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Thiophene hydrodesulfurization (HDS), 1-hexene hydrogenation, and 1-hexene isomerization
have been investigated over sulfided Ru/y-Al,O; catalysts (1.8-~10 nm crystallites) and CoMo/y-
Al Qs catalysts using a differential microreactor operated at 101 kPa from 548 to 623 K. Catalysts
were presulfided in 101 kPa of 10% H,S/H, at T < 673 K or in 101 kPa of 100% H,S at T = 523 K
such that sulfided ruthenium catalysts retained ca. 0.25 monolayer of adsorbed sulfur. Structure-
sensitive adsorption of sulfur was observed using microgravimetry and pulse oxygen chemisorp-
tion. Crystallites of 1.8 nm retained 0.1 monolayer of strongly bound sulfur while crystallites
greater than 3.2 nm retained 0.25 monolayer. Sulfur adatoms produced virtual ruthenium cations
with high isomerization activity while the structure-sensitive adsorption of sulfur provided for an
‘‘apparent structure sensitivity’’ in the hexene hydrogenation rate. This anomalous result could be
reconciled by counting sulfur-free ruthenium atoms using pulse oxygen adsorption. Thiophene
HDS over sulfided ruthenium catalysts proceeded via direct hydrogenolysis in the absence of
tetrahydrothiophene formation. Ruthenium crystallites of 1.8 nm possessed specific activities 23
times greater than those found over 10-nm crystallites. The higher specific activity found over small
ruthenium crystallites during HDS was attributed to the multiatomic ensemble requirements of the
reaction, the high activity associated with a ‘‘clean metal” surface, and the greater number of
“clean metal sites’’ found on smaller crystallites. Both 1-hexene hvdrogenation and thiophene
HDS were well represented by Langmuir-Hinshelwood rate expressions in which apparent
activation energies, adsorption equilibrium constants, and heats of adsorption were found to
depend on the ruthenium crystallite size. Sulfided Ru/Al,Os (1.8-nm) catalysts provided ca. 13-fold
higher 1-hexene hydrogenation rates than CoMo/AlLO; catalysts when compared per square meter
of active area, while specific 1-hexene hydrogenation rates were similar when compared per
oxygen titratable site. Sulfided Ru/AlO; (1.8-nm) catalysts provided ca. 2-fold higher thiophene
HDS rates than CoMo/AlLO; catalysts when compared per square meter of active area, while
specific thiophene HDS rates were ca. 7-fold higher over CoMo/Al,O; catalysts than over Ru/Al, 04

when compared per oxygen titratable site.

INTRODUCTION

Sulfided forms of CoMo/y-Al,03, NiMo/
v-AlL,O;, and NiW/y-Al,O; are commer-
cially used as hydrotreating and hydrode-
sulfurization (HDS) catalysts due to their
high dispersion and high activity per unit
volume, relatively low cost, tolerance to
sulfur poisons, and high specific activities
for removing oxygen-, nitrogen-, and sul-
fur-containing functional groups and/or
heteroatoms. The ability of these catalysts

! To whom all correspondence should be addressed.
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to process light petroleum feeds has proven
so effective in the past that little incentive
has existed to develop improved catalyst
materials. The growing necessity to process
heavier crudes, however, coupled with the
eventual replacement of these materials by
coal- and shale-derived synthetic crudes,
provides a significantly more challenging
set of catalytic requirements than those
required to process lighter feeds.

In response to the above-noted realiza-
tion, recent studies of both an experimental
and a theoretical nature have demonstrated
that other transition metal sulfides, includ-
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ing ruthenium sulfide (RuS;), possess sig-
ficantly higher specific activities toward the
hydrodesulfurization of dibenzothiophene
than either unpromoted molybdenum sul-
fide or tungsten sulfide (/-3). In recognition
of these findings we have undertaken a
number of investigations aimed at discer-
ning the structure, stability, and catalytic
mechanisms operative over sulfided ruthe-
nium catalysts. The objective of these ef-
forts has been to develop an enhanced
understanding of the ‘‘structure-—activity
relationships’® possessed by these highly
active catalysts with the hope that such
understandings may provide insights into
the enhanced promotion and/or develop-
ment of improved catalytic materials.
Results obtained in this laboratory and
discussed herein demonstrate from the pro-
spectives provided by various catalytic re-
actions and characterization studies that
the performance of sulfided ruthenium cata-
lysts can be classified into two distinct
regimes depending on the amount of sulfur
and manner in which it is incorporated
onto/into the catalyst. In the first regime
(e.g., produced by sulfidization in 101 kPa
of 10% H,S/H,, ca. <723 K), less than
one-half monolayer of sulfur is deposited
onto the catalyst surface, which selectively
catalyzes the direct hydrogenolysis of thio-
phene to C,; products and H,S in the ab-
sence of tetrahydrothiophene (THT). In the
second regime (e.g., produced by sulfid-
ization in 101 kPa of >80% H,S/H,, ca.
>673 K), multilayers of sulfur are incorpo-
rated into the ruthenium surface with crys-
talline RuS, apparently extending all the
way to the gas phase in the absence of
surface crystallographic relaxations. These
RuS,-like surfaces produce nearly equal
quantities of direct C4 hydrogenolysis prod-
ucts and THT. Since the surface structures
noted above are stable under reaction con-
ditions and provide vastly different and in
some cases highly desirable catalytic se-
lectivities (hydrogenolysis versus hydroge-
nation), we have further focused our stud-
ies on developing a detailed understanding
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of the ‘‘structure—activity’” and ‘‘struc-
ture—selectivity’>  properties  provided
within each sulfidization regime.

As a result of the aforementioned sulfi-
dization regimes we have divided our stud-
ies into two distinct parts. In this paper we
consider the physical and chemical charac-
teristics of ruthenium surfaces containing
partial monolayers of adsorbed sulfur. In
the second paper (¢) we examine the struc-
ture—reactivity behavior of thiophene HDS
observed following extensive sulfidization
of supported ruthenium catalysts. Results
of those studies are contrasted with the
data presented in this paper and utilized to
provide insights into the unique and unex-
pected thermodynamic constraints required
to form RuS, at the surface. Since intercon-
version between the two sulfidization re-
gimes is readily accomplished, the sulfided
ruthenium catalysts discussed in this and
the subsequent paper appear to provide
adjustable hydrogenation to hydrogenolysis
activities, allowing alteration of product
selectivity and efficient use of process hy-
drogen during HDS. The possibility also
exists that results observed in these studies
may be applicable at pressures greater than
101 kPa and/or for reaction systems involv-
ing the removal of oxygen and nitrogen
heteroatoms.

EXPERIMENTAL
1. CATALYST MATERIALS

Supported ruthenium catalysts in the
form of 0.5, 2.0, 3.7, and 5.0% Ru/AlLO;
specimens were prepared, according to
procedures described in detail elsewhere
(5, 6). Aqueous solutions of RuCl;-3H,0
(Aesar, 99.9%) were added in a dropwise
fashion to a y-Al,O3 support (Harshaw Al-
3945, 234 m?%/g) until incipient wetness was
achieved (ca. 0.68 cm?®/g). These specimens
were then dried in air for 12 h at 353 K and
stored for further use. A commercial 5.0%
Ru/Al,O; catalyst was also used (Engel-
hard, Lot 118-7-FF-40, BET surface area
of 120 m?/g).
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TABLE 1

Catalyst Description and Properties

Catalyst Ruthenium?® Ruthenium®
crystallite size surface area
(nm) (m*/g)
a. 0.5% Ru/ALO:® 1.8 0.98
b. 2% Ru/AlO, 3.0 2.73
c. 2% Ru/AlLO; 3.2 2.56
d. 2% Ru/ALO;s* 5.3 1.55
e. 2% Ru/AlLO5 9.8 0.84
f.  3.7% Ru/Al,0; 2.5 6.06
g. 3.7% Ru/ALO;" 3.8 4.00
h. 5% Ru/Al,O; 3.0 6.83
i. 5% Ru/AlLO¢ 5.0 4.10
j. 5% Ru/ALO;" 6.4 3.20
k. 5% Ru/ALO;s* 9.1 2.25
I.  Ru sponge — 0.65¢
m. Ru sponge — 6.50¢

¢ Ruthenium crystallite sizes and surface areas de-
termined by H, chemisorption at 298 and 373 K prior
to sulfidization. Crystallite size and surface area have
been corrected for the number of sites blocked by
adsorbed chlorine, where applicable, according to the
procedures of Lu and Tatarchuk (5, 6).

¢ Chlorine, 0.17 wt% (Galbraith).

¢ Larger diameter cyrstallites obtained by sintering
in sequential H,, O,, H, environments.

¢ Commercial catalyst obtained from Engelhard
(Lot 118-7-FF-40). Chlorine, 0.52 wt% (Galbraith).

¢ Surface area also determined by BET methods.

Unsupported ruthenium sponges were
obtained from Aesar (0.65 m%/g, 99.5% pu-
rity) and from Engelhard (6.5 m?/g, >96.0%
purity). Surface areas determined by the
BET method showed close agreement to
those provided by irreversible hydrogen
chemisorption measurements at 373 K.

A commercial CoMo/y-Al,O; catalyst,
supplied by American Cyanamid (HDS-
1442A H-Coal), was also studied for com-
parison purposes. This catalyst was sup-
plied in the form of 0.50 X 0.16-cm cylindri-
cal extrudates with loadings of 14.78%
MoO; and 3.46% CoO, a pore volume of
0.72 cm®/g, a bulk density of 0.32 g/cm?,
and a BET surface area of 331 m%g after
crushing and sieving between 20 and 40
mesh.
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Prior to reaction and chemisorption stud-
ies all catalysts were pressed at 1.4 x 10
kN/m? and sieved between 20 and 40 mesh.
Properties of the catalysts are shown in
Table 1. Further details of catalyst prepara-
tion and characterization procedures have
been discussed elsewhere (5-11).

2. CHEMICAL REAGENTS

Hydrogen and helium (99.99%) were ob-
tained from Selox, Inc. and purified prior to
reaction and adsorption studies by sequen-
tial passage through a Deoxo unit at 298 K,
a copper turning trap at 500 K, and a bed
of 13x zeolites at 77 K. Oxygen used
for catalyst sintering (99.99%, from Selox,
Inc.) was purified using 13X zeolites at 196
K while nitrogen for BET studies (99.99%,
Linde, Inc.) was purified using a copper
turning trap at 500 K and a bed of 13X
zeolites at 77 K. Mixed gases including
10.2% H,S in H» (99.97% overall purity)
and 9.87% O, in He (99.99% overall
purity) were supplied by Air Products
(custom mixture grades) and used without
further purification. Pure hydrogen sulfide
(>99.5%, Matheson), as well as thiophene
and I-hexene (Aldrich), was examined by
gas chromatography (>99% purity) and
used without further purification.

3. CATALYST CHARACTERIZATION
A. Chemisorption

Volumetric hydrogen adsorption mea-
surements were performed in an all-Pyrex
apparatus described previously (5, 6). Mea-
surements of the number of surface ruthe-
nium atoms per gram of catalyst and es-
timates of the resultant crystallite size were
determined primarily on the basis of irre-
versible hydrogen uptakes measured at
373 K.

Average crystallite diameters determined
from hydrogen adsorption data are reported
on a ‘‘prior to sulfidization basis’’ since
recent work performed in this laboratory
(8-12) has indicated that as little as 0.25
monolayer of adsorbed sulfur is sufficient
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to block irreversible hydrogen adsorption
onto ruthenium surfaces at temperatures
between 77 and 473 K.

Because 0.25 monolayer of sulfur
adatoms precludes irreversible hydrogen
adsorption, pulse oxygen chemisorption
was used to measure the number of vacant
ruthenium surface sites following various
sulfidization treatments. For these studies,
catalyst samples were loaded into a 2.2-
mm-i.d. stainless-steel U-tube and placed
onto a pulse adsorption apparatus. Follow-
ing reduction and/or presulfidization at 673
K, catalysts were purged at this tempera-
ture with pure helium at a flow rate of 50
cm®/min for 1 h. The effluent from the
U-tube was then routed over the thermal
conductivity detector of a gas chromato-
graph (Gow-Mac, 69-150) and the O, uptake
measured at 298 K. Pulses of 10% O,/He
were added to the He carrier (i.e., 1.09
umole O,/pulse) at 30-s intervals until suc-
cessive oxygen peaks increased by less
than 1%.

Mean crystallite sizes and available ru-
thenium surface areas reported for cata-
lysts used during kinetic studies were as-
sumed to be the same as those determined
within the various adsorption apparatuses,
on catalysts from the same precursor batch,
following identical reduction/pretreatment
procedures. The role of these adsorption
measurements is to compliment data ob-
tained by kinetic and gravimetric studies
and to provide a basis for the calculation of
specific activity.

B. Microgravimetry

A Cahn 2000 microbalance with a capac-
ity of 1.5 g and an ultimate precision of
*0.2 ug was employed to determine the
amount of sulfur incorporated into/onto
unsupported ruthenium catalysts following
various sulfidization treatments. Details of
the equipment are given by Moran (/3) and
Bowers (/4).

Prior to sulfidization, 0.65 m?/g ruthe-
nium samples were reduced at 673 K for 8 h
inside the hang down tube, purged at 673 K
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in helium or argon for 1.5 h, cooled in
the purge gas to room temperature, evacu-
ated, and the base weight was recorded.
Samples were subsequently exposed to
H,S/H, mixtures (10-100% H,S, 298-823
K) for varying times, purged at reaction
temperatures for 1.5 h, brought to room
temperature in the purge gas, evacuated,
and a new weight was recorded. Since
sulfidization did not significantly change the
surface areas of these specimens, the
amount of sulfur retained by the catalyst
has been expressed on a monolayer equiva-
lent basis where one monolayer of sulfur
corresponds to one sulfur adatom per sur-
face ruthenium atom prior to sulfidization.
The number of surface ruthenium atoms
present was determined by buoyancy-cor-
rected BET isotherms assuming that the
cross section of the nitrogen molecule is
0.162 nm? and the average area per surface
ruthenium atom is 0.0817 nm?® (15, 16).

4. KINETIC STUDIES
A. Reactor System

A flow reactor system with extensive
mixing of gases (viz., H,S, H;) and liquid
reactants (viz., thiophene or 1-hexene) was
employed. Liquid reactants were fed from a
5-cm® Hamilton ‘‘gas/liquid-tight’’ syringe
using a Harvard syringe pump and entered
into a thermostated vaporization section.
The vaporized liquid reactants were mixed
with H,S and H, controlled by Linde mass
flow controllers and fed to a 400-cm® mixing
volume. The mixture was then routed
through two 6-port-2 position gas sampling
valves (Valco) equipped with 0.25-cm®
sampling loops. The mixture could be
sampled on each side of the reactor by
appropriate valve positioning. All connect-
ing lines located after the vaporization
section were maintained at 393 * 10 K to
prevent condensation of products and reac-
tants.

Two different reactors were used de-
pending on the catalyst loading and/or the
reaction being studied. One vessel, a down-
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flow quartz reactor, was used when a
charge of between 2 and 20 g of catalyst
was required. The other reactor, a 3.2-mm-
i.d. stainless-steel tube, was employed
when less than 2 g of catalyst was required.
Temperature control in all instances was
held within =2 K by Lindberg ovens sur-
rounding the vaporization and reactor sec-
tions.

B. Reaction Conditions

Thiophene hydrodesulfurization and 1-
hexene hydrogenation were performed
over the temperature range from 548 to 623
K with a catalyst charge varying from 49
mg to 16 g. Partial pressures of thiophene,
1-hexene, hydrogen, and hydrogen sulfide
were varied in the following ranges: thio-
phene, 5.35-18.5 kPa; 1-hexene, 2.73-
12.83 kPa; H,, 85.6~112.1 kPa; H,S, 1.01-
10.1 kPa. Unless specified otherwise, hy-
drogen sulfide was always present in these
feeds to prevent changes in surface struc-
ture due to sulfur depletion by process
hydrogen. Reactants were introduced at the
desired rate and the system was allowed to
reach steady state (ca. 8 h) as demonstrated
by constant conversions measured in suc-
cessive reactant and product samplings. No
evidence for permanent deactivation or
slow activity decline was observed after
this induction period.

C. Analysis of Products and Reactants

Reactants and products were analyzed
using a Varian 3700 gas chromatograph
equipped with a thermal conductivity de-
tector. For thiophene studies, glass col-
umns 3.6 m in length and 2 mm i.d. were
packed in their first 1.8 m with 80—-100 mesh
Chromosorb 107 (Alltech) and in the latter
1.8 m with 3% Sp-2250 on 100-120 mesh
Supelcoport (Supelco Inc.). A333t0473 K
temperature interval, ramped at 10 K/min,
was sufficient to separate H,, H,S, butene,
butane, thiophene, tetrahydrothiophene,
and small amounts of cracking products
observed in this study. In the case of I-
hexene hydrogenation, 3.0-m X 3.2-mm-
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i.d. stainless-steel columns were used and
packed with 10% tricresylphosphate on
60-80 mesh Chromosorb W (Varian Corp.).
These columns, operated isothermally at
303 K, allowed separation of H,, H,S,
1-hexene, and hexane, as well as the se-
quential isomerization products of cis- and
trans-2-hexene followed by cis- and trans-
3-hexene.

D. Reactor Model

Thiophene hydrodesulfurization and 1-
hexene hydrogenation were carried out at
low conversions (0.5-10%) allowing a
steady-state differential model to be em-
ployed. Differential operation was required
to permit discrimination of primary and
secondary products while permitting accu-
rate measurements of the intrinsic reaction
rate extrapolated to zero conversion.

Percentages of thiophene HDS conver-
sions were calculated on the basis of the
number of moles of thiophene converted
divided by the number of moles of thio-
phene in the reactant feed; similarly, 1-
hexene hydrogenation conversions were
determined based on the number of moles
of hexane produced divided by the number
of moles of 1-hexene in the reactant feed.
Details of the calculations of thiophene
HDS and 1-hexene conversions are de-
scribed elsewhere (9-11).

E. Kinetic Models Evaluated

A number of generalized Langmuir-
Hinshelwood rate expressions based on the
following form were evaluated as candi-
dates to correlate observed rate data,

~ kiPiPY,
(L + KPP+ KsPo)"(1 + Ky, Py’

(1

where k; is the apparent rate constant for
reactant i (1-hexene or thiophene), K; is the
adsorption equilibrium constant of com-
ponent i (1-hexene or thiophene), P; is the
pressure of component i (1-hexene or thio-
phene), H; is hydrogen, S is hydrogen

—F;
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sulfide, and a, b, ¢, are constants (0, 1, and
2 were evaluated).

A nonlinear least-squares regression
analysis based on the method of Marquardt
(17) was used to fit the data. The goodness
of fit for different rate equations was deter-
mined by comparing the residual sum of
squares for the differences observed be-
tween experimental and computed rates at
95% confidence levels.

F. Catalyst Pretreatment Prior
to Kinetic Studies

CoMo/Al,O; catalysts were loaded into
the tubular reactor, flushed with He for 2 h
at 473 K and presulfided at 673 K in 10%
H,S/H, (50 cm?®/min (STP)) for 2 h. Follow-
ing presulfidization, catalysts were cooled
to reaction temperatures in 10% H,S/Hj;
the H,S/H, stream was then diluted to ca.
1% H,S/H, before a coreactant (i.e., thio-
phene or 1-hexene) was introduced.

Ru/Al,O5 catalysts of 0.5, 2.0, 3.7, and
5.0% loading as well as unsupported ruthe-
nium sponges were reduced in 50 cm®/min
(STP) of flowing H; for 8 h followed by mild
presulfidization treatments involving either
(i) 50 cm®/min of 1 to 10% H,S in H, at 101
kPa for varying times at temperatures be-
low 673 K or (ii) 50 cm*/min of 100% H,S at

TABLE 2

Comparison of Pulse O, and Static H, Chemisorption
Uptakes on “*Clean’’ Ru/AlO; Catalysts

Catalyst d (nm)¢ O> uptake H> uptake Ratio of
at 298 K at 298 K (02/H)
(umole/g) (umole/g)
0.5% Ru/AlLOs 1.8 4.51 7.94 0.57
5% Ru/AlO4 3.0 30.8 54.06 0.57
2% Ru/AlO4 5.3 12.5 22.5 0.55
5% Ru/AbOs 9.1 8.2 15.3 (.54
CoMo/ALLOY - 85.0 — —
¢ Calculations based on the Hy uptake at 298 K following excursion in

adsorption temperature 1o 373 K (5, 6). Reported diameter accounts for
sites blocked by chiorine adatoms and assumes (i) one hydrogen atom
per surface ruthenium atom, (i) cubic crystallites with five sides
exposed. and (iii) 0.0817 am* per surface ruthenium atom; see Refs. (5, 6)
for more details.

! Commercial CoMo/ALO; catalyst from American Cyanamid (HDS-
1442A H-Coal); BET surface arca, 331 m*/g.
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FiG. 1. Effect of Ru crystallite size on the ratio of
pulse O, uptakes measured at 298 K before and after
sulfidization in 10% H,S/H,, 101 kPa, 673 K, 2 h.

101 kPa for varying times at temperatures
below 523 K.

RESULTS
1. CATALYST CHARACTERIZATION
A. Microgravimetry

Microgravimetric studies performed on
0.65 m?/g ruthenium sponge catalysts re-
vealed that the number of incorporated
sulfur atoms to the number of surface
ruthenium atoms, prior to sulfidization,
increased with increasing temperature, hy-
drogen sulfide concentration, and sul-
fidization time. While this general trend is
not suprising, it is noteworthy in the con-
text of this study that sulfidization at 673 K
in 101 kPa of 10% H,S/H,, for periods as
short as 1 min or as long as 1 week,
provided stationary uptake ratios of ca. 0.3
(ViZ., S(a)/RU(S) = 03)

B. Oxygen and Hydrogen Chemisorptions

Results of oxygen and hydrogen che-
misorption measurements performed over a
number of 0.5-5.0% Ru/Al,Os catalysts be-
fore and after sulfidization are shown in
Table 2 and Fig. 1. Over reduced Ru/ALO;
catalysts (i.e., sulfur-free specimens), pulse
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oxygen uptakes at 298 K are approximately
one-half the value measured by static hy-
drogen adsorption methods (Table 2). Since
hydrogen atoms are known to adsorb with a
1:1 surface stoichiometry to clean ruthe-
nium surface atoms under these conditions
(I8, 19), the data of Table 2 suggest that
pulse oxygen adsorption at 298 K saturates
at approximately one oxygen atom for ev-
ery two surface ruthenium atoms.

After sulfidization in 101 kPa of 10%
H,S/H, at 673 K for 2 h, oxygen uptakes
decreased significantly compared to those
uptakes measured from reduced (i.e., sul-
fur-free) Ru/AlO; specimens (see Fig. 1).
Irreversible hydrogen uptakes were found
to be completely poisoned at adsorption
temperatures between 77 and 473 K (see
Part 11 (4) of this series for details).

In contrast to the data shown in Table
2, Fig. 1 now provides apparent evidence
for structure-sensitive adsorption of oxy-
gen following sulfidization. Crystallites
larger than 3.2 nm lose about one-half
their adsorption capacities toward oxygen,
whereas crystallites below 3.2 nm appear to
be increasingly more difficult to poison,
losing only about 20% of their oxygen ad-
sorption sites.

2. KINETIC MEASUREMENTS
A. Verification of Reactor Model

Differential reaction conditions were ob-
tained at low conversions as shown in Fig.

e 30
[
&
5 a0}
5 a o388
w
2 / /
c
s ]
=] (o)
= 1o} / o 358K
®
g ) o—"
4
b o— A543
> T )
o 6 12

WIF x 108 (g-sec/mole of thiophene)

F1G. 2. Demonstration of differential reaction condi-
tions for 0.3 g of 5% Ru/ALQO;. Feed: 9.33% thio-
phene, 0.87% H,S, and 89.8% H, at 101 kPa.
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2. This behavior was verified each time a
new catalyst was loaded. The absence of
inter- and intraparticle gradients under re-
action conditions was checked according to
the methods of Satterfield (20) and Mears
(21). The modified Thiele moduli for thio-
phene HDS and 1-hexene hydrogenation
were found to be 2.1 X 10> and 2.4 x 1072,
respectively, giving rise to effectiveness
factors close to 1 under reaction conditions.
Therefore, it has been assumed that mea-
sured reaction rates were not limited by
either heat or mass transfer.

B. I-Hexene Hydrogenation

Hexane was observed as a direct reaction
product from I-hexene along with apprecia-
ble amounts of the isomerization products
cis- and trans-2-hexene as well as cis- and
trans-3-hexene at higher conversions of -
hexene. Because isomerization reactions
are known to be catalyzed by acidic sup-
port materials, y-Al,O; and chlorinated -
Al,O; were also evaluated in separate reac-
tion studies. Appreciable isomerization was
noted with very little hydrogenation being
found. For this reason, hexane production
rates, extrapolated to zero conversion in
I-hexene, were used to discount isomeriza-
tion activity of the support and the sulfided
metal.

a. Kinetic models evaluated. Table 3
gives the kinetic parameters and residual
sums of squares for the plausible 1-hexene
hydrogenation rate equations obtained over
0.5% Ru/Al,O; catalysts in the temperature
range 548-608 K. Details of the kinetic
results over 5% Ru/Al,0; and CoMo/AlL,Os
catalysts are given elsewhere (22).

As can be seen in Table 3, the most
satisfactory correlation of the data for I-
hexene hydrogenation was found to be

kaPHxPHz
“FHx T 5 (2)
(1 + KuxPux + KsPs)
which is evidenced by the lower value of
the residual sum of squares and the lower
error bounds on the rate and the adsorption
constants.
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TABLE 3

Plausible Rate Models for 1-Hexene Hydrogenation®

Rate equation T k x 10° Ky, K (Residual sum

(K) (mole/g - s « atm?) (atm™") (atm™") of squares)®
x 10"
kPy, Py 548 1.01 = 0.15 1.19 = 0.97 — 0.53
a4 + K P 588 1.60 = 0.27 1.05 = 0.59 — 2.60
608 2.48 + (.26 0.97 = 0.66 — 2.04
kP Py 548 1144016 320+ 1.58 3.19=230 0.62
(1 + KuxPux + KsPs) o8 2.58 + 0.26 232198 201 128 2.13
kPyy Py 548 1.12 + 0.08 1.57 = 0.44 1.59 = 0.45 0.33
(1 + KuPux + KsPs)* 588 1.69 = 0.16 1.30 £ 0.18  1.25 = 0.24 2.42
608 2,65 = 0.13 1.19 £ 0.30  1.09 = 0.32 1.40

“ Based on 3.302 g of 0.5% Ru/Al,0; in downflow quartz reactor, specimen (a) of Table 1.
b Obtained from the nonlinear least-squares regression analysis based on the method of Marquardt
(17); residual sums of squares were determined by the differences between observed and computed

rates.

The rate expression shown in Eq. (2) can
be derived from two different reaction mod-
els. The first model is a two-site mechanism
involving (i) competition between 1-hexene
and hydrogen sulfide for the first site with
adsorption of hydrogen at low coverage on
the second site, (ii) two-point adsorption of
1-hexene, and (iii) surface reaction control.
The second model is a single-site expres-
sion involving (i) competition between 1-
hexene, hydrogen sulfide, and hydrogen
for the site, (ii) one-point adsorption of
I-hexene, and (iii) surface reaction control.

Unfortunately, discrimination between
the above models was not possible in this
study since hydrogen served as the main
constituent gas (viz., carrier gas) in the
atmospheric reactor system and its partial
pressure could only be varied over the
range from 85.6 to 112.1 kPa. As such the
influence of H, on the reaction rate could
not be determined in sufficient detail to
make a statistically significant choice be-
tween the above-noted models.

b. Results obtained from kinetic models.
Kinetic and thermodynamic parameters ob-
tained by fitting kinetic data to Eq. (2) are

shown in Tables 4 and 5. It was observed
(Table 4) that the adsorption constants for
1-hexene and H,S are comparable on both
Ru/ALOs; and CoMo/AlO; catalysts, indi-
cating about an equal inhibition of 1-hexene
hydrogenation by 1-hexene and H,S. In
contrast to these results, Ramachandran
and Massoth (23) found that 1-hexene hy-
drogenation rates over sulfidled CoMo/
AlL,O; were not inhibited by H,S, although
they pointed out that under the conditions
of their study an explicit best equation
could not be determined due to poor cor-
relations between experimental data and
model predictions.

Another notable trend provided by Table
5 is that the apparent activation energies for
1-hexene hydrogenation over sulfided Ru/
ALO; catalysts decrease as ruthenium crys-
tallite size is increased. Therefore, in order
to examine in more detail the influence of
surface structure on reaction rate, I-hexene
hydrogenation Kkinetics were also deter-
mined over reduced (i.e., sulfur-free) Ru/
AL O; catalysts of varying crystallite size
(see Fig. 3).

As expected, 1-hexene hydrogenation
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TABLE 4
Fitted Kinetic Parameters under Various Reaction Conditions for 1-Hexene Hydrogenation”
Catalyst: CoMo/ALO;P 5% Ru/ALO, 0.5% Ru/ALO
T k% 10° K, Ky kX 10° Kii, Kg ko< 100 K, Ky
548 433+ 038 381070 1251045 220006 325 £023 1295025 1122008 157044 1.5 1 045
566 SA46 2 0.85 287 = 121 1.25 = 0.50 — — — — — —
588 628+ 015 182 120 125 £ 0.50 400 =023 228 = 041 096+ 037 169006 130+ 018 1.25 = 0.24
608 — — — S00=032 194 %029 075021 265003 119+030 109+ (.32

“ Reaction model: —rgy = &PpcPra/(1 + KngPrx + KgPs)® (moles/g - ). Hx, I-hexenc: Ha, hydrogen: S, hydrogen sulfide: A, rate constant
(moles/g - s - atm?) determined from the above rate expression: this value is equal to the intrinsic rate constant (¥%) times K2 Kux. K;, adsorption

cquilibrium constant for component i (atm ™).
? Based on 0.04 g of CoMo/ALO; in tubular reactor.
¢ Presulfidization in 10% H2S/H» at 673 K for 2 h.

4 Based on 0.86 g of 5% Ru/Al-03 in downflow quartz reactor. specimen (a) of Table 1.
¢ Based on 3.302 g of 0.5% Ru/AlO5 in downflow quartz reaclor, specimen (a) of Table |,

over ‘‘clean ruthenium’ surfaces appears
independent of ruthenium dispersion, in
agreement with the work of Benesi ez al.
(24) over Pt/SiO, catalysts and the ex-
pected facile nature of this reaction sug-
gested by Boudart (25). Following sulfid-
ization, however, the specific rate for
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F1G. 3. 1-Hexene hydrogenation versus Ru crystal-
lite size and presulfidization. Reaction conditions: (i)
on sulfur-free specimens (prereduction in H,, 101 kPa,
673 K, 8 h), data collected at Py, = 105.05 kPa, Py, =
6.97 kPa, 588 K; (ii) on suifided specimens (same
prereduction as noted above followed by sulfidization
in 10% H,S/H,, 101 kPa, 673 K, 2 h), data collected at
Py, = 105.04 kPa, Py, = 6.97 kPa, Py,s = 1.06 kPa,
588 K. Apparent activation energies determined from
In (global rate) versus 1/T over the temperature range
from 548 to 608 K. Average crystallite size determined
by H, chemisorption at 373 K prior to sulfidization.

I-hexene hydrogenation decreased by one
to two orders of magnitude depending on
crystallite size, with smaller crystallites re-
taining significantly more of their intrinsic
activity than larger crystallites. The origin
of this anomaly is unclear but indicates that
either (i) adsorbed sulfur can force a struc-
ture-insensitive reaction to become more
demanding or (ii) adsorbed sulfur provides
a size-dependent poisoning mechanism
with smaller crystallites being somewhat
more tolerant.

Figure 4 demonstrates that when 1-
hexene hydrogenation rates measured over

TABLE 5

Kinetic and Thermodynamic Quantitites for I-
Hexene Hydrogenation versus Crystallite Size

Reference Catalyst o 2 AHy Al
tnm) (ki/mole)  (kJ/mole)  (kd/mole)

35) CoMo/ALO3 — 13.4¢ 17.8¢ - 148.4¢
This work  CoMo/AlOy — 25« 8 =50+ 8 0.0
This work  0.5% Ru/ALOy L8 45 %10 —13 =} 18 =2
This work 2% Ru/AlLO; 3.0 44=x2 — —
This work 5% Ru/AlLOs SO0 373 241 -27+9
This work 2% Ru/AlOs 98 27=x5 —

“ Average crystallite size determined
sulfidization (5, 6).

» Apparent activation energy based on plot of In (global rate) versus
VT,

< Heat of adsorption for 1-hexcne based on van’t Hoff plot of Ky,
versus 1/T.

4 Heat of adsorption for H>S based on van't Hoff plot of Kg versus
T,

< Quantities measured for butene hydrogenation.

by Hi chemisorption before
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Fi1G. 4. 1-Hexene hydrogenation versus O, uptake
over reduced and sulfided Ru/AlLQO; catalysts of vary-
ing crystallite size. Reaction conditions: (i) on sulfur-
free specimens (prereduction in H,, 101 kPa, 673 K, 8
h), data collected at Py, = 105.04 kPa, Py, = 6.97 kPa,
588 K; (ii) on sulfided specimens (same prereduction
as noted above followed by sulfidization in 10% H,S/
H;, 101 kPa, 673 K, 2 h), data collected at Py, = 105.04
kPa, Py, = 6.97 kPa, Py,s = 1.06 kPa, 588 K. Average
crystallite size determined by H, chemisorption at 373
K prior to sulfidization. O, uptakes measured at 298 K
following specified pretreatments.

the various catalysts used in this study are
divided by their respective oxygen uptakes,
corrected hydrogenation rates are obtained
which are independent of ruthenium disper-
sion for both reduced and sulfided Ru/
Al O; catalysts.

c. Hexene isomerization. Separate exper-
iments investigating the isomerization of
1-hexene to cis- and trans-2-hexene were
undertaken over ruthenium sponge cata-
lysts before and after sulfidization and over
a bulk RuS,; specimen. Ruthenium sponge
catalysts with surface areas of 6.5 m*/g and
unsupported RuS, catalysts with surface
areas of 56 m?/g were chosen to eliminate
background isomerization activity provided
by a support.

As shown in Table 6, specific isomeriza-
tion rates increased following the indicated
presulfidization treatments and Kkinetic
evaluations in 1% H,S, as compared to the
reactivities observed over ‘‘sulfur-free’’ ru-
thenium sponges. Further increases in spe-
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cific isomerization rates were also evident
when bulk RuS; specimens were employed.
Since sulfided ruthenium sponges are
known to retain 0.25 monolayer of sulfur in
a strongly bound state, with background
H;S competing for the remaining sites, the
increase in activity following sulfidization
suggests that the remaining ruthenium sites
must possess relatively high isomerization
activities.

Since sulfur is an electronegative ad-
sorbate, partial monolayers adsorbed at a
metal surface can create virtual cations of
high Lewis acidity and increased isomeriza-
tion activity (26). It is believed that such an
explanation may account for the trends
observed in Table 6. Additional evidence
for these acid-type sites has recently been
provided by other work in this laboratory
which measured the carbon-oxygen
stretching frequency of adsorbed carbon
monoxide over supported Ru/Al,O; cata-
lysts in the presence and absence of ad-
sorbed sulfur (27, 28). These studies, in
agreement with similar efforts over Ni(111)
(29) and Ni(100) (30), indicate that ad-
sorbed sulfur can increase the stretching
frequency of carbon monoxide consistent
with a reduction in electron density at the
remaining metal sites. Since increases in
the acidity of the ruthenium surface may
have a significant impact on the adsorption

TABLE 6

Isomerization Activity versus Sulfidization

Catalyst Pretreatment Moles of 2-hexenet
produced per square meter
per sec x 107
Ru sponge” Reduction, 673 K, 8 h 3.6¢
Ru sponge”  Reduction, 673 K. 8 h; 5.24

presulfidization,

10% H,S, 673 K. 2 h
Presulfidization,

10% H,S/Hy, 673 K, 2 h

RuS," 11.0¢

“ 2-Hexene identified by GC and NMR.

b Obtained from Engelhard; BET surface area, 6.5 m%/g; > 96%
purity.

¢ P, = 105.04 kPa, Pyx—( = 6.97 kPa, 588 K; H,S not added to feed.

d Py, = 105.04 kPa, Pux-| = 6.97 kPa, Pyys = 1.06 kPa, 588 K.

¢ Prepared according to methods of Pecoraro and Chianetli (/); BET
surface area, 56 m?/g.
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of Lewis bases such as thiophene, surface
acidity may play a critical role in both
thiophene activity and selectivity as dis-
cussed later.

C. Thiophene Hydrodesulfurization

Butane, butenes, and hydrogen sulfide
were the primary reaction products under
the conditions of this study using both
Ru/AlLO; and CoMo/AlLO; catalysts. The
distribution of desulfurized-C; products
was observed in the following ranges: bu-
tane, 38.5-45.5%, and butenes, 54.5-
61.5%, as determined at 588 K, Py, =
104.03 kPa, Pr = 10.34 kPa, and Pys =
1.04 kPa. No butadiene was observed un-
der any reaction conditions.

Since thiophene may react by two com-
peting pathways which involve primary hy-
drogenolysis (R;) or primary hydrogenation
to tetrahydrothiophene (Ry;) with rapid sub-
sequent hydrogenolysis (Ryy) (3/1-33), ad-
ditional kinetic studies were required to
verify that tetrahydrothiophene was not
being produced as a primary product.
Therefore, tetrahydrothiophene conversion
was investigated separately to ensure that
the measured kinetics for pathway Ry were
not being obscured by rapid removal of the
THT intermediate via reaction Ry;. Results
of these studies demonstrated that pathway
Ry, while being about twice as fast as Ry,
was nevertheless sufficiently slow so as to
allow accurate determination of the R/Ry
ratio in the limit of zero conversion. Mass
balances involving the concentrations of
hydrogen sulfide, thiophene, and tetrahy-
drothiophene in the reactant and product
streams also verified that R; was the only
significant reaction pathway under the con-
ditions of this study.

The absence of tetrahydrothiophene pro-
duction in these studies over both CoMo/
ALO; and Ru/AlLO; catalysts is not unsual
as similar investigations over MoS, (34) and
CoMo/AlLO; (35) detect little or no THT at
hydrogen partial pressures of ca. 17 and
55-99 kPa, respectively, while other stud-
ies over WS, (34), RuS, (¢), and CoMo/
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ALO; (33) detect significant quantities of
THT at hydrogen partial pressures in the
range of 17, 101, and 222-1770 kPa, respec-
tively.

a. Kinetic models evaluated. Table 7 lists
the kinetic parameters and the residual
sums of squares obtained for the indicated
rate expressions when compared against
measured rate data obtained using 0.5%
Ru/ALO; catalysts. Details of the kinetic
results over 5% Ru/ALO; and CoMo/Al,O;
catalysts are given elsewhere (22).

As shown in Table 7, the best rate ex-
pression found to describe thiophene HDS
was

I(P"['f)l.l2
(4 KePy + KsPg? O

-r

which is evidenced by lower values of the
residual sum of squares and lower error
bounds on the rate and the adsorption con-
stants.

This rate equation agrees with work of
Satterfield and Roberts (36) and Morooka
and Hamrin (37). Analogous to the kinetic
studies for 1-hexene hydrogenation, this
model is also consistent with either a one-
(39, 40) or a two-site (35, 36, 38) model but
discrimination between these two cases
was not possible due to our inability to vary
the hydrogen partial pressure over a suffi-
ciently large range.

b. Results obtained from kinetic models.
Results obtained by fitting the Kinetic data
of Table 7 to Eq. (3) are shown in Tables 8
and 9. As can be seen, quantities measured
in this study over CoMo/AlLO; catalysts
including K7, Ks, E,, AHy, and A Hg agree
fairly well with values reported in the litera-
ture (35-37, 39, 41). One anomaly ob-
served, however, appears to be a somewhat
lower heat adsorption of thiophene on the
0.5% Rll/Ale3.

Adsorption equilibrium constants shown
in Table 8 demonstrate that fundamental
differences exist in the catalytic behaviors
of CoMo/Al,O; and Ru/Al,O; specimens.
Adsorption equilibrium constants for thio-
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TABLE 7

Plausible Rate Equations for Thiophene HDS*

Rate equation T k x 107 Kt Ks Ku (Residual
(K) (mole/g - s - atm?) (atm™!) (atm™") (atm™") sum of squares)”
x107
kPrPy
e 543 6.00 + 1.00 4.30 £ 230 9.10 = 2.50 — 0.72
(1 + KpPr + KsPg) 588 2.0 * 4.0 4.20  2.00 484 * 1.50 — 2.85
kPrPy 543 6.00 = 1.00 216 + 0.92 452+ 1.07 — 0.64
(1 + KpPr + KgPg)? 588 2.0 * 1.50 2.09 + 0.41 2.42 % 0.32 — 2.49
kPrPy 543 5.00 £ 8.00 8.78 * 8,31 11.0 * 8.90 —0.27 £ 0.72 0.64
(1 + KpPr + KsPg)(l + Ky Py) 588 2.0 +21.0 891 = 3.12 19.7 + 8.40 0.11 = 0.33 1.47
kPrPy 543 300 110 0.19 + 3.10 0.74 £ 2.45 —0.15 + 0.68 1.26
(1 + KyPr + KsPs)1 + KyPu)! 588 390 * 14.0 9.60 + 2.50 151 +5.60 0.02 = 0.13 1.10
k 2
PrPu 543 2,00 = 3.00 0.67 + 2.16 3.26 = 1.42 —0.35 + 0.37 0.65
(1 + KTPr + KsPs)1 + KuPy)? 588 420 =220 100 = 1.80 10.7 +7.60 0.07 + 2.00 1.75

“ Based on 16.0 g of 0.5% Ru/Al,O; in downflow quartz reactor, specimen (a) of Table 1.
# Obtained from the nonlinear least-squares regression analysis based on the method of Marquardt (/7); residual sums of squares were determined

by the differences between observed and computed rates.

phene (K1) over CoMo/AlLO; are signifi-
cantly higher than those found on Ru/
AlLO;, whereas HDS rates over Ru/AlLO;
are more inhibited by H,S adsorption than
those over CoMo/AlQOs.

Comparison of the two Ru/ALO; cata-
lysts shown in Table 8 also indicates that
smaller ruthenium crystallites are less in-
hibited by adsorbed hydrogen sulfide. In

this instance, the reduced inhibition by
hydrogen sulfide and the lesser amounts of
irreversibly bound sulfur retained by these
catalysts (see Fig. 1) suggest that smaller
ruthenium crystallites are more resistant to
both static and dynamic sulfur poisoning.
Figure 5 illustrates how the intrinsic ac-
tivity behavior for thiophene HDS varies
with crystallite size over Ru/AlO; speci-

TABLE 8

Fitted Kinetic Parameters under Various Reaction Conditions for Thiophene Hydrodesulfurization*

Catalyst: CoMo/AlLOy 5% Ru/AlL O34 0.5% Ru/ALO;"*
T(K) kx 10° Kt Ks k x 107 Kt Ks kx 108 Kr Ks
543 — — — — — — 602 1.0 216092 452 1.07
548 117 2035  920=1.21 1.1l =051 — — — - — —
566 319025 720+ 085 074=0.18 2.00+025 187030 1020 = 1.85 — — —
588 6.90 = 048 547 =078 052+022 360030 101029 819171 260=x15 2.09*041 242032
613 — — — 510 £ 041 055023 656 = 1.48 — — —

4 Reaction model: —r1 = kPpPy,/(1 + KtP1 + KsPs)? (moles/g - 5). T, thiophene; Hy, hydrogen; S, hydrogen sulfide; k, rate constant (moles/g - s -
atm?) determined from the above rate expression; this value is equal to the intrinsic rate constant (k") times Ku, Kr. K;, adsorption equilibrium

constant for component i (atm™").
? Based on 0.1 g of CoMo/AlyOs in tubular reactor.
¢ Presulfidization in 10% H»S/H> at 673 K for 2 h.

4 Based on 3.03 g of 5%/Ru/ALOs in downflow quartz reactor, specimen (a) of Table 1.
¢ Based on 16.0 g of 0.5% Ru/AlO; in downflow quartz reactor, specimen (a) of Table 1.
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TABLE 9

Kinetic and Thermodynamic Quantitites for
Thiophene HDS versus Crystallite Size

Reference Catalyst ! kb AHY AH!
(nm) (k¥/mole) (kl/mole) (kI/mole)
36) CoMo/Al,O; — 15.5¢ -100.3 -79.4
(37) CoMo/AlLO — 83.6 — —
35) CoMo/AlLQO; — 49.7 ~510 —86.1
39 CoMo/AlOs — 104.5 — —
1) CoMo/A1LOy — 90.3 — —
This work  CoMo/AlLOs — {14+ 15 -35+1 51 =7
This work  0.5% Ru/ALO: 1.8 86.8 2.1 -36.8
This work 2% Ru/AbOs 3.0 76 =7 — —
This work 5% Ru/AlyO; 5.0 Sxle ~75x2 27+
This work 2% Ru/ALO; 9.8 53+ — —

“ Average crystallite size determined by H. chemisorption before
sulfidization (5. 6).

" Apparent activation energy based on plot of In (global rate) versus
VT,

“ Heat of adsorption for thiophene based on van't Hoff plot of K¢
versus 1/7.

¢ Heat of adsorption for HaS based on van't Hoff plot of Kg versus
T,

“ Mass transfer limitation (36).

mens. These data are displayed on two
different bases. The first provides the moles
of thiophene converted per square meter
per second, as correlated on the basis of
ruthenium surface areas measured by static
hydrogen chemisorption prior to sulfid-
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FiG. 5. Thiophene HDS versus Ru crystallite size.
Catalysts presulfided in 10% H,S/H,, 101 kPa, 673 K,
2 h. Reaction conditions: Py, = 104.03 kPa, Pr = 10.34
kPa, Py,s = 1.04 kPa, 588 K. Average crystallite size
determined by H, chemisorption at 373 K prior to
sulfidization. O, uptakes measured at 298 K following
sulfidization.

241

ization. The second utilizes the moles of
thiophene converted per second per mole
of O, adsorbed, as correlated on the basis
of pulse adsorption following presulfid-
ization. Since both methods show marked
increases in activity as crystallite size is
reduced, they provide a clear indication of
the structure-sensitive nature of thiophene
HDS on sulfided Ru/Al,O;. Also, these
trends cannot be ascribed to self-poisoning
by either thiophene or hydrogen sulfide, as
the respective adsorption equilibrium con-
stants, when placed in Eq. (3), demonstrate
that these species provide relatively little
inhibition compared to the trends shown in
Fig. 5.

D. Hydrodesulfurization/Hydrogenation
Activity Ratios

Figure 6 compares thiophene HDS to
1-hexene hydrogenation ratios at 548, 588,
and 623 K for the single CoMo/Al,O; cata-
lyst investigated as well as for a number of
the sulfided Ru/ALO; specimens of varying
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FiG. 6. Dependence of thiophene HDS/1-hexene
hydrogenation activity ratio on Ru crystallite size at
varying temperatures. Reaction conditions: Py, =
104.03 kPa, Py = Py, = 10.34 kPa, Py,s = 1.04 kPa.
Average Ru crystallite size determined by H, che-
misorption at 373 K prior to sulfidization. Activity
ratio for CoMo/AlO; not determined with respect to
crystallite size.
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crystallite size. In all cases, the HDS/
hydrogenation ratio increased with increas-
ing temperature, most likely as a result of
the fact that apparent activation energies
for HDS are greater than those for hydroge-
nation. Sulfided Ru/AlLO, specimens pos-
sessed HDS/hydrogenation ratios that were
5 to 20 times lower than those for CoMo/
Al,O4 catalysts depending on the tempera-
ture and ruthenium crystallite size em-
ployed. Of particular interest is the fact that
on sulfided Ru/Al,QO; catalysts, the number
of HDS reaction sites multiplied by the
mean activity per site increases more rap-
idly with decreasing crystallite size than it
does for 1-hexene hydrogenation. Thus,
changes in the ruthenium crystallite size
and the reaction temperature provide two
distinct methods for tailoring the HDS-to-
hydrogenation ratio over sulfided ruthe-
nium catalysts within the inherent limits of
this material. Additional ways to alter this
ratio are discussed in Part II of this
study (4).

DISCUSSION
1. CATALYST CHARACTERIZATION
A. Microgravimetry

Mild presulfidization of ruthenium
sponge catalysts at 673 K in 101 kPa of 10%
H,S/H; provides stationary uptake ratios of
ca. 0.3 (Sp/Rui = 0.3). The amount of
sulfur incorporated during identical sulfi-
dization treatments, as monitored by X-ray
photoelectron spectroscopy (42), indicates
that sulfur adsorption is confined to the
near or outermost surface region while
X-ray diffraction (XRD) detected no appar-
ent changes in the size or shape of the
ruthenium crystallites. These results indi-
cate that stable sulfur-ruthenium surfaces
are generated following treatment in 10%
H,S/H, mixtures and points to the control-
ling influences provided by processes in-
volving surface kinetics, bulk diffusion,
and/or surface thermodynamics. Results of
bulk thermodynamic calculations (43) pre-
dict formation of crystalline RuS, using
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H,S/H, ratios as low as 2.69 x 1077 at 673
K. It is this apparent region of ‘‘surface
metastability’” which provides the working
surface for the kinetic studies reported in
this paper while surfaces which incorporate
more than 0.5 monolayer of sulfur are
treated in Part II of this study (4).
Additional evidence for the region of
“‘surface metastability’’ has been reported
in the literature. Oliphant et al. (44) exam-
ined the chemisorption of hydrogen sulfide
on 0.5% Ru/Al,O; catalysts and found that
the surfaces of these materials saturated at
S/ Rug, values of 0.4 following adsorption/
reaction at temperatures as high as 723 K in
85 kPa of 30 ppm H,S/H,. Kelemen and
Fischer (45) investigated the interaction of
hydrogen sulfide with Ru (0001) using
LEED, Auger electron spectroscopy
(AES), and temperature-programmed de-
sorption (TPD). They observed (2 X 2),
(V3 x V3)R30°, and c(4 x 2) LEED pat-
terns, corresponding to surface coverages
(i.e., S@/Rug) = 65) of 0.25, 0.33, and 0.5,
respectively, following treatments in 2-50
Langmuirs of H,S at temperatures from 350
to 500 K. Agrawal er al. (46) observed
sulfur coverages from 0 to 0.5 monolayer
following adsorption/reaction in 101 kPa of
13-69 ppb H,S during CO hydrogenation
studies at 663 K. These results indicate that
the maximum attainable surface coverage
of sulfur is equal to one-half the number of
surface ruthenium atoms. This saturation
value most likely results from the specific
site requirements for sulfur desorption and
the larger van der Waals radii which sulfur
posseses (i.e., S* = 0.185 nm, S™! = 0.217
nm, and S = 0.184 nm) compared to
metallic ruthenium (Ru’ = 0.133 nm).

B. Chemisorption Studies

As shown in Table 2, pulse oxygen up-
takes over reduced Ru/Al,O; catalysts are
approximately one-half the value of the
hydrogen uptake. In view of earlier discus-
sions involving sulfur adatoms (8-11,
44-46), this surface stoichiometry is not
unexpected due to the site requirements for
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oxygen adsorption and the somewhat larger
van der Waals radii of oxygen than of
ruthenium (.e., O° = 0.140 nm, 077 =
0.140 nm, Ru® = 0.133 nm). These data also
indicate that (i) oxygen can be used to
measure the surface areas of ‘‘clean’ ru-
thenium surfaces and (ii) oxygen adsorption
over ‘‘clean’ ruthenium appears to be
structure-insensitive over the diameter and
temperature range examined in this study.

Following mild sulfidization in 101 kPa of
10% H.S/H, at 673 K, a ca. 50% decrease
in oxygen adsorption was observed over
larger ruthenium crystallites (Fig. 1), which
may correspond to one adsorbed sulfur
atom for every four surface ruthenium
atoms. This stoichiometry is consistent
with earlier microgravimetric results from
ruthenium catalysts which found sulfur
coverages of ca. 0.3 monolayer following
identical sulfidization treatments. The data
of Fig. 1 thus suggest that crystallites
greater than 3.2 nm are covered by ca. 0.25
monolayer of sulfur following sulfidization
and become saturated by an additional 0.25
monolayer of oxygen following pulse ad-
sorption.

The above-noted adsorption stoichiome-
tries are consistent with the known satura-
tion coverages of sulfur, at one sulfur
adatom per two surface ruthenium atoms
(8—11, 44-46) and the measured saturation
coverages of oxygen, at one oxygen adatom
per two surface ruthenium atoms (Table 2).
Furthermore, since oxygen demonstrates
no tendency toward structure sensitivity in
the absence of sulfur, Fig. 1 suggests that
the observed data are more indicative of a
structure-sensitive adsorption by sulfur
than by oxygen.

Evidence for structure-sensitive sulfur
adsorption has been suggested by Bartho-
lomew et al. (47) who indicate that sulfur
possesses a tendency to preferentially ad-
sorb at high coordination sites on any num-
ber of metal surfaces including Pt, Ag, Ru,
Mo, Cu, Ni, Co, and Fe. Likewise, in a
fashion similar to that of the above-noted
oxygen chemisorption data, Gallezot et al.
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(48) found that smaller platinum crystallites
were more resistant to sulfur poisoning. In
the particular case of ruthenium, Kelemen
and Fischer (45) found that 0.25 monolayer
of sulfur form (2 X 2) LEED patterns with
sulfur residing in high coordination three-
fold sites on the (0001) basal plane. The
heat of desorption of sulfur was also found
to be a strong function of coverage. Values
as high as 439 kJ/mole were observed at
coverages =0.25 monolayers, whereas val-
ues as low as 209 kJ/mole were observed as
the surface neared saturation (i.e., 65 =
0.5).

The enhanced stability exhibited by the
(2 X 2) overlayer at 8s = 0.25 may thus
explain (i) the apparent quarter monolayer
suppression in oxygen chemisorption noted
over the large crystallites (Fig. 1) and (i)
the close to quarter monolayer of strongly
adsorbed sulfur observed by microgravime-
try. The tolerance of small crystallites to-
ward sulfur poisoning may be rationalized
on the basis that small crystallites, below
3.2 nm, possess relatively few high coordi-
nation sites, whereas crystallites greater
than 3.2 nm are expected to provide larger
fractions of the closest packing (0001) plane
providing exactly one threefold adsorption
site per surface ruthenium atom.

2. KINETIC MEASUREMENTS
A. [-Hexene Hydrogenation

a. Correlation of oxygen uptakes with
1-hexene hydrogenation before and after
sulfidization. As demonstrated in Fig. 4,
1-hexene hydrogenation rates corrected by
the oxygen uptake were independent of the
ruthenium crystallite size. While these data
suggest that I-hexene hydrogenation is
structure-insensitive, the fact that *‘sulfur-
free’” and ‘‘presulfided’ catalyst systems
fall on different horizontal lines, separated
by an order of magnitude in specific reac-
tion rate, is initially perplexing since earlier
microgravimetric and oxygen chemisorp-
tion studies demonstrated that sulfided cat-
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alysts possessed only 0.1-0.25 monolayer
of irreversibly bound sulfur depending on
crystallite size.

The above-noted dilemma can be ratio-
nalized, however, if it is recognized that
sulfur interacts with the ruthenium surface
in both a static and a dynamic fashion.
Earlier noted microgravimetric and oxygen
chemisorption experiments report the por-
tion of the sulfur poisoning which is some-
what more static in nature and may be
thought of as irreversibly adsorbed under
the conditions of the adsorption studies.
The data shown in Fig. 4, under the cate-
gory of ‘“‘sulfided Ru/AlLO;’ specimens,
however, were collected in the presence of
ca. 1% H,S, whereas studies involving
“‘sulfur-free’” Ru/Al,O; had to be collected
in the total absence of preadsorbed sulfur
and background hydrogen sulfide. There-
fore, the order of magnitude difference in
apparent activities between the ‘‘sulfur-
free’” and ‘‘sulfided’” specimens may be
attributed to (i) inhibition by strongly
bound sulfur adatoms which is most likely
responsible for a 20 to 50% decline in
activity based on the data shown in Fig. 1
and (ii) inhibition by competitively ad-
sorbed H,S which accounts for an addi-
tional fivefold decrease in activity.

Confirmations for the above-noted as-
signments to the overall activity decline
were provided by the results of a separate
experiment wherein a 2.0% Ru/Al,O; speci-
men (3.0 nm) was evaluated at 588 K and
under the conditions shown in Fig. 4. Fol-
lowing reduction in a sulfur-free environ-
ment, this catalyst provided a hexane yield
equivalent to 57.9% conversion of the 1-
hexene feedstream, whereas after addition
of ca. 1% H,S to the feedstream, the mea-
sured hexane production dropped over a
period of 3 h to a stationary value of only
4.4% of the entering l-hexene. While an
initial conversion of 57.9% clearly places
the reactor in a regime of nondifferential
operation, the ca. tenfold decline in activity
is consistent with the results shown in
Fig. 4.

KUO AND TATARCHUK

When hydrogen sulfide was removed
from the feedstream the measured conver-
sion to hexane increased to 13.6, 21.5, and
33.5% after 0.8, 5.0, and 17.0 h, respec-
tively. This increase in activity could be
hastened if the reaction temperature was
increased, suggesting that removal of
strongly bound sulfur species is facilitated
at higher reduction/reaction temperatures.
Results similar to these have also been
observed over supported nickel catalysts
during the hydrogenation of carbon monox-
ide (49).

The data of Fig. 4 thus suggest (i) that
hexene hydrogenation is structure-insensi-
tive under these conditions, (ii) that sites
titrated by oxygen appear uniformly active,
and (iii) that even though the data of Figs. 1
and 4 involve changes in both surface struc-
ture and poison levels, the reaction retains
its structure-insensitive nature.

Despite the convincing evidence in sup-
port of a structure-insensitive mechanism,
data shown in Table 5 and Fig. 3 still
suggest that subtle differences exist over
crystallites of different size. In particular,
apparent activation energies and heats of
adsorption for both 1-hexene and hydrogen
sulfide (Table 5) show variations which are
not observed in the case of studies con-
ducted in the absence of sulfur (see Fig. 3).
While explanations for this behavior are not
available, it is known that measurements of
lumped parameters such as the apparent
activation energy also include the thermal
dependencies of other parameters. These
parameters include intrinsic activation
energies and adsorption equilibrium con-
stants, which involve the respective heats
of adsorption for both reactants and poi-
sons. In view of this realization, it is sug-
gested that variations in both apparent acti-
vation energy and heat of adsorption versus
crystallite size may be strongly influenced
by variations in the thermal behavior of
adsorbed hydrogen sulfide. Small varia-
tions in the thermal dependence of H,S
adsorption can have a significant impact on
the observed conversion of 1-hexene since
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H,S and adsorbed sulfur dominate the reac-
tion under these conditions.

b. Comparison of relative activities over
Ru/AlLO; and CoMo/AlLOs catalysts. The
relative activities of Ru/A530; and CoMo/
Al,O5 have been compared in Table 4 on a
per gram of catalyst basis. It should be
noted that this basis includes differences in
both dispersion and loading and was em-
ployed since no consensus method cur-
rently exists for comparing the surface
areas of sulfided CoMo/Al,O; catalysts as
recently discussed by Zmierczak ¢f al. (50)
and by Burch and Collins (5/). Estimates
for the intrinsic activities of these speci-
mens can be made, however, based on (i)
the results of oxygen chemisorption mea-
surements performed after sulfidization and
(ii) the metallic surface areas possessed by
Ru/Al,O4 specimens prior to sulfidization
(i.e., H, chemisorption) along with es-
timates for the dispersion of CoMo/Al,O4
catalysts. When making these types of ac-
tivity comparisons it is important to note
that neither RuS,; nor Ru® (covered by par-
tial monolayers of sulfur adatoms) form
“‘layered structures’ in the manner of
MoS;. So for this reason, specific activities
have been reported, for convenience, using
both methods.

Based on the first method noted above, it
is found that division of the reaction rates
computed from Table 3 by the measured
oxygen uptakes shown in Table 2 provides
values which indicate that the catalysts,
0.5% Ru/ALQO;, 5.0% Ru/ALO;, and
CoMo/Al,Os, possess relative activities of
0.035, 0.032, and 0.043 mole of hexane
produced per mole of oxygen titratable
sites per second at 588 K, respectively.
Using the second approach noted above, it
is found that 0.5% Ru/AlL,O;, 5.0% Ru/
ALO;, and CoMo/AlLO; catalysts possess
relative activities of 0.16, 0.09, and 0.09
pmole of hexane produced per second per
square meter at 588 K, respectively. This
latter estimation procedure is based both on
the number of surface metal atoms mea-
sured by hydrogen chemisorption proce-
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dures prior to sulfidization and on the as-
sumption that 12% of the BET surface area
of the CoMo/Al,O; catalyst is composed of
‘‘active area.”’ Since commercial CoMo/
Al,O4 catalysts are known to provide signif-
icantly higher surface areas, which have
been estimated at ca. 90% of the BET area
(52), the above two estimation procedures
indicate that sulfided 0.5% Ru/AlL,O; cata-
lysts are about 13 times more active than
CoMo/AlL,O; catalysts per square meter of
“‘active surface area,”” while 1-hexene hy-
drogenation rates averaged over all sites
titrated by pulse oxygen adsorption at 298
K are comparable.

B. Thiophene Hydrodesulfurization

a. Surface structure required for thio-
phene HDS. Data shown in Table 9 for
thiophene HDS over Ru/Al,O; are similar
to those observed earlier for 1-hexene hy-
drogenation since apparent activation ener-
gies increase in both cases with decreasing
crystallite size. Trends such as these gener-
ally suggest structure sensitivity, yet earlier
discussions involving 1-hexene hydrogena-
tion dismissed this explanation in view of
convincing evidence provided to the con-
trary by oxygen chemisorption. In the par-
ticular case of 1-hexene hydrogenation,
changes in the apparent activation energy
were attributed to small variations in the
thermal dependence of hydrogen sulfide
adsorption versus crystallite size. While
similar effects may be operative in the case
of thiophene HDS, it is strongly suspected
that this reaction should be more ‘‘demand-
ing’’ in nature since it may involve cleavage
of carbon-carbon bonds in the rate-deter-
mining step (i.e., hydrogenolysis) (25). In
order to examine the structural require-
ments of this reaction in more detail, deter-
minations of intrinsic activity versus crys-
tallite size are discussed below.

The 23-fold increase in specific activity
versus crystallite size observed in Fig. 5
cannot be attributed to just the number of
sites blocked by strongly adsorbed sulfur
as done in the case of l-hexene hydro-
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genation. Figure 1 and previously dis-
cussed microgravimetric data indicate that
strongly bound sulfur coverages decrease
from ca. 0.25 to 0.1 monolayer as the
crystallite size is reduced from 3.2 to 1.8
nm. This decrease in sulfur coverage is
insufficient for the observed increase in
activity if a one-to-one site blockage oc-
curs. Furthermore, specific rates based on
the number of sites titrated by oxygen,
which account for sites blocked by sulfur
on a one-to-one basis, also indicate that
small crystallites possess significantly
higher activities (Fig. 5). While it is possible
that larger ensemble requirements for thio-
phene HDS can magnify the presence or
absence of sulfur poisons, the data obtained
in this study involve simultaneous changes
in surface structure and poison level which
preclude ready calculation of an effective
ensemble size.

Further examples of the influence of sul-
fur on the concentration of hydrogenolysis
ensembles can be found in the noted in-
crease in specific activity as ruthenium
crystallite size is reduced. This trend is
opposite to that observed for hydrogeno-
lysis reactions on clean metals which indi-
cate that closer packed planes, found in
greater proportions on larger crystallites,
are generally more active (28, 53). Thus,
the observed activity trend over sulfided
ruthenium appears to be dominated by the
absence of sulfur and is similar in this
regard to HDS studies over sulfided CoMo/
Al O catalysts which conclude that anion
vacancies, found in high concentrations at
MoS, edge planes, are mainly responsible
for HDS activity (54-58). Massoth et al.
(59) further examined this phenomenon by
following the rate of thiophene HDS versus
the size of MoS, crystallites supported on
SiO,—~ALO;. Their results, again unlike
those for clean metals, noted increases in
the intrinsic HDS activity as the crystallite
size was reduced. Based on these resuits
and surface area measurements/estima-
tions provided by XRD, XPS, and oxy-
gen chemisorption, Massoth et al. (59) sug-
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gested that dianion vacancies, found mainly
at the corners of MoS, crystallites, are
primarily responsible for HDS activity. The
trends found by Massoth et al. (59) are thus
quite similar to those observed in this study
as the level of strongly adsorbed sulfur is
reduced by decreasing the size of supported
ruthenium crystallites.

b. Comparison of relative activities over
Ru/ALO; and CoMo/ALO; catalysts. As
with the earlier noted 1-hexene hydrogena-
tion data, Table 8 compares the relative
activities of Ru/Al,O; and CoMo/Al,O; on
a basis which does not permit easy recogni-
tion as to which catalyst system possesses
the highest intrinsic activity. If these two
systems are compared on the basis of oxy-
gen titratable sites, as described earlier, the
relative activities of the 0.5% Ru/AlLQO;,
5.0% Ru/AlO;, and CoMo/Al,O; catalysts
are found to be 0.0049, 0.0025, and 0.034
mole of thiophene converted per second
per mole of oxygen titratable sites at 588 K.
Similar types of comparisons based on hy-
drogen adsorption measurements prior to
sulfidization and estimates of the CoMo
dispersion indicate that the relative activi-
ties of the 0.5% RU/A1203, 5.0% RU/A1203
and CoMo/Al,O; catalysts are approxi-
mately 0.023, 0.0072, and 0.023 wmole of
thiophene converted per second per square
meter at 588 K, assuming that 38% of the
BET surface area of the CoMo/Al,O; cata-
lyst is composed of ‘‘active surface area.”

Since the active surface areas of CoMo/
AL O, catalysts are generally regarded as
being ca. 90% of the BET surface area (52),
the above-noted estimation procedures in-
dicate that 0.5% Ru/ALQO; catalysts are
about 2.4 times more active than CoMo/
AL O; specimens per square meter of ‘‘ac-
tive surface area,”” while thiophene HDS
rates, averaged over all sites titrated by
pulse oxygen adsorption at 298 K, are ap-
proximately 7 times larger over CoMo/
ALO; catalysts than on 0.5% Ru/AlLO;
specimens. The disparity between the
above two estimation procedures points
toward the fact that differences exist in (i)
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the number and potential activity of sites
titrated by oxygen per square meter of
“‘active surface area’” on Ru/AlLO; and
CoMo/Al,O; catalysts and (ii) the unifor-
mity in activity per site titrated by oxygen
over Ru/AlLO; and CoMo/AlLQ; catalysts
at fixed or varying dispersion levels. In-
deed, evidence for the latter effect is pro-
vided by Fig. 5 which compares Ru/Al,Os
catalysts of various dispersions using the
two above-noted estimation procedures.

SUMMARY/CONCLUSIONS

1. Mild presulfidization of ruthenium cat-
alysts in 10% H,S/H;, 101 kPa, T = 673 K
or in 100% of H,S, 101 kPa, T = 523 K
resulted in the formation of submonolayers
of adsorbed sulfur (S¢,,/Rug), = 0.25), which
were evident from pulse oxygen chemi-
sorption.

2. Sulfur coverages of ca. 0.1 monolayer
were observed on 1.8-nm ruthenium crys-
tallites compared to ca. 0.25 monolayer on
=3.2-nm crystallites, indicating structure-
sensitive adsorption of sulfur.

3. 1-Hexene hydrogenation over ‘‘clean’
ruthenium surfaces appeared structure-
insensitive. Following mild presulfidization
specific rates decreased by one to two
orders of magnitude depending on crystal-
lite size. The anomalous structure sensitiv-
ity in I-hexene hydrogenation noted above
could be reconciled by counting sulfur-free
ruthenium atoms using pulse oxygen che-
misorption.

4. Increases in l-hexene isomerization
activity over sulfided ruthenium catalysts
were attributed to the creation of virtual
ruthenium cations of high Lewis acidity
foliowing adsorption of the electronegative
adsorbate (sulfur).

S. Only direct C, hydrogenolysis prod-
ucts were observed during thiophene HDS
over sulfided ruthenium catalysts. The spe-
cific rates of 1.8-nm crystallites were ca. 23
times greater than those of 10-nm crystal-
lites. The higher specific activity of small
ruthenium crystallites was attributed to the
multiatomic ensemble requirements of the
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reaction, the higher activity associated with
the ‘‘clean metal,”’ and the greater number
of ‘“‘clean metal sites”” on smaller crys-
tallites.

6. Both 1-hexene hydrogenation and thio-
phene HDS over sulfided Ru/ALO; and
CoMo/AlLO; catalysts were well fit by
Langmuir-Hinshelwood rate equations.
Rates were inhibited by I-hexene or thio-
phene and hydrogen sulfide. Apparent acti-
vation energies, adsorption equilibrium
constants, and heats of adsorption were all
found to depend on ruthenium crystallite
size.

7. Sulfided Ru/Al,O; (1.8-nm) catalysts
provided ca. 13-fold higher 1-hexene hydro-
genation rates than CoMo/AlLO; catalysts
when compared per square meter of active
area, while specific 1-hexene hydrogena-
tion rates were similar when compared per
oxygen titratable site.

8. Sulfided Ru/ALO; (1.8-nm) catalysts
provided ca. twofold higher thiophene
HDS rates than CoMo/ALO; catalysts
when compared per square meter of active
area, while specific thiophene HDS rates
were ca. sevenfold higher over CoMo/
AlO; catalysts than over Ru/AlLO; when
compared per oxygen titratable site.

9. As a result of the above-noted activi-
ties, sulfided Ru/Al,Os (1.8- to 10-nm) cata-
lysts possesed ca. 5 to 20 times lower
HDS/hydrogenation activity ratios than
CoMo/Al,O5 depending on reaction condi-
tions. This observation could be attributed
to the difference of apparent activation
energies between thiophene HDS and 1-
hexene hydrogenation and the dependence
of apparent activation energies on ruthe-
nium crystallite size.
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