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Reduced ternary molybdenum sulfides, known as Chevrel phase compounds, were investigated 
to determine their catalytic activity at 400°C for thiophene hydrodesulfurization and for I-butene 
hydrogenation. Chevrel phase compounds of the general composition M,Mo&,, with M being Ho, 
Pb, Sn, Ag, In, Cu, Fe, Ni, or Co, were found to have hydrodesulfurization activities comparable 
to model unpromoted and cobalt-promoted MO& catalysts. The most active catalysts were the 
“large” cation compounds (Ho, Pb, Sn), and the least active catalysts were the “small” cation 
compounds (Cu, Fe, Ni, Co). Except for the nickel phase Ni1.6M06Sl(r all Chevrel phase catalysts 
had hydrogenation activities which were much lower than the model MO& catalysts. Fresh and 
used catalysts were characterized by X-ray diffraction, laser Raman spectroscopy, and X-ray 
photoelectron spectroscopy. While the bulk structures were stable under hydrodesulfurization 
reaction conditions, differences were observed in the stability of the surface molybdenum oxidation 
state for the specific classes of Chevrel phase catalysts: the oxidation state of the surface molybde- 
num atoms of the large cation compounds was found to be unchanged after 10 h of thiophene 
reaction, but some oxidation was apparent for the small cation compounds. The differences in 
stability can be related to the mobilities of the ternary metal atoms within the Chevrel phase 
structures. 0 1985 Academic Press, Inc. 

INTRODUCTION 

Catalytic hydrodesulfurization is most 
typically performed using catalysts which 
initially consist of molybdenum (Mo6’) ox- 
ides dispersed on an alumina support (1). 
Catalytic activity is enhanced by addition 
of promoter elements, such as cobalt or 
nickel (2, 3). The presence of a MO& 
(Mo4+) phase in the reduced and sulfided 
catalysts has been established by a variety 
of techniques, such as X-ray diffraction (4>, 
laser Raman spectroscopy (5), EXAFS (6), 
and X-ray photoelectron spectroscopy (7). 
A catalytically active CO-MO-S (or Ni- 
MO-S) phase has also been identified for 
supported Co(Ni)Mo/A1203 catalysts (8) 
and unsupported MO& catalysts. This 
phase is thought to consist of cobalt (or 
nickel) atoms situated at the edges of MO& 
crystallites (9). However, the complexity 
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of the typical industrial supported Co(Ni) 
Mo/A1203 materials and even unsupported 
MO&based catalysts has made character- 
ization of the catalytically important mate- 
rial difficult. In addition, the extent to 
which the molybdenum chemistry can be 
altered is limited because of the predomi- 
nance of MO& for these catalysts. 

This paper presents the results from an 
extended investigation (10) of a new class 
of hydrodesulfurization catalysts-reduced 
molybdenum sulfides known as Chevrel 
phase compounds. 

Chevrel phase compounds are ternary 
molybdenum chalcogenides having a gen- 
eral formula M,Mo6Z8, with Z being sulfur, 
selenium, or tellurium and with M being a 
metallic ternary component (II, 12). These 
materials have been found to be active for 
thiophene desulfurization at 400°C under 
steady-state conditions. Their hydrogena- 
tion activity for I-butene is relatively low, 
however, compared to conventional cobalt 
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molybdate catalysts. The discovery of the 
activity and selectivity of the Chevrel 
phases provides an important opportunity 
for systematically investigating the effect of 
variations in the molybdenum chemistry on 
the catalytic properties. Specifically, the 
importance of structure, the effect of vari- 
ous promoters, and the role of reduced (less 
than +4) molybdenum oxidation states can 
be examined. 

Chevrel phase catalysts are structurally 
very different from conventional MO?!&- 
based catalysts. The anisotropic layer 
structure of MO& involves trigonal pris- 
matic coordination of the molybdenum at- 
oms by six sulfur atoms; bonding is strong 
within layers, while only weak interactions 
exist between the layers. In contrast, the 
Chevrel phases exhibit a much different 
molybdenum structural chemistry. As 
metal-rich materials, the Chevrel phases 
are pseudomolecular compounds based on 
a MO+!& cluster. These Mo6S8 units exist as 
distorted molybdenum octahedra having 
apexes which lie slightly outside the face 
centers of a distorted cube of sulfur atoms; 
the Mo&Ss clusters are interconnected by 
MO-S and MO-MO bonds. 

Chevrel phase compounds also offer a 
significant opportunity for examining the 
promotional chemistry associated with mo- 
lybdenum hydrodesulfurization catalysis. 
Nearly 40 metals can function as the ter- 
nary component for the Chevrel phases. 
The MO& layer structure only permits in- 
tercalation of some alkali and alkaline earth 
elements (13). The location of catalytically 
important transition metals such as cobalt 
and nickel in catalysts based on MoS2 is still 
uncertain. For the Chevrel phases, the lo- 
cation of the ternary metal “promoter” is 
much less ambiguous: the arrangement of 
MO& clusters in the lattice gives rise to 
infinite channels running parallel to the 
rhombohedral axis, and the ternary compo- 
nent atoms are located at specific crystallo- 
graphic sites in these channels. The struc- 
ture allows the accommodation of ternary 
component cations of “large” size (e.g., 

Ho, Pb, and Sn), “intermediate” size (e.g., 
Ag and In), and “small” size (e.g., Cu, Fe, 
Ni, Co). This classification of the Chevrel 
phases is based on the structural properties 
of the materials. The most important fac- 
tors are the rhombohedral unit cell angle 
and the delocalization of the ternary com- 
ponent atoms (11, 12). 

One of the most important aspects of mo- 
lybdenum chemistry which can be investi- 
gated by using Chevrel phase catalysts is 
the molybdenum oxidation state. For con- 
ventional hydrodesulfurization catalysts, 
the dominant oxidation state is +4 due to 
the presence of MO&. In contrast, the 
Chevrel phase materials have formal oxida- 
tion states between +2 and +2$, depending 
on the concentration and/or valence of the 
ternary component. 

EXPERIMENTAL METHODS 

a. Catalyst Preparation 

The Chevrel phase catalysts were pre- 
pared from mixtures of: Mo2.&; pow- 
dered molybdenum metal which was re- 
duced at 1000°C in hydrogen for 18 h; and 
sulfides of the ternary component which 
were made by direct combination of the ele- 
ments in evacuated, fused-silica tubes. The 
powders were thoroughly ground together, 
pressed into pellets, and heated in sealed, 
fused-silica tubes for 24 to 48 h at tempera- 
tures between 1000 and 1200°C before 
quenching in air (14). The PbMo& , SnMoh 
Ss, AgMo&, and InMo,& materials were 
then ground in air, pressed into pellets, and 
reheated at temperatures between 1100 and 
1200°C for 12 h. After the final heating, all 
synthesis tubes were opened in a nitrogen 
dry box, and the Chevrel phase pellets were 
lightly crushed. The 40-100 mesh portion 
was separated for use in activity measure- 
ments. 

For the PbMo&, SnMo&$, AgMo,&, 
and InMo& materials, all manipulations of 
the catalysts were performed in the dry 
box; other materials were stored in a dessi- 
cator in air for several days before the ac- 
tivity measurements were performed. 
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All compositions given are nominal ex- 
cept for the holmium, lead, tin, silver, and 
indium compounds which were prepared at 
compositions of Ho~.~Mo&, PbMo&&, Sn 
M06.2S8, &M%&, and InMo6.2Ss. Even 
though single crystal structure refinements 
have indicated that the ideal MI.0M06S8 
stoichiometry exists for the large cation 
compounds, it is often necessary to adjust 
the stoichiometry to obtain homogeneous, 
pure polycrystalline materials (1.5). 

Representative unpromoted and cobalt- 
promoted MoS2 catalysts were also pre- 
pared. Ammonium thiomolybdate was de- 
composed at 1000°C in a stream of helium, 
resulting in an unpromoted MoS2 catalyst 
referred to as 1000°C MoS2 (16). A cobalt- 
promoted MoS2 catalyst was synthesized 
by the homogeneous precipitation tech- 
nique of Candia et al. (17). Prepared with 
an atomic cobalt-to-molybdenum ratio of 1 
to 4, the resulting material (referred to as 
CO~.~~-MO,-S) was pretreated at 450°C in a 
2% H2S-H2 mixture for 4 h. 

b. Activity Measurements 

The activity measurements were per- 
formed in a a-in.-diameter stainless-steel re- 
actor which could be operated in either the 
pulsed- or continuous-flow mode. Product 
separation and analysis was performed us- 
ing a n-octanelPorasi1 C column and an An- 
tek Model 310 gas chromatograph with a 
flame ionization detector. trans-2-Butene 
and 1,3-butadiene had identical retention 
times and were lumped together in the data 
analysis. Peak areas were measured by a 
Hewlett-Packard 3390A integrator. 

High-purity helium (99.997%) and hydro- 
gen (99.997%) were further purified by pas- 
sage through copper traps for removal of 
oxygen and by passage through 4-A molec- 
ular sieve traps for drying. Thiophene 
(Alfa Products, 99%) was subjected to sev- 
eral freeze-thaw cycles and was then dried 
over a 4-A molecular sieve. Matheson l- 
butene (99.5% CP) was dried using a 3-A 
molecular sieve trap. 

Hydrodesulfurization activities were 

measured at atmospheric pressure using 
thiophene as a model organo-sulfur com- 
pound. The amount of catalyst was ad- 
justed to give a conversion of about 3% af- 
ter 20 min of continuous thiophene flow. 
The reactor was filled with fresh catalyst 
and was then heated from room tempera- 
ture to 400°C in a flow of helium at 19 
ml/min (STP). The catalyst loadings for 
the reactor ranged from 0.0074 g for 
CO~.~~-MO~-S to 1.7875 g for Cu3.2MogSg. 
After about 45 min, between ten and 
twenty-five 0.25-ml pulses of 2 mol% thio- 
phene in hydrogen were injected into the 
reactor at 30-min intervals. The helium flow 
was then replaced by a continuous flow of 2 
mol% thiophene in hydrogen at 22 ml/min 
(STP). After 10 h of reaction, the reactor 
was purged and cooled in a helium stream. 

Hydrogenation activity measurements 
were performed in a pulsed-flow mode to 
minimize potential removal of sulfur from 
the Chevrel phase catalysts by hydrogen at 
400°C. The reactor was filled with the same 
amount of fresh catalyst as in the hydrode- 
sulfurization activity measurements. The 
reactor contents were heated from room 
temperature to 400°C in a stream of helium 
at 19 ml/min (STP) and held at 400°C for 
about 45 min. Two O.lO-ml pulses of 2 
mol% I-butene in hydrogen were injected 
into the reactor at a time spacing of 15 min. 
Twenty-five 0. lo-ml pulses of 2% thiophene 
in hydrogen were then injected into the re- 
actor, and the 1-butene pulses were re- 
peated. After a continuous flow of thio- 
phene in hydrogen for 2 h at 22 ml/min, the 
reactor was purged with helium, and the l- 
butene pulses were repeated. 

c. Catalyst Characterization 

The initial surface areas of the catalysts 
and the surface area after 10 h of thiophene 
reaction were determined by the BET 
method using a Micromeritics 2100E Accu- 
Sorb instrument with krypton as the adsor- 
bate. Krypton adsorption was used because 
of its accuracy in obtaining low surface area 
measurements (18). 
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X-Ray powder diffraction patterns were 
obtained with a Siemans D500 diffractome- 
ter using Ct.&a radiation. 

X-Ray photoelectron spectra (XPS) were 
obtained with an AEI 200B spectrometer 
using Al& radiation. Samples were 
mounted on a double-sided adhesive tape, 
and all binding energies are referenced to a 
carbon 1s binding energy of 284.6 eV. Sig- 
nal averaging was performed using a Nico- 
let 1180 computer system. In order to avoid 
air contamination, both the catalyst prepa- 
ration tubes and the reactor were opened in 
a nitrogen dry box; portions of the samples 
were sealed in Pyrex tubes which were then 
opened in a helium dry box attached di- 
rectly to the spectrometer. Spectra of the 
unused catalysts were obtained either from 
the powder of a freshly ground chunk of 
sample or from a 40-100 mesh portion of 
material with no further grinding (for the Pb 
MO&, SnMo&$, AgMo,&, and InMosS 
materials). Spectra of the used catalysts 
were obtained from the 40-100 mesh reac- 
tor charge with no further grinding. Raw 
peak areas were digitally integrated with no 
attempt made to-correct for instrumental or 
atomic sensitivity factors. Also, no attempt 
was made to remove the area due to the 
sulfur 2s peak from the lower binding en- 
ergy side of the molybdenum 3d doublet. 

Laser Raman spectra were obtained us- 
ing a Spex 1403 monochromator. The 
514.5nm line of a Spectra Physics 164 ar- 
gon ion laser was operated at 200 mW (as 
measured at the source). Data was col- 
lected using backscattering geometry with 
spinning catalyst pellets. A Nicolet 1180E 
computer data acquisition system was used 
to accumulate 50 scans at a scanning speed 
of 2 cm-‘/s with 5 cm-i resolution. 

RESULTS 

a. Activity Measurements 
The continuous-flow thiophene reaction 

results for the Chevrel phase compounds 
and for the model MO& materials are sum- 
marized in \Table 1. The activities reported 
reflect a more accurate determination of the 

flame ionization detector relative response 
factors (10, 19). The hydrodesulfurization 
activities-that is, the rate of desulfuriza- 
tion normalized for surface area-were de- 
termined after 20 min and after 10 h of reac- 
tion. For the majority of catalysts, the 
surface areas after 10 h of reaction were 
within 10% of the surface areas for the fresh 
catalysts. For these materials, the activities 
were normalized on the basis of the initial 
surface areas. However, the surface areas 
of CU~.~MO$~, Cu3.sMo&, and Fe1.5Mo& 
increased considerably under reaction con- 
ditions; therefore the hydrodesulfurization 
activities of these materials after 10 h of 
reaction were normalized using the final 
surface areas. 

The activities of the Chevrel phase cata- 
lysts are comparable to the activities of the 
model Mo!$ compounds. Indeed, after 10 h 
of reaction all large cation materials show 
higher activities than the model MO& cata- 
lysts. It is very interesting that the activities 
of the Chevrel phase compounds can be 
grouped according to their structural classi- 
fication, with the large cation compounds 
being the most active, the intermediate cat- 
ion compounds being less active, and the 
small cation compounds being the least ac- 
tive. After 10 h of thiophene reaction, the 
order of activity is HOMO& > PbMo& > 
SnMo& > AgMo&& > InMo&.$ > Cu,Mo, 
S8 > Nil.6Mo& > Fe,,SMo,$8 = Co,Mo&. 
The most active Chevrel phase catalysts in- 
volve the unusual “promoters” Ho, Pb, and 
Sn; in contrast, the Chevrel phase com- 
pounds incorporating Ni and Co-the two 
most common conventional hydrode- 
sulfurization promoters-are among the 
least active catalysts. 

Table 1 also provides the hydrode- 
sulfurization activities of a series of cobalt 
Chevrel catalysts, CoxMo&, where x var- 
ies between 1.5 and 1.9. After 20 min of 
reaction, the activity increases in a roughly 
linear manner with increasing cobalt con- 
centration. However, these differences in 
activity have decreased significantly after 
10 h of reaction. 
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TABLE 1 

Thiophene Hydrodesulfurization Activities (400°C) 

Catalyst Surface area Reaction Thiophene HDS rate Cq product distribution (%) 
(mW time conversion (molis m’) X IO* ~ 

(RI n-Butane 

Large cation compounds 
H&k& 0.579 e 0.0126 

PbMo& 0.400 _t 0.007 

SnMo& 0.388 e 0.002 

Intermediate cation compounds 
k3mss 0.438 + 0.004 

InMo& 0.625 k 0.010 

Small cation compounds 
cu3 N%% 0.090 5 0.002 

0.18OC 

Cu, sMo& 0.081 * o.ooo 
0.099 * o.ootl 

Fet.sMo& 0.093 k 0.001 
0.131 t 0.002 

Nit,&hSs O.lW 

C%sMo& 0.150 + 0.004 

C%6MO6% 0.099 r 0.m 

Cot +fo& 0. I IO * o.ooo 

COI sMh% 0.080 C O.CKIO 

Cot &h% 0.079 i 0.002 
0.075/ 

Model Mo.92 compounds 
Cooz~Mot-S 10.83 * 0.08 

IOW’C MO& 3.40 k 0.04 

20 min 2.48 12.65 0.9 32.2 41.2 25.7 
IO h 2.20 II.23 0.4 40.5 34.6 24.5 
20 min 1.92 IO.03 1.0 54.4 26.0 18.5 
IO h 1.28 6.68 1.0 62.0 23.8 13.2 
20 min 1.90 3.57 0.6 60.7 22.6 16. I 
10 h 1.72 3.24 0.5 63.1 21.3 IS.1 

20 min 2.59 5.12 I.1 36.5 39.1 23.3 
IO h I.19 2.34 0.8 44.1 37.7 17.4 
20 min 2.76 6.47 0.6 38.8 36.3 24.3 
IO h 0.89 2.08 -h 38.5 43.4 18.1 

20 min 3.08 5.83 
10hd I .9s 1.84 
20 min 2.26 4.84 
IO hd 1.04 1.82 
20 min 2.21 4.36 

10hd 0.79 I.10 

20 min 2.00 4.22 

10 h 0.71 1.50 

20 min 2.06 3.16 

IO h 0.54 0.82 
20 min 1.88 4.12 

IO h 0.47 I .02 

20 min 2.05 3.65 

IO h 0.59 1.05 

20 min 2.49 5.77 

IO h 0.52 1.20 

20 min 2.11 4.70 

IO h 0.51 I.13 

1.3 

0.6 
I.0 
1.3 
0.5 

0.9 
- 

0.4 
- 
- 

- 
- 
- 

- 

0.4 

57.2 26.5 IS.0 
58.9 28.6 II.9 
59.8 28.7 10.5 
56.9 33.5 8.3 
59.3 26.4 13.8 
57.2 33.8 9.0 
35.4 40.1 23.6 
35.0 46.4 18.6 
46.4 34.2 19.0 
42.2 45.6 12.2 
48.0 33.2 18.8 
44.8 44.6 10.6 
46. I 35.5 18.4 
42.5 45.3 12.2 
44.4 37.2 18.4 
40.1 48.5 II.4 
47.6 35.3 16.7 
42.9 46.5 10.6 

20 min 1.94 7.37 1.3 35.9 38.0 24.8 
IO h 0.77 2.92 I.5 36.4 41.1 21.0 
20 min 2.22 2.67 2.4 41.2 32.7 23.7 
10 h 0.76 0.92 1.8 46.0 34.9 17.3 

379 

I-Butene wans- cis- 
2.Butene 2.Butene 

o Errors estimated (95% confidence level) from least-squares fitting of adsorption data. 
b Below detection limit. 
c Average of two measurements: 0.180 2 0X02, 0.180 i 0.003 m*/g. 
d Results based on surface area after reaction. 
c Average of two measurements: 0.137 f 0.002, 0.150 k 0.002 m*/g. 

lAwrage of two measurements: 0.074 2 0.002. 0.076 + 0.004 m2/g. 

The distribution of Cq hydrocarbon prod- concentration from the thermodynamic 
ucts resulting from the desulfurization of 
thiophene varies considerably for the cata- 
lysts. For example, the ratio of the 2-bu- 
tenes to 1-butene after 2 h of reaction is 2.1 
for HOMO,&, 0.78 for PbMo&, 0.66 for Sn 
MosSs, 1.3 for AgMo&&, 1.6 for InMo&&, 
0.73 for CU~.~MO&$, 0.64 for Fe1.5Mo&, 
1.7 for Nil.6MoSS8, 1.3 for Col.8Mo&, 1.1 
for 1000°C MO&, and 1.7 for CO~.J~-MOI-S. 
This ratio reveals a deviation of the butene 

equilibrium value at 400°C for which the 
ratio of 2-butenes to I-butene is 2.8 (20). 

Hydrogenation activities were calculated 
as the rate of production of n-butane from 
I-butene and were normalized on the basis 
of the initial surface areas of the catalysts. 
The empty reactor produced 0.03% n-bu- 
tane from I-butene, and this value was sub- 
tracted from the n-butane yields before the 
activities were calculated. Data are pre- 
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TABLE 2 

I-Butene Hydrogenation Activities (400°C) 

Catalyst HYD rate 
(molis . m*) x lo* 

n-Butane 

Cq product distribution (%) 

I-Butene rrans-2-Butene cis-2-Butene 

Large cation compounds 
HOMO& A 

B 

PbMosSs 
C 
A 
B 
C 

SnMqSs A 
B 

Intermediate cation compounds 
&MO& A 

B 

InMoSs 
B 
C 

Small cation compounds 
CU&~SS A 

E 
CU3,8M06S8 A 

B 

Fe1 &&SS 
C 
A 
B 
C 

Nid%Ss A 
B 
C 

C01.7M%S8 A 
B 
C 

Model MO& compounds 
Coo.zs-Ma-s A 

B 
C 

1000°C MO& A 
B 
C 

0.1 0.07 41.5 
0.44 0.25 49.2 
0.30 0.17 51.2 
0.20 0.10 53.8 
0.37 0.19 51.8 
0.1 0.07 80.0 
0.1 0.05 91.7 
0.1 0.04 82.2 
0.1 0.04 78.8 
0.27 0.14 22.8 
0.96 0.50 23.7 
0.68 0.36 26.9 
0.1 0.06 47.4 
0.2 0.09 40.9 
0.1 0.06 46.1 

23.2 
24.1 
9.5 
4.2 
8.6 

10.1 
46.9 
44.4 
41.5 
26.4 
29.5 
29.7 

2.6 
1.1 
0.71 
2.3 
2.4 
0.75 

0.76 32.1 38.0 
0.33 39.2 33.9 
0.21 45.6 30.0 
2.05 23.6 42.9 
2.08 23.9 42.6 
0.66 44.0 30.0 

Calculated butene equilibrium at 4OOV 26.5 43.5 

0.3 
0.2 
0.3 
0.2 
0.2 
0.2 
0.1 
0.1 
0.1 

0.06 90.5 4.6 4.8 
0.05 93.3 3.2 3.4 
0.06 31.2 38.6 30.1 
0.03 16.2 11.8 11.9 
0.03 76.5 11.6 11.8 
0.03 68.1 15.7 16.1 
0.05 47.0 27.9 25.0 
0.04 39.3 32.5 28.1 
0.06 46.6 27.8 25.5 

0.1 0.08 
0.17 0.10 
0.40 0.23 
0.33 0.18 
0.33 0.18 
0.2 0.08 

26.0 
27.8 
26.5 
28.8 
25.7 
28.9 

41.8 32.1 
40.5 31.6 
41.8 31.4 
39.7 31.3 
42.2 31.9 
40.1 30.9 

31.4 
25.8 
23.9 

27.0 
24.1 
24.7 
22.9 
23.9 
10.4 
4.0 
9.1 

11.0 
30.1 
31.4 
31.2 
26.1 
29.5 
24.1 

28.5 
26.5 
24.2 
31.4 
31.4 
25.3 

30.0 

Note. A, fresh catalyst; B, after Hz-thiophene pulses; C, after 2 h continuous Hz-thiophene reaction. 
a See Ref. (20). 

sented in Table 2. Hydrogenation activities 
were measured in the pulsed mode in order 
to minimize the potential removal of sulfur 
from the catalysts by the sulfur-free hydro- 
genation feed. The activities were mea- 
sured at three different times: (A) fresh, (B) 
after 25 pulses of thiophene-hydrogen, and 
(C) after 2 h of continuous-flow thiophene 
reaction. Except for the B and C measure- 
ments for Nil .&40&, the hydrogenation 
activities of the Chevrel phase catalysts are 

much lower than the model MO& catalysts. 
The hydrogenation activities of all fresh 
Chevrel phase catalysts are between 7 and 
30 times lower than the fresh model MO& 
catalysts. Excluding Ni1.6M06S8, the hydro- 
genation activities of the Chevrel phase cat- 
alysts after 2 h of thiophene reaction are 
still about 2 to 10 times lower than the 
model MO& catalysts. 

The catalysts also show a wide variation 
in their ability to isomerize the l-butene- 
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10.00 14.00 tmo 22.00 25.w 3goo 34.00 38.00 4z.w 46.00 50.00 

FIG. 1. X-Ray powder diffraction patterns of fresh 
and used (10-h thiophene reaction) Chevrel phase cata- 
lysts with rhombohedral hkl indexes: (a) fresh Co,, 
MO&, (b) used CO,.~MO&, (c) fresh HOMO&, (d) 
used HOMO&. 

hydrogen pulses to a mixture of 1-butene, 
cis-2-butene, and truns-2-butene. For ex- 
ample, after 2 h of thiophene reaction, 80% 
of the 1-butene pulse is unconverted by 
Cu3.8Mo&; in contrast, only 26% of the I- 
butene for the AgMo&$ catalyst remains 
nonisomerized. 

b. Catalyst Characterization 

Figure 1 shows the X-ray powder diffrac- 
tion patterns of two representative sam- 
ples, CO~.~MO$!& and HOMO&, before and 
after 10 h of thiophene reaction. As for all 
the Chevrel phase compounds studied, 
there are no apparent changes in the X-ray 
patterns after reaction. 

The XPS binding energies of the catalysts 
are provided in Table 2, while Fig. 2 illus- 
trates the molybdenum 3d doublets for the 

FIG. 2. Molybdenum 3d XPS spectra of fresh and 
used (10-h thiophene reaction) Chevrel phase cata- 
lysts: (a) fresh HOMO&, (b) used HOMO&, (c) fresh 
PbMo&, (d) used PbMo&, (e) fresh SnMo&, (f) 
used SnMo&, (g) fresh AgMo6S8, (h) used AgMo&, 
(i) fresh InMo&, (j) used InMo&, (k) fresh CU~,~MO~ 
Ss, (I) used CU~.~MO&, (m) fresh Fe,.5M06S,, (n) used 
Fe1.5M06S8, (0) fresh Ni,.6M06S8, (p) used Ni,.6M06Ss, 
(q) fresh CO,.~MO&, (r) used CO,.~MO&, (s) fresh 

Chevrel phase catalysts in their fresh state CO, ,Mo6S8, (t) used CO,.,MO&. 

and after 10 h of thiophene reaction. For 
the fresh catalysts, the MO 3d5,2 binding en- 
ergies are all grouped around 227.7 eV with 
SnMo& being slightly higher (228.1 eV), 
Ni1.6Mo$8 and Cor.7MogSs being slightly 
lower (227.3 eV), and AgMo&$ being con- 
siderably lower (226.6 eV). These results 
confirm the anticipated low molybdenum 
oxidation state. For comparison, the 3dj,2 
binding energy of the Mo4+ in MO& is about 
228.9 eV (21). The XPS spectra obtained 
for several fresh Chevrel phase catalysts 
which had been stored in air for several 
months showed very minimal-but detect- 
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TABLE 3 

XPS Binding Energies and Intensity Ratios 

Binding energies (EV) 

Catalyst 

MO M s 2P 

34/z 34/z - - MO/M” 

Large cation compounds 
HOMO& A 

B 
PbMo& A 

B 
SnMo& A 

B 
Intermediate cation compounds 

&MO& A 
B 

hMO& A 
B 

Small cation compounds 
CUJ.ZMOB& A 

B 
FedfOr& A 

B 
Ni,.6%& A 

B 
C01.6MO6S8 A 

B 

C01.7MO6SS A 
B 

230.7 227.5 9 - 
230.8 227.5 - - 
230.9 227.5 142.3cJ 137.5’J 
230.8 227.5 142.5 137.5 
231.4 228.1 494.5’J 486W 
231.2 227.9 494.5 455.9 

161.6 
161.5 
161.6 
161.8 
161.7 
161.8 

- 
1.8d 
1.8 
2.1f 
2.2 

230.0 226.6 373.9’J 367.8’,2 161.9 2.6f 
230.7 227.5 373.1 367.2 161.7 8.1 
230.9 227.7 45 1 .S@J 444.2’J 161.5 1.3f 
230.9 227.7 451.8 444.3 161.7 3.8 

230.7 227.4 
230.9 227.7 
230.8 227.6 
231.0 227.7 
230.5 227.3 
231.1 227.8 
231.2 227.8 
231.8 228.8 
229.9 227.8 
230.6 227.3 
231.9 228.7 

951.59,’ 
951.6 

- 
- 
- 
- 

796.2gJ 
796.2 

- 
- 

710.19J 
710.1 
852.5@ 
852.5 
780.49,’ 
780.4 

161.8 
161.9 
161.7 
162.1 
161.5 
161.4 
161.9 
161.9 

4.6h 
8.4 
0.8’ 
1 

9.4’ 
28 

1 
- 

795.18,’ 779.49,” 161.8 3.4’ 
796.6 780.8 162.2 4.4 

Note. A, fresh catalyst; B, after 10 h continuous Hz-thiophene reaction. 
a Raw area ratio of MO 3d electrons to ternary component M electrons. 
b Ho spectrum too diffuse to detect. 
c M 4& (c,l) and 4fh (c.2). 
d Raw area ratio of MO 3d to M 4f. 
e M 3d3,2 (e,l) and 3d5,2 (e,2). 
f Raw area ratio of MO 3d to M 3d. 
g M 2~~2 (&?A and 2~3~ (g,2). 
h Raw area ratio of MO 3d to M 2pIR. 
i Raw area ratio of MO 3d to M 2pj12. 
j Information not available. 

able-changes from the air-isolated mate- 
rials. For this reason, the PbMo&, SnMon 
Ss, AgMo&, and InMo,& materials were 
handled exclusively in the nitrogen-atmo- 
sphere dry box. The preparation of the hol- 
mium Chevrel phase was also repeated with 
the resulting material being handled en- 
tirely in the absence of air, as were the 
other large and intermediate cation com- 

pounds. Excellent reproducibility in the ac- 
tivity measurements and in the character- 
ization results was observed for the 
holmium phases regardless of the absence 
or presence of oxygen. 

Figure 2 shows the changes in the MO 3d 
spectra which occur after 10 h of thiophene 
reaction. For the large cation compounds 
HOMO&, PbMo&, and SnMo&, there 
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are no apparent changes in the band posi- 
tions or shapes. For the intermediate cation 
compound AgMo&, the MO 3d5,* peak 
shifts from 226.6 to 227.5 eV after reaction. 
For the other intermediate cation com- 
pound, InMo& , careful examination re- 
veals the formation of shoulders on the high 
binding energy sides of the doublet, indicat- 
ing some degree of oxidation of the surface 
molybdenum atoms. After thiophene reac- 
tion, the small cation materials all clearly 
show some degree of formation of a higher 
molybdenum oxidation state or states. For 
CU~,~MO& and Fel.5M06Ss, the low oxida- 
tion state still dominates after reaction. 
However, after thiophene reaction using 
CO,.~MO&, a higher oxidation state of mo- 
lybdenum with a 3dsi2 binding energy of 
about 228.8 eV appears. The intensity of 
this band is approximately equal to that of 
the lower molybdenum oxidation state. For 
the CO~.~MO& catalyst, this higher oxida- 
tion state is of greater intensity than the 
lower oxidation state after reaction. The 
situation is less straightforward for the used 
Nil.6Mo& molybdenum spectrum; while 
the 3d512 peak maximum is still at the low 
oxidation state value of 227.8 eV, both 
peaks of the doublet have become broader 
with a corresponding reduction in the 
“depth” of the “valley” between the 
peaks. 

Except for the Coi.,Mo& and AgMo& 
samples, the binding energies of the ternary 
components change little after reaction. 
Similarly, for all catalysts, the sulfur 2p 
binding energy is unaffected by reaction 
(consistently around 161.7 eV). 

Table 3 also provides the ratios (MO/M) 
of the raw peak areas for the molybdenum 
3d electrons compared to a core electron 
orbital level of the ternary metal M. These 
ratios are not intended to quantitatively re- 
flect the surface compositions since they 
are uncorrected for either instrumental or 
atomic sensitivity factors. Instead, they are 
provided to indicate changes in the surface 
compositions which occur after reaction for 
a particular Chevrel phase compound. (The 

r 

350 400 450 m 350 400 450 5oc 
WAVENUMBER WAVENUMBER 

FIG. 3. Raman spectra of fresh and used (IO-h thio- 
phene reaction) Chevrel phase catalysts: (a) fresh Ho 
MO&, (b) used HOMO&, (c) fresh PbMo&, (d) used 
PbMo&, (e) fresh SnMo&, (f) used SnMo&, (g) 
fresh AgMo&, (h) used AgMo&, (i) fresh InMonS8, 
(j) used InMo&, (k) fresh CU~.~MO&, (1) used Cuz.: 
MO&?&, (m) fresh Fe, 5M~6S~r (n) used Fe,.5M06S8, (0) 
fresh NiI,6Mo&Ss, (p) used Ni,.,Mo&, (q) fresh Co, h 
MO&, (r) used Co, 6M~6Ss, (s) fresh Co, ,Mo&, (t) 
used Co, ,Mo&, 

diffuse nature of the holmium XPS spectra 
has prevented measurement of holmium 
binding energies or intensities (22).) For the 
large cation materials PbMohSs and SnMoh 
Ss, the ratio MO/M is unchanged after reac- 
tion. However, for all intermediate and 
small cation compounds, the ratio is larger 
after reaction than before, indicating a loss 
of ternary component atoms from the sur- 
face under reaction conditions. 

Figure 3 provides the Raman spectra of 
the fresh and used (10 h of thiophene reac- 
tion) Chevrel phase compounds in the re- 
gion of the 383- and 409-cm-’ (23) bands of 
MO&. Raman spectroscopy is a very sensi- 
tive technique for the identification of both 
crystalline and poorly crystalline MO& 
(24). A slight amount of MO& impurity is 
indicated in the fresh CO~.~MO& and Co,., 
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MO&& catalysts, as was detected for the 
other cobalt Chevrel phase compounds. Af- 
ter reaction the amount of MO& in these 
materials increased. The other fresh 
Chevrel phase catalysts show no presence 
of MO&. The origin of the weak 395-cm-’ 
band of AgMo& is unexplained. Except 
for the used cobalt Chevrel phase com- 
pounds and the used InMo&, the Raman 
spectra of the used catalysts are devoid of 
MO& features. The used InModS catalyst 
has a very weak 406-cm-l band, which 
could possibly be due to MO& impurities. 

DISCUSSION OF RESULTS 

The thiophene hydrodesulfurization ac- 
tivities of all Chevrel phase catalysts exam- 
ined were comparable to those of the model 
unpromoted and cobalt-promoted MO& 
catalysts (Table 1). Surface structure-based 
comparisons of activity with MO& systems 
poses some challenges, however. The 
anisotropic structure of MO& allows the 
existence of various ratios of the edge-to- 
basal-plane areas, and only very poor 
correlations between BET surface areas 
and hydrodesulfurization activities have 
been found (25). The normalization of ac- 
tivities by surface area in this study may 
bias the “intrinsic” kinetic parameters and 
somewhat alter the ordering of the catalysts 
according to activity; nevertheless, the high 
desulfurization activity of the Chevrel 
phase catalysts is clear. 

For the Chevrel phase compounds which 
were examined in this study, the desulfur- 
ization activities are highest for the large 
cation compounds, followed by the inter- 
mediate cation compounds, with the small 
cation compounds being the least active. 
The cobalt and nickel Chevrel phase cata- 
lysts are among the least active catalysts 
studied, even though cobalt and nickel are 
the most widely used promoters in conven- 
tional hydrodesulfurization catalysts. It is 
the incorporation of the unusual “pro- 
moters” holmium, lead, and tin in the 
Chevrel phase structure which results in 
the most active catalysts. 

X-Ray diffraction analysis and laser Ra- 
man spectroscopy have demonstrated the 
stability of the bulk structure of Chevrel 
phase compounds under reaction condi- 
tions. No loss of crystallinity or the forma- 
tion of other phases was observed with X- 
ray diffraction. Except for the Co,Mo&Ss 
catalysts and possibly the used InMo& 
catalyst, no crystalline or poorly crystalline 
MO& impurities were observed either be- 
fore or after reaction with laser Raman 
spectroscopy. 

XPS analysis (Fig. 2) indicates that the 
stability of the reduced molybdenum oxida- 
tion states with respect to surface oxidation 
can be correlated with the structural prop- 
erties of the Chevrel phase compounds. For 
the large cation compounds, molybdenum 
underwent no apparent oxidation under re- 
action conditions. For the intermediate cat- 
ion compound AgMo&$, an increase of 
nearly 1 eV in the MO 3d5/2 binding energy 
after reaction indicated molybdenum oxida- 
tion. However, the final MO 3dsi2 binding 
energy of 227.5 eV still represents a “re- 
duced” molybdenum state which is compa- 
rable to the values found for the majority of 
fresh catalysts. A small degree of oxidation 
to Mo4+ was apparent for the other interme- 
diate cation compound InMo$&. Except 
for Nil ,6Mo&, all small cation compounds 
clearly exhibited some formation of a Mo4+ 
state after reaction. This oxidation was 
greatest in the cobalt compounds Co,Mo& 
for which the amount of MO&, as deter- 
mined by Raman spectroscopy, was also 
found to increase after reaction. For Nil.e 
MO&!&, the MO 3d doublet was found to be 
broader after reaction, indicating the possi- 
ble formation of a distribution of surface 
molybdenum oxidation states. 

For the small and intermediate cation 
compounds, oxidation of the surface mo- 
lybdenum was also accompanied by a loss 
of the ternary component from the surface 
(Table 3). However, the large cation com- 
pounds PbMo& and SnModSs exhibit no 
change in the ternary component concen- 
tration at the surface as a result of thio- 
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phene reaction. For the Chevrel phase ma- 
terials, the presence of the ternary 
component is necessary for stability. For 
example, the binary compound MO&S* can- 
not be formed directly from the elements; 
rather it can be produced only by leaching 
out the ternary component from a small cat- 
ion compound. While ternary Chevrel 
phases are stable at high temperature (15) 
(melting points of around 17OO”C), MO&& 
decomposes at about 400°C (26). Experi- 
ments performed in our research have re- 
vealed the formation of large amounts of 
MO& (established by Raman spectroscopy) 
for MO&& after thiophene reaction at times 
as short as 2 h and at temperatures as low 
as 300°C. Thus, the loss of the ternary com- 
ponent from the surface of the small and 
intermediate cation compounds can result 
in a material which is unstable toward par- 
tial oxidation. 

The movement of the ternary metal is re- 
lated to the potential “delocalization” of 
ternary atoms from their crystallographic 
positions in the Chevrel phase structure. 
For the small cation compounds, a high de- 
gree of delocalization (27) leads to large 
ionic conductivities even at low tempera- 
tures (28). For these materials, it is possible 
to electrochemically insert or remove the 
ternary component at room temperature 
(29). Under hydrodesulfurization condi- 
tions the ternary metal atoms can “retreat” 
into the bulk structure. The degree of delo- 
calization is small for the large cation com- 
pounds (27). It is not possible to electro- 
chemically insert or remove the ternary 
component for these structures (30). Re- 
cently (31), PbMo& and SnMohSs have 
been successfully synthesized by thermally 
inserting lead and tin atoms into MohSs. 
Moderately high temperatures (470°C) and 
long reaction times (1 to 3 weeks) were re- 
quired to overcome the low mobility of the 
ternary component atoms in the structure. 
This low mobility of the ternary metal for 
the large cation materials slows or prevents 
possible movement associated with the re- 
actor conditions for hydrodesulfurization. 

With the exception of Ni1.6M06S8, the 
low hydrogenation activities of the Chevrel 
phase catalysts clearly distinguish them 
from the model MO& catalysts (see Table 
2). The combination of the high hydrode- 
sulfurization activity and low hydrogena- 
tion activity of the Chevrel phase materials 
results in highly selective catalysts. For ex- 
ample, after 2 h of thiophene reaction, the 
ratio of hydrodesulfurization to hydrogena- 
tion is 50 for HoMosSs, 66 for PbMo&&, 35 
for SnMo$&, 8.5 for AgMo&, 23 for In 
MO&&, 17 for CuJ.~Mo$SR, 38 for Fel.SMo6 
Ss, 3.2 for Nil.6MogSs, and 17 for Col.,Mo6 
S,; in contrast, the values for the model 
catalysts are 7.5 for CO,,~=,-MO,-S and 2.1 
for 1000°C MO&. This selectivity may not 
be entirely unexpected since it is well 
known that for conventional Mo/A1203 cat- 
alysts the promotional effects of cobalt and 
nickel are much higher for hydrode- 
sulfurization than for hydrogenation (32). 

Hydrogenation and hydrodesulfurization 
are thought to occur at distinct sites on con- 
ventional Co(Ni)Mo/A1203 catalysts. Mas- 
soth et al. (33) have proposed that hydrode- 
sulfurization occurs at vacancies on corner 
sites of MO& while hydrogenation occurs 
at vacancies on edge sites. The isotropic 
nature of the Chevrel phase catalysts 
would, in contrast, provide only a few dis- 
tinct types of geometrical sites, resulting in 
a high degree of catalytic selectivity. Alter- 
natively, Candia et al. (32) have proposed 
that the two distinct sites of Co(Ni)Mo/ 
A&O3 catalysts are unpromoted molybde- 
num atoms and cobalt- or nickel-promoted 
molybdenum atoms. While the hydrogena- 
tion activity is thought to be about the same 
for either type of site, the promoted sites 
are thought to have much higher de- 
sulfurization activity; thus the latter activ- 
ity is determined primarily by the concen- 
tration of these promoted sites. The uni- 
form nature of the Chevrel phase 
compounds, with their direct incorporation 
of “promoter” atoms, should result in cata- 
lysts primarily with “promoted” molybde- 
num sites. The high desulfurization and low 
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hydrogenation activity of these “pro- 
moted” sites-and the concomitant lack 
of “unpromoted” sites-would be ex- 
pected to result in high desulfurization rates 
and low hydrogenation rates. For Ni1.6M06 
S8 following reaction, very little nickel was 
found at the catalyst surface (see Table 3). 
This lack of “promoter” atoms necessi- 
tated the formation of unpromoted sites, of- 
fering an explanation for the high hydroge- 
nation activity of Nil.6Mo&. 

These investigations using Chevrel phase 
compounds also have permitted the effect 
of reduced oxidation to be studied directly. 
The catalytic role of reduced molybdenum 
states less than Mo4+ has recently been ad- 
dressed by other researchers also. For ex- 
ample, Konings et al. (34) correlated a 
Mo3+ ESR signal from supported molybde- 
num and tungsten catalysts with thiophene 
hydrodesulfurization activity. Valyon and 
Hall (39, after examining the chemisorp- 
tion of O2 and NO on reduced and sulfided 
Mo/A1203 catalysts, proposed that chemi- 
sorption occurs at the anion vacancy sites 
of adjacent Mo2+ atoms. Interestingly, O2 
chemisorption has been correlated with 
hydrodesulfurization activity for both un- 
supported MO& catalysts (25) and MO/ 
Al203 catalysts (36). For conventional, sul- 
fided hydrodesulfurization catalysts, the 
predominance of the Mo4+ state may ob- 
scure the presence of a catalytically impor- 
tant reduced molybdenum state (35). Fur- 
thermore, the degree to which the dominant 
molybdenum oxidation state may be altered 
in these materials is limited. The Chevrel 
phase catalysts, as confirmed with XPS 
analysis, allow direct synthesis of reduced 
molybdenum states. The hydrodesulfu- 
rization activity of these catalysts is high 
and comparable to model conventional cat- 
alysts. Most importantly, however, is that 
the hydrodesulfurization activity is highest 
for the most stable-and thus the most re- 
duced-Chevrel phase compounds. 

CONCLUSIONS 

Chevrel phase compounds have been 

found to be useful model hydrode- 
sulfurization catalysts which permit the ef- 
fect of systematic variations in molybde- 
num chemistry on catalytic selectivity and 
activity to be investigated. The materials 
process high hydrodesulfurization activity 
which is dependent on the structural type of 
the compound. Large cation compounds 
with their unusual “promoter” elements 
are the most active, intermediate cation 
compounds are the next most active, and 
small cation compounds demonstrate the 
lowest activity. Hydrogenation activities 
are low except for the used Nil.6Mo& cata- 
lyst. All bulk structures were stable under 
reaction conditions. For the small and in- 
termediate cation compounds, some sur- 
face oxidation of molybdenum was ob- 
served. The surface oxidation is a result of 
the movement of the ternary metal compo- 
nent away from the surface and into the 
bulk. However, the reduced molybdenum 
oxidation states of the large cation com- 
pounds are stable under reaction condi- 
tions. 
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