantities of tetrahydrothiophene.

Region III is produced if a volume ele-
ment in Region II becomes saturated with
sulfur or if the surface of a material in Re-
gion IV is annealed in a hydrogen-rich envi-
ronment at elevated temperatures. This re-
gion is characterized by crystalline RuS; in
the bulk with a deficiency of sulfur at the
surface causing a surface relaxation-recon-
struction dictated by the strength of the
metal-sulfur bond. This reconstruction
provides a surface which is similar in cata-
lytic activity, selectivity, and presumably
structure to those encountered in Regions I
and II and does not produce measurable
quantities of tetrahydrothiophene.

Region IV is produced at higher H,S/H,
ratios and is believed to be characterized by
an extension of crystalline RuS; to the very
surface of the catalyst. This surface is char-
acterized by a free energy of formation dif-
ferent from that found in the bulk and
requires a temperature and H,S/H, ratio
providing at least +7 kJ/mole of free energy
to be formed. The reduced stability of this
surface compared to that found for the bulk
sulfide (i.e., —59 kJ/mole) is believed to be
related to the fact that pyrite lattices re-
quire metal-sulfur as well as sulfur—sulfur
bonding. Based on H,—-D, exchange studies
(9, 23), neutron inelastic scattering (27, 28),
and hydrogen adsorption measurements
(23), it appears likely that coordinatively
unsaturated S-S anion pairs on the surfaces
of these specimens provide numerous sites
for hydrogen adsorption in the form of sulf-
hydral groups which assist thiophene
hydrogenation to tetrahydrothiophene.
Higher hydrogen pressures and elevated
temperatures, however, can cause breakup
of these S-S anion pairs, sulfur depletion
from the surface via H,S formation, and
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a surface reconstruction dominated by
metal-sulfur bonding. While surfaces pro-
duced in Region IV require temperatures
and H,S/H, ratios equivalent to +7 klI/
mole, once these surface are produced they
can be stabilized by kinetic means at lower
temperatures and lower H,S/H, ratios. Sur-
faces prepared in Region IV using 100%
H,S at 673 K have been observed to re-
tain their affinity for producing tetrahy-
drothiophene for periods on the order of
months at reaction temperatures of 600 K in
1% H,S/H, backgrounds.

SUMMARY/CONCLUSIONS

1. The sulfidization—selectivity behavior
of ruthenium catalysts after various presul-
fidization treatments can be classified into
four distinct regions which can be revers-
ibly altered by applying appropriate re-
sulfidization/annealing treatments. Similar
behavior is not observed over cobalt-
molybdenum catalysts.

2. Ruthenium surfaces in Region I re-
tained partial monolayers of sulfur adatoms
and catalyzed direct hydrogenolysis of thio-
phene to C, products and H,S in the ab-
sence of tetrahydrothiophene.

3. Ruthenium surfaces in Region II in-
corporated multilayers of sulfur into the
bulk without the formation of crystalline
RuS;. These surfaces provided selectivities
similar to those in Region 1.

4. Ruthenium catalysts in Region III
contained crystalline RuS; in the bulk with
relaxed/reconstructed surfaces. These sur-
faces provided selectivities similar to those
in Regions I and II.

5. Ruthenium catalysts in Region IV are
characterized by an extension of crystalline
RuS; to the very surface. These surfaces
provided about equal quantities of C; prod-
ucts and THT.

6. Ruthenium catalysts in Region IV
possessed ca. sevenfold higher thiophene
conversion rates than CoMo/Al,O; when
compared per square meter of active area.
Thiophene HDS rates averaged over oxy-
gen titratable sites were ca. twofold higher
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on Ru/Al,O; catalysts than on CoMo/AlQ;
specimens when compared per oxygen ti-
tratable site.

7. Calculations and comparisons of thio-
phene selectivity versus presulfidization
parameters revealed that +7 kJ/mole of
free energy is required to form RuS, at the
surface versus —59 kJ/mole for formation
in the bulk. The lack of stability of RuS, at
the surface may be a generalized phenome-
non applicable to other pyrite sulfides.

8. RuS,-like surfaces (i.e., Region 1V)
chemisorb much larger quantities of hydro-
gen and possess much higher H,-D, ex-
change rates than metallic ruthenium sur-
faces covered by partial monolayers of
adsorbed sulfur (i.e., Region I). The higher
levels of surface hydrogen found over RuS,
may contribute to the higher hydrogenation
rates and greater selectivities which these
surfaces provide for tetrahydrothiophene
production.
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