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The effect of the oxidation state of molybdenum on the catalytic hydrodesulfurization (HDS) of
thiophene was investigated using a series of lead-lutetium Chevrel phases. Polycrystalline cata-
lysts were prepared with compositions of PbMos,Ss, Lu; 5, PbMogS; for 0 < x < 0.2, and Lu, 5,
Pb;_,MoeS; for 0.2 < x < 1. Fresh and used (10-h thiophene reaction) catalysts were characterized
by X-ray powder diffraction, laser Raman spectroscopy, and X-ray photoelectron spectroscopy.
Bulk structures and molybdenum oxidation states were found to be stable. HDS activity could be
related to the molybdenum formal oxidation state: the maximum rate of thiophene HDS was
observed for catalysts having ‘‘reduced’’ oxidation states (compared to MoS,). All Chevrel phase

catalysts demonstrated low activity for 1-butene hydrogenation.

INTRODUCTION

Typical industrial catalysts used in hy-
drodesulfurization (HDS) processes are
prepared from alumina-supported molybde-
num (Mo%") oxides which are promoted
with cobalt or nickel to improve catalytic
activity (/-3). The oxides become sulfided
and reduced under catalytic reaction condi-
tions. The presence of a MoS; (Mo**) phase
has been demonstrated by various re-
searchers using techniques such as X-ray
photoelectron spectroscopy (4-6), EXAFS
(7), X-ray diffraction (8), and laser Raman
spectroscopy (9). Numerous studies of un-
supported HDS catalysts have also been
performed in an attempt to model sup-
ported materials. Using X-ray photoelec-
tron spectroscopy (XPS), it has been shown
that MoS; is formed from cobalt-molybde-
num-oxygen catalysts after treatment at
400°C with H,/thiophene or H,/H,S (10).
MoS; is an active HDS catalyst with prop-
erties similar to those of supported cata-
lysts (11). Topsge et al. (12) have reported
the existence of a cobalt—-molybdenum-—sul-
fide (Co-Mo-S) phase in both supported
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and unsupported molybdenum HDS cata-
lysts as determined from Mossbauer emis-
sion spectroscopy. This phase is proposed
to be the active material involved in indus-
trial HDS catalysts, based on the existence
of a linear relationship between the amount
of cobalt in the Co—-Mo-S phase and cata-
lytic activity (2). The phase is considered to

be a MoS;-like material in which promoter

atoms occupy crystallite edge positions
(13).

The role of ‘‘reduced’’ molybdenum oxi-
dation states (lower than the +4 state of
MoS;) in HDS has not been clearly estab-
lished. Several techniques have been used
to investigate the nature of the active
molybdenum species. For example, XPS
measurements for unsupported, sulfided
cobalt-molybdenum catalysts have demon-
strated a decrease in the molybdenum 3d
binding energies for cobalt concentrations
corresponding to the maximal promotional
effect for thiophene HDS (I4). From this
information, it was postulated that reduced
molybdenum species with a charge between
+3 and +4 are associated with the active
sites. Alstrup et al. (15) have also used XPS
to study supported and unsupported Co—
Mo catalysts. They found a close similarity
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between the Co 2p spectra of Co—Mo-S
and CoMo,S; and suggested that the elec-
tronic state of Co in Co—-Mo-S was similar
to that in CoMo,S4 (which has a formal mo-
lybdenum oxidation state of +3). The two
phases are structurally different, however.

Other investigators have deduced the
presence of Mo** and W3* species on sup-
ported and unsupported Co-Mo, Ni-Mo,
and Ni-W sulfide catalysts using electron
paramagnetic resonance (EPR) techniques.
Voorhoeve (16) utilized EPR in the investi-
gation of the hydrogenation of benzene us-
ing WS, (MoS,) catalysts and concluded
that the active centers were W3+ (Mo3*)
ions. Konings et al. (17) have observed a
correlation between the intensity of an EPR
signal attributed to Mo** and the rate of
thiophene HDS for supported cobalt-pro-
moted molybdenum catalysts. Thakur and
Delmon (18) investigated unsupported pro-
moted molybdenum and tungsten catalysts
and detected the presence of Mo?* and W3+
species: catalysts having the highest
EPR signal also had the greatest HDS ac-
tivity. )

Adsorption studies have also been per-
formed to characterize reduced molybde-
num oxidation states on HDS catalysts. Ba-
chelier er al. (19) and others (for example
(20-22)) have demonstrated a relationship
between the chemisorption of O,, CO, or
NO and HDS activity. A study of the che-
misorption of O; and NO on a reduced and
sulfided supported molybdenum catalyst
was interpreted in terms of chemisorption
on Mo?* centers (23). Site-selective adsorp-
tion of CO has been proposed to occur on
highly reduced molybdenum sites for both
MO/‘)’—A]203 (24) and CO—MO/'}'—A]sz; cat-
alysts (25); these sites were associated with
HDS activity. Peri (26) reported CO and
NO adsorption studies for supported mo-
lybdenum catalysts and interpreted the
results as indicating the presence of ex-
posed Mo** or Mo?* sites. Laine et al. (27)
explained their observations for NO ad-
sorption on supported molybdenum cata-
lysts promoted with both cobalt and nickel
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in terms of a minor reduction of Mo below
the +4 oxidation state.

The complexity of the typical industrial
catalysts—and even the uncertainties asso-
ciated with unsupported catalysts—has
made identification of reduced molybde-
num oxidation states difficult. Due to the
presence of a large amount of MoS, (or
other related phases with predominantly
Mo#* oxidation states) in these catalysts,
the role of reduced molybdenum states may
be difficult to study.

Theoretical investigations, however,
have indicated that reduced molybdenum
oxidation states are involved as the active
sites in HDS. Duben (28) has provided sup-
port for the existence of an active Mo**
species using simple Hiickel theory. Ac-
cording to his calculations, this oxidation
state would be the most effective for car-
bon-sulfur bond breaking and would allow
for easy removal of the surface bound sul-
fur atom to regenerate the active site.
Harris (29-30) and Harris and Chianelli
(31-32) have discussed molecular-orbital
calculations for the electronic structures of
MSg¢™ clusters (first- and second-row tran-
sition metals (M)) and promoted molybde-
num clusters, MoMS§~. Calculated trends
in electronic factors and bonding were re-
lated to dibenzothiophene HDS activity to
establish an electronic explanation for cata-
lytic activity. Promoters such as Co or Ni
transfer electrons to molybdenum so that
the molybdenum formal oxidation state is
reduced (relative to MoS,). For a cluster
containing Cu (a metal which poisons the
activity of MoS;-based catalysts), molybde-
num is oxidized relative to MoS,.

In recent years we have reported the
results of HDS studies with reduced molyb-
denum sulfides known as Chevrel phases
(33-38). Chevrel et al. (39) reported the ini-
tial synthesis and characterization of these
ternary molybdenum chalcogenides in
1971. Chevrel phases have a general for-
mula M,Mo¢Z;, with Z being sulfur, sele-
nium, or tellurium and with M being a ter-
nary metal component. The Chevrel phase
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structure can be described as a stacking of
MogZ;g building blocks or clusters which in-
corporate the ternary metal cations in chan-
nels or voids created by the chalcogen atom
network. When M is a large cation, such as
Pb or Sn, a second component such as a
rare earth (RE) may be incorporated to pro-
duce a series of compounds with nominal
formulas RE,M;_.MogSs. Extensive re-
views concerning Chevrel phases have
been provided (40-43). In our research,
Chevrel phases have been shown to have
high activity for thiophene HDS (33-35,
38). The solid state chemistry of Chevrel
phases offers an opportunity to investigate
the effect of the oxidation state of molybde-
num on HDS activity. Direct preparation of
catalysts with reduced molybdenum oxida-
tion states (compared to MoS,) is possible.
The formal oxidation state of molybdenum
can be varied by using Chevrel phases with
different compositions and/or ternary ele-
ments. The results reported here deal with
a series of lead—lutetium Chevrel phase cat-
alysts.

EXPERIMENTAL METHODS
a. Catalyst Preparation

The Chevrel phases were prepared by
solid state synthesis from mixtures of: 200
mesh powdered molybdenum metal re-
duced at 1000°C in hydrogen for 18 h; sul-
fides of lead and lutetium which were made
by direct combination of the elements in
evacuated, fused-silica tubes; and pow-
dered sulfur. The mixtures were ground
together thoroughly, pressed into 13-mm
pellets, and sealed in evacuated fused-silica
tubes back-filled with argon to 20-in. Hg
vacuum pressure. The tubes were heated
slowly in a muffle furnace from 450 to 750°C
over a period of 48—72 h, transferred imme-
diately to a high-temperature box furnace at
1225°C for 24 h, and quenched in air. The
materials were reground in air, pressed into
pellets, and reheated for 48 h at 1225°C.
After the final heating, the tubes were
opened in a nitrogen dry box where the pel-

EKMAN, ANDEREGG, AND SCHRADER

lets were lightly crushed. The 40-100 mesh
portion was separated for use in the activity
measurements, and a small amount was re-
served for XPS analysis. All subsequent
manipulations of the catalysts were per-
formed in the dry box.

Some differences concerning the exact
stoichiometries necessary to obtain pure
single phases of these materials exist in the
literature. The content of the ternary ele-
ment M is reported to be variable (e.g.,
M MoeSg and M ;Mo06S; for the rare earth
materials); the ratio of molybdenum to
chalcogenide can also deviate from the
“‘ideal” value of 6/8. Chevrel phases pre-
pared at a nominal composition M;,Mo0sSs
apparently are multiphasic, having a pre-
dominance of MMogSg with very small
amounts of MoS;, Mo,S;, and M-sulfides
which cannot be detected by X-ray diffrac-
tion (44).

In this work, homogeneous polycrystal-
line samples were obtained for composi-
tions prepared at Lu,; ,, PbMogSg for 0 < x <
0.2 and at Lu; 5. Pb;_ Mo¢Sgfor 0.2 < x = 1.
A loss of lead is observed when x is greater
than 0.2, demonstrating that there is a limit
of rare earth insertion (45). It is necessary
to prepare the lead compound with a com-
position of PbMog »S; in order to obtain the
purest single-phase material (46) containing
about 1 wt% Mo0O; and less than 1 wt% of
other impurities (MoS;, Mo0,S;) (47).

b. Activity Measurements

Hydrodesulfurization activities were
measured at atmospheric pressure using a
microreactor system (33-35). Catalyst
loadings were adjusted to achieve less than
3% conversion of thiophene after 20 min of
continuous reaction (ranging from 0.0795 g
for PbMog,Ss to 0.4906 g for Lu; ;MogSs).
The reactor was heated from room temper-
ature to 400°C in a flow of helium at 19 ml/
min (STP). After 1 h at 400°C with flowing
helium, ten 0.25-ml pulses of 2 mol% thio-
phene in hydrogen were injected into the
reactor at 30-min intervals. A continuous
flow of 2 mol% thiophene in hydrogen at 22
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ml/min (STP) was used to determine
steady-state activity. After 10 h of continu-
ous reaction, the reactor was purged and
cooled in a stream of helium.

Activity measurements for the hydroge-
nation (HYD) of 1-butene to n-butane were
performed as described previously (33-35).
The reactor was filled with the same
amount of fresh catalyst as in the HDS ac-
tivity measurements and was heated from
room temperature to 400°C in a flow of he-
lium at 19 ml/min (STP). After it was held
at 400°C in the stream of helium for about 1
h (“‘fresh catalyst’’), two 0.10-ml pulses of
2 mol% 1-butene in hydrogen were injected
into the reactor at 15-min intervals.
Twenty-five 0.10-ml pulses of 2 mol% thio-
phene in hydrogen were then injected into
the reactor, and the 1-butene pulses were
repeated. A continuous flow of thiophene in
hydrogen for 2 h at 22 ml/min (STP) fol-
lowed. The reactor was purged with he-
lium, and the Il-butene pulses were re-
peated.

Product separation and analysis was per-
formed using a 12-ft n-octane/Porasil C
column and an Antek Model 310 gas chro-
matograph equipped with a flame ionization
detector. Peak areas were measured by a
Hewlett—-Packard 3390A integrator. Since
trans-2-butene and 1,3-butadiene have the
same retention times, these materials were
combined in the data analysis.

¢. Catalyst Characterization

The catalysts were characterized before
and after 10 h of continuous thiophene reac-
tion.

The surface areas of the catalysts were
determined by the BET method with kryp-
ton as the adsorbate at liquid nitrogen tem-
perature using a Micromeritics 2100E Ac-
cusorb instrument.

X-ray powder diffraction patterns were
acquired with a Siemans D500 diffractome-
ter using CuKa radiation. Samples were
mounted on double-sided adhesive tape and
scanned in the 20 range from 10 to 50 with
a count of 1.0 s and step size of 0.04 20.
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Laser Raman spectra were recorded us-
ing a Spex 1403 monochromator and a
Spectra Physics argon ion laser operating at
514.5 nm and 200 mW measured at the
source. A Nicollet 1180E computer data ac-
quisition system was used to accumulate 50
scans at a scanning speed of 2 cm~!/s with
5-cm™! resolution. Data were collected us-
ing backscattering geometry with spinning
catalyst pellets.

X-ray photoelectron spectra were ob-
tained with an AEI 200B spectrometer us-
ing AlKoa radiation. All spectra are refer-
enced to a carbon Is binding energy of
284.6 eV. Air contamination of the samples
was avoided by opening all synthesis tubes
and the reactor in a nitrogen dry box. Sam-
ples for XPS analysis were sealed inside
Pyrex tubes which were opened in a helium
dry box attached directly to the spectrome-
ter. Fresh catalyst samples were obtained
immediately after the synthesis tubes were
opened. Samples of used catalysts were ob-
tained from a 40-100 mesh portion re-
moved from the reactor with no further
grinding.

RESULTS
a. Activity Measurements

The continuous-flow thiophene reaction
results for the Chevrel phases after 20 min
and 10 h of reaction are summarized in Ta-
ble 1. The empty reactor converted 0.3% of
the thiophene to C, products, and this value
was subtracted from the C; yields before
the HDS activities were calculated. All cat-
alysts had an increase in surface area after
10 h of reaction. Therefore, the initial sur-
face areas were used to normalize the HDS
activities after 20 min of thiophene reaction
while the activities after 10 h of reaction
were normalized using the final surface ar-
eas. After 10 h of thiophene HDS, most ma-
terials showed a decrease in activity (35),
except for Lu; ;M06Sg and Lug gPbg 33M06Ss
which showed a slight increase. The C,4 hy-
drocarbon product distributions resulting
from thiophene HDS varied with the cata-
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TABLE 1
Thiophene Hydrodesulfurization (HDS) Activities (400°C)

Catalyst Surface Reaction Thiophene HDS rate C4 product distribution (%)
(formal Mo area time conversion (mol/s - m?)
oxidation state) (m%/g) (%) x 108 n-Butane 1-Butene trans-2-Butene cis-2-Butene
Lu; sMogSs (2.07) 0.693 20 min 2.06 1.80 3.6 37.3 34.7 244
1.093 10h 3.48 1.93 3.0 28.6 40.0 28.4
Lug, gPbg, 33Mo06S3 (2.16) 0.689 20 min 1.64 1.55 23 44.1 324 21.2
1.033 10h 3.17 2.00 0.7 34.7 38.8 25.8
Lug 4Pbg.s7MogSg (2.24) 0.563 20 min 1.59 4.43 1.3 48.4 31.9 18.4
0.644 10h 1.36 3.30 —a 47.9 343 17.8
PbMog 2S; (2.26) 1.318 20 min 1.59 4.53 — 65.5 20.2 14.3
1.664 10h 1.16 2.61 —a 65.6 21.8 12.6
Luy,{PbMogSg (2.28) 0.649 20 min 2.60 8.43 0.8 53.5 26.7 15.0
0.952 10h 2.84 6.27 0.6 55.0 255 18.9

9 Below detection limit.

lysts. The ratio of 2-butenes to 1-butene af-
ter 10 h of reaction was 2.4 for Lu; ;Mo¢Ss,
1.9 for Lllo_sto_33M0688, 1.0 for Lllo,4Pbo_57
MogSg, 0.81 for Lug ;PbMogSs, and 0.52 for
PbMog »Ss. These values differed from the
thermodynamic equilibrium value at 400°C
for which the ratio of 2-butenes to 1-butene
is about 2.8 (48).

The 1-butene HYD activities were nor-
malized on the basis of the initial surface
areas and calculated as the rate of produc-
tion of n-butane. The results are presented
in Table 2. The empty reactor produced
0.06% n-butane, and this value was sub-
tracted from the n-butane yields before the
activities were calculated. The activities
are reported for three different times: (A)
fresh catalyst, (B) after 25 H,-thiophene
pulses, and (C) after 2 h continuous-flow
thiophene reaction. LugyPbMogS; showed
no ability to hydrogenate 1-butene. All
other catalysts showed an increase in HYD
activity after 2 h of continuous-flow thio-
phene reaction. This may indicate a neces-
sary period of activation for these materials
toward the hydrogenation of 1-butene. No
detectable cracking products were ob-
served. The HYD activity experiments also
indicate the ability of the catalysts to isom-
erize 1-butene to trans-2-butene and cis-2-
butene. A considerable departure from the
thermodynamic equilibrium value at 400°C
was noted for all catalysts. After 2 h of thio-

phene reaction, 62% of the 1-butene was
unconverted for Lu;,MoSg compared to
46% for PbMog,Ss. For thermodynamic -
equilibrium at 400°C, about 26.5% 1- butene
would be observed (48).

b. Catalyst Characterization

A representative X-ray powder diffrac-
tion pattern of the catalysts used in this
work is shown in Fig. 1. The powder dif-
fraction peaks were indexed on the basis of
a rhombohedral unit cell. The data show
Luy ;PbMogS; before and after 10 h of thio-
phene reaction with no apparent change in
the X-ray pattern. This result was typical
for all of the Chevrel phases studied and
indicates no loss in crystallinity and no for-
mation of other phases or impurities.

Raman spectra could not be obtained for
the Chevrel phases, but MoS, impurities
can be detected using this technique. Ra-
man spectroscopy is a sensitive probe for
both crystalline and poorly crystalline
MoS, (bands at 383 and 409 cm™!) (49-50).
The Raman spectra for all of the Chevrel
phases used in this study are devoid of any
MoS, features, for fresh catalysts and for
catalysts after 10 h of thiophene reaction.

Representative X-ray photoelectron
spectra for the catalysts are shown in Fig. 2
(Lu,;,MoeS;s before and after 10 h continu-
ous-flow H,-thiophene reaction). A nonlin-
ear least-squares curve-fitting program was



REDUCED Mo STATES IN HDS

251

1

INTENSITY

21 5
2u2n 221

——

I0.00‘ 14.00 Ié.OO 22.00 2600 3000 3400 3800 4200 4600 50.00

26

Fi6. 1. X-ray powder diffraction pattern of (a) fresh and (b) used (10 h of thiophene reaction)

Lug ;PbMoS; with rhombohedral Akl indexes.

used to analyze the spectra (51). The con-
tribution of the sulfur 2s signal at lower
binding energies (225.5 eV) was eliminated
using this program. Two components with a
peak separation between the Mo 3ds; and
3dsp, lines of 3.2 eV were required to fit the

molybdenum data region. The curve-fitting
procedure revealed the presence of a small
amount of a molybdenum-containing impu-
rity with 3ds, and 3ds, binding energies of
231.4 and 234.6 eV, respectively. These
binding energies are indicative of MoO,

TABLE 2
1-Butene Hydrogenation (HYD) Activities (400°C)

Catalyst HYD rate C, product distribution (%)
(formal Mo (mol/s - m? X 10°
oxidation state) n-Butane  1-Butene trans-2-Butene  cis-2-Butene
Lu, ;Mo¢S;s (2.07) A 0.23 0.03 91.7 3.5 4.7
B 0.38 0.05 92.8 3.1 4.0
C 091 0.12 62.3 20.4 17.1
Lug gPby 33M0S; (2.16) A 0.28 0.03 89.2 5.1 5.7
B 0.09 0.01 88.6 5.5 5.8
C 083 0.09 59.6 21.5 18.8
Lug 4Pby ¢xM0¢S;s (2.24) A 022 0.01 74.8 12.6 12.6
B 0.66 0.03 61.6 19.9 18.5
C 0.88 0.04 54.3 24.1 21.5
PbMog »S; (2.26) A 0.24 0.01 89.1 5.6 5.3
B 0.24 0.01 59.5 21.8 18.6
C 120 0.05 46.2 28.6 25.2
Lug ,PbMogS; (2.28) A 0.00 0.0 93.7 3.4 2.9
B 0.00 0.0 86.9 6.9 6.2
C 0.00 0.0 88.3 5.3 6.4
Calculated butene 26.5 43.5 30.0

equilibrium at 400°C¢

Note. A, fresh catalyst; B, after 25 H,—thiophene pulses; C, after 2 h of continuous H,—thiophene reaction.

2 See Ref. (48).
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F1G. 2. Molybdenum 3d XPS spectra of (a) fresh and (b) used (10 h of thiophene reaction)

Lll]_zMOsSs .

(52-53) which presumably was formed by
the high-temperature reaction of the
Chevrel phases with the fused-silica tubes
(47). Similarly, Swartz and Hercules have
reported that the surface oxidation of mo-
lybdenum powder results in the formation
of MoO; rather than MoOs (52). A compari-
son of the MoQ, peaks for the fresh (Fig.
2a) and used (Fig. 2b) catalyst demon-
strates that a decrease in signal intensity by
a factor of 2 occurs. This trend was ob-
served for all Chevrel phases examined in
this study.

The XPS data for all catalysts are sum-
marized in Table 3. The binding energies
were calculated from the actual XPS data
without the use of the curve-fitting proce-
dure. For comparison, the 3ds, binding en-
ergy for Mo** in MoS; is about 228.9 eV,
and that for Mo®* is about 232.5 eV (4).
Basically, there were no significant shifts in
the molybdenum 3d binding energies after
10 h continuous-flow H,—thiophene reac-
tion; some small shifts to lower binding en-
ergies (observed for only some of the cata-
lysts) were due to the reduction of MoO;.
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TABLE 3

XPS Binding Energies and Intensity Ratios

Catalyst Binding energies (eV) Calculated ratios
Mo Pb Lu S Pb/Mo® Lu/Mo? S/Mo¢
3din 3dsn  Afsn 4 Ady 4dse 2
Lu; ,MogSs A 231.1 2277 n/a? nfa  207.0 1972 161.8 n/a¢ 0.17 0.33
B 230.8 227.6 n/a n/a 2063 196.6 161.8 n/a 0.91 0.30
Lug gPbg 33M06Ss A 2309 2274 1428 137.8 2072 1974 1620 0.23 0.11 0.32
B 230.8 227.6 142.6 137.9 207.0 197.3 162.2 0.20 0.19 0.32
Lug.4Pbg 5:M06Ss A 231.4 228.1 1425 137.8 2073 1976 161.9 0.31 0.06 0.33
B 231.0 227.6 1426 137.8 207.0 197.2 1619 0.30 0.18 0.37
PbMog ;S A 231.1 227.8 1433 1386 n/ad n/a 162.3 0.50 n/ad 0.33
B 231.0 227.8 143.0 1383 n/a n/a 162.4 0.40 n/a 0.42
Lug, PbMogSs A 231.5 228.1 1433 138.6 ¢ — 162.2 0.48 —e 0.33
B 231.1 227.8 1428 138.0 — — 162.2 0.48 — 0.37

Note. A, fresh catalyst; B, after 10 h of continuous H,-thiophene reaction.

« Raw area ratio of Pb 4f electrons to Mo 3d electrons.
b Raw area ratio of Lu 4d electrons to Mo 3d electrons.
¢ Raw area ratio of S 2p electrons to Mo 3d electrons.
4 Not applicable.

¢ Lu concentration too low to evaluate.

The molybdenum 3ds;, binding energies for
the fresh catalysts are grouped around
227.8 eV, ranging from 228.1 for Lug 4Pby ¢;
MOsSg and LUQ.1PbM06S§; to 227.4 eV for
Lug gPby 33M0gSg. These results confirm the
anticipated low oxidation states for molyb-
denum. Due to the presence of varying
amounts of MoO; incorporated in the cata-
lysts and the resultant peak broadening, the
molybdenum 3ds,-3d;, peak separations
varied slightly.

Table 3 also shows the ratios of the raw
peak areas for the lead 4f and lutetium 4d
electrons compared to the molybdenum 3d
electrons. These ratios are not intended to
quantitatively reflect the surface composi-
tions since they are not corrected for in-
strumental or atomic sensitivity factors.
Rather, they are intended to indicate
changes in the surface compositions which
occur after thiophene reaction. The ratio of
surface lead atoms to surface molybdenum
atoms remained approximately the same
under the reaction conditions. However,
the ratio of surface lutetium atoms to sur-
face molybdenum atoms increased signifi-
cantly relative to the fresh catalysts after 10
h of thiophene reaction. The delocalization

of the ternary atoms from their crystallo-
graphic positions in the Chevrel phase
structure is related to the movement of the
ternary metal. This delocalization is strong
for small cations resulting in high mobili-
ties; in contrast large cations have low mo-
bilities in the crystal lattice (42). Lutetium
atoms apparently migrate from the bulk to
the surface of the catalyst under reaction
conditions. Because of the difficulty in
quantifying the surface concentrations, it
was unrealistic to calculate molybdenum
formal oxidation states based on an esti-
mate of the stoichiometry at the surface.

DISCUSSION OF RESULTS

Previous investigations with Chevrel
phases have demonstrated that these mate-
rials have thiophene HDS activities compa-
rable to-—or greater than—model unpro-
moted and cobalt-promoted MoS,-based
catalysts (33—35). In this study the effect of
a systematic variation in molybdenum oxi-
dation state on catalytic activity for thio-
phene HDS was examined using a series of
lead-lutetium Chevrel phases. By using
this substitutional series of compounds, the
formal oxidation state of molybdenum
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F1G. 3. Thiophene hydrodesulfurization activities (400°C) as a function of the formal oxidation state

of molybdenum for 20 min and 10 h of thiophene reaction.

could be directly controlled either by insert-
ing Lu** into PbMogSg or by substituting
Lu3* for Pb?* in the Chevrel phase struc-
ture. The Chevrel phases can be referred to
as reduced molybdenum sulfides (com-
pared to MoS;) and are known to possess a
metallic nature; ternary components such
as Pb and Lu can transfer valence electrons
to the Mog octahedral (cluster) units (42—
43). The extent of the charge transfer can
be altered by varying the concentration of
the ternary component or by using ternary
components with different valences. This
results in a change in the formal oxidation
state of the molybdenum:.

Figure 3 illustrates the trends for the rate
of thiophene HDS versus the formal oxida-
tion state of molybdenum for 20-min and
10-h reaction times. The formal oxidation
state of molybdenum was calculated from
the nominal stoichiometries by assuming
valences of Lu3*, Pb2*, and S?~. Previous
work with an unpromoted MoS; catalyst
(Mo**) has determined thiophene HDS
rates of 2.67 X 1078 and 0.92 x 10~8 mol/s -
m? for 20-min and 10-h reaction times, re-
spectively (35). Considering all of these
data, it is possible to propose a general cor-
relation of thiophene HDS activity and mo-
lybdenum formal oxidation state. Specifi-

cally, the rate of thiophene HDS apparently
approaches a maximum between the high-
est molybdenum oxidation state (+2.28) for
the Chevrel phase catalyst and the molyb-
denum oxidation state (+4) for MoS,. Of
course, it is not possible to eliminate all
structural and compositional effects on
HDS activity in comparing these com-
pounds. These factors have been shown to
exist for Chevrel phases (38) and MoS;-
based catalysts. It should be noted that it is
not possible to prepare a Chevrel phase
with a molybdenum formal oxidation state
near +3. The highest molybdenum oxida-
tion state attainable for Chevrel phases is
+2% corresponding to the binary compound
MogSs. This material, however, decom-
poses at about 400°C (54) and forms large
amounts of MoS; during thiophene HDS at
300°C for 2 h (35).

XPS analysis indicated that the molybde-
num oxidation states at the surface of the
Chevrel phase catalysts were indeed re-
duced compared to MoS,. Oxidation of mo-
lybdenum in the surface regions could not
be appreciably observed after 10 h of thio-
phene reaction. The XPS data did, how-
ever, reveal some degree of ternary metal
delocalization due to the reaction condi-
tions. Lead, a large cation, demonstrated
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the expected low mobility, but lutetium ap-
peared to migrate to some small degree
from the bulk to the surface. The oxidation
state of surface molybdenum apparently ei-
ther is unaffected by this limited migration
or perhaps becomes very slightly reduced.

Experimental and theoretical evidence
for an electronic theory of HDS catalysis
has been offered by several research
groups. Harris (29-30) has provided an
SCF-SW-Xa method for modeling the en-
ergy levels and charge distributions for
MSg~ (first-row transition metals M = Ti-
Ni and second-row transition metals M =
Zr-Pd) clusters and MoM'S;™ (first-row
transition metal ‘‘promoters’ M' = V-Zn)
clusters. These calculations are consistent
with the XPS spectra of the sulfides and
indicate that bonding in the 4d transition-
metal sulfides is considerably more cova-
lent than in the 3d sulfides. The activity of
the unpromoted transition-metal clusters
(sulfides) for dibenzothiophene HDS activ-
ity was correlated with the orbital occupa-
tion of the highest occupied molecular
orbital (HOMO) and the metal-sulfur
covalent-bond strength (31). The role of the
promoters for molybdenum clusters was to
affect the number of electrons in the
HOMO, that is, the number of d electrons
on molybdenum. For Co-Mo and Ni-Mo
clusters, the number of electrons is in-
creased by the presence of the promoter;
Cu has the opposite effect. These calcula-
tions also correlate with the activity for di-
benzothiophene HDS activity (32): Co and
Ni are excellent promoters while Cu acts as
a poison. Vissers et al. (55) also report a
correlation between thiophene HDS activ-
ity for second- and third-row transition
metals and the shift in XPS binding energies
between metal and metal sulfide phases.
The most active transition-metal sulfides
were observed to preserve their metallic
character in the sulfide phase under reac-
tion conditions. Specifically, these mate-
rials were proposed to be sulfur-deficient,
highly reduced sulfides having valence elec-
trons in the metal-sulfur molecular or-
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bitals which maintain their metal charac-
ter.

Chevrel phases are part of a group of
“metal-rich”” compounds including halides,
oxides, and other ligands. For Chevrel
phases the fundamental cubic structure is
defined by the presence of MogSs units con-
sisting of a molybdenum cluster or octahe-
dron. The Mo—Mo bond distances within a
cluster are relatively short, typically in the
range of 2.65-2.80 A, compared to 2.72 A
for metallic Mo (40). The Mog cluster is ca-
pable of playing an electron donor-accep-
tor role (43). The MogSg compound (no
ternary metal) is the most electron-poor
compound (20e™ per Mog cluster) with elec-
tron-deficient Mo—Mo bonds; it is a meta-
stable compound. The addition of ternary
metals adds electrons to the cluster and sta-
bilizes the cluster unit. The Mo-Mo bond
distance becomes shorter, and the octahe-
dron becomes regular for 24e~ per Mog
cluster. The high catalytic activity of the
Chevrel phases correlates with the metallic
or “‘reduced” nature of these sulfides: in-
deed, by comparing the activity to conven-
tional MoS,-based catalysts, one finds that
higher activity is obtained when the molyb-
denum formal oxidation state is reduced be-
low Mo**. The results of our work indicate
that a maximum in activity may exist be-
tween Mo?* and Mo**.

The observation of a maximum in the
rate of thiophene HDS is not unexpected.
Recent kinetic measurements have indi-
cated that thiophene adsorption and reac-
tion with surface nucleophiles (to produce
dihydrothiophene intermediates) are likely
the rate-limiting steps in HDS (56-57). Al-
though the adsorption state of thiophene is
still unclear, »’-binding apparently would
give rise to C-S bond weakening (58).
Thiophene is more likely to bond to metals
in the lower oxidation state based on an
analysis of model organometallic com-
pounds (59). However, nucleophilic attack
to produce hydrogenated intermediates
(2,3-dihydrothiophene and 2,5-dihydro-
thiophene), which are highly reactive to-
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ward HDS, would be promoted by sulfides
in higher molybdenum oxidation states.
This may explain why a maximum is ob-
served in considering Fig. 3 and the data for
typical MoS,-based catalysts.

Consistent with this observation is the
low activity of the Pb—Lu Chevrel phases
for 1-butene hydrogenation. This is not un-
expected since similar results have been re-
ported for other Chevrel phases (33-35).
For comparison, model unpromoted and
cobalt-promoted MoS,-based catalysts
have 1-butene HYD activities of 7.5 X 107°
and 7.1 X 107° mol/s - m? after 2 h of thio-
phene HDS, respectively. The Chevrel
phases do exhibit an increase in 1-butene
HYD following 2 h of continuous thiophene
HDS; however, this activity is still approxi-
mately eight times lower than the model
MoS;-based materials. Undoubtedly some
of this effect is due to the migration of Lu
atoms to the surface. The XPS data, how-
ever, indicated little effect on the molybde-
num oxidation state.

CONCLUSIONS

The thiophene HDS activities of the
lead-lutetium series Chevrel phase cata-
lysts investigated were found to be compa-
rable to those of previously examined
Chevrel phases and to those of model un-
promoted and cobalt-promoted MoS, cata-
lysts, indicating that they are potentially
useful HDS catalysts. These materials also
demonstrated low 1-butene HYD activities
making them rather selective catalysts. The
bulk structures and the reduced surface
molybdenum oxidation states have been de-
termined to be stable under reaction condi-
tions. It was possible to relate catalyst ac-
tivity to the formal oxidation state of
molybdenum for these compounds; thio-
phene HDS activity is associated with ‘‘re-
duced’’ molybdenum oxidation states, ap-
parently reaching a maximum between
Mo?* and Mo**.
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