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Solid-state reactions of elemental sulfur with metallic cobalt and molybdenum powders were 
used to synthesize model catalysts for hydrodesulfurization (HDS). The resulting materials had a 
general stoichiometry of CozlMo,-,S2 with x between 0.025 and 0.3. The solid phases formed 
during synthesis and after exposure to typical HDS reaction conditions were identified by X-ray 
diffraction and selected area electron diffraction. The catalytic activity for hydrodesulfurization of 
thiophene was tested in a flow reactor. High activity for hydrodesulfurization coincided with the 
presence of a nonstoichiometric bulk phase. It was found that introducing small quantities of a 
promoter atom led to similar activity trends, XRD patterns, and electron microscopy results, all of 
which were attributed to a nonstoichiometric bulk phase. The structure of this phase is not yet fully 
determined but is consistent with a defect structure of MO& having anionic vacancies. o 1989 
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INTRODUCTION 

Cobalt-molybdena sulfided catalysts are 
among the most important industrial cata- 
lysts for hydrodesulfurization (HDS). The 
development of HDS catalysts has essen- 
tially been empirical, and much research 
has been done to better understand the cat- 
alytic function, especially regarding the 
role of cobalt as promoter and the nature of 
the active site. Various models have been 
proposed to describe the structure of the 
active phases, and to explain the interac- 
tions believed to happen between MO& and 
the Co promoter. The most important 
models include the “monolayer model” (Z- 
3), the “intercalation model” (4, 5), the 
“contact synergy” or “remote control 
model” (64, and, in a more recent pro- 
posal, the formation of a mixed promoter- 
active element-S phase (“CO-MO-S”) (9, 
20). Despite considerable progress in basic 
knowledge about HDS catalysts, the vari- 
ous models still leave some open questions 
about the function of Co (II, 12). Based on 
the recently developed “CO-MO-S” 
model, a correlation was proposed between 

the amount of the “CO-MO-S phase” and 
the HDS activity for either supported (10, 
13) or unsupported (Z4) CO-MO sulfided 
catalysts. 

To obtain a more detailed insight into the 
structure and the physicochemical proper- 
ties of CO-MO-S, Co-promoted HDS cata- 
lysts were extensively studied by a variety 
of techniques including Mossbauer emis- 
sion spectroscopy (9, Z5>, X-ray photoelec- 
tron spectroscopy (16, Z7), EXAFS (Z8- 
20), analytical and high resolution electron 
microscopy (2Z-23), X-ray diffraction (23), 
infrared spectroscopy (24), and EPR (25, 
26) among others. From these results it was 
inferred that CO-MO-S has a MO&-like 
structure, with Co atoms being at the edges 
of the MO& crystallites, probably in substi- 
tutional positions. The EXAFS results (1% 
20) showed a coordination of Co with six 
sulfurs in an octahedral surrounding, but 
not in the form of a bulk sulfide, with Co-S 
distances shorter than MO-S distances. 
The EPR signal of the CO-MO-S structure 
suggested the existence of Co*+ centers in- 
teracting with Mo4+ neighboring centers 
(26). It was also shown that the formation 
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of CO-MO-S structures was strongly de- 
pendent on the catalyst preparation proce- 
dures (9, 12, 23). The sulfiding conditions 
and the Co content also had a significant 
influence on the formation of these active 
phases (12, 27, 28). 

Although this research has greatly im- 
proved our understanding of Co-promoted 
HDS catalysts, the exact nature of the ac- 
tive site is still not fully resolved. It has not 
yet been elucidated whether the HDS activ- 
ity of CO-MO-S can simply be related to 
anion vacancies associated with the Co 
edge atoms or whether the neighboring MO 
edge atoms also play a direct role (12, 28, 
29). Also, there are many unanswered 
questions about the structure of CO-MO-S. 
Are they surface species formed under re- 
action conditions? Can one consider them 
as phases in a crystallographic sense? If the 
latter were the case, and if CO-MO-S does 
not exhibit an intercalation structure (22), 
then CO-MO-S could represent one of the 
following structural compounds: (i) a bi- 
nary CO-MO sulfide; (ii) a solid solution iso- 
structural with MO& that would form dur- 
ing the sulfiding treatment, preferentially at 
the edges of the MO& crystallites where the 
reactivity is higher because of greater de- 
fect concentrations; (iii) a mixture of MO& 
and Co sulfides different from the thermo- 
dynamically stable Co&. 

Until now the methods used for the syn- 
thesis of HDS catalysts, e.g., the com- 
aceration method (6), the homogeneous 
sulfide precipitation method (23), the co- 
precipitation method (30) and their vari- 
ants, tend to lead to the formation of amor- 
phous or poorly crystalline materials 
containing low amounts of CO-MO-S. Far- 
ragher and Cossee (5) reported using a solid 
state synthesis procedure to form MO& and 
WS2 hydrogenation catalysts. These au- 
thors also attempted to incorporate Ni into 
the WSz structure by heating the elements 
at 1173 K and found that the presence of Ni 
induced a random faceting of the surface. 
They suggested surface reconstruction in- 
duced by Ni or Co. However, their synthe- 

sis temperature was 1173 K and they did 
not investigate the HDS potential of their 
materials. 

The present paper reports the results of 
our attempt to grow bulk CO-MO-S phases 
that would show the same structure and ac- 
tivity as the active ones found in HDS cata- 
lysts. The synthesis of these phases was 
based on solid state reactions of elemental 
sulfur with metallic Co and MO powders. 
These bulk phases are easier to character- 
ize than those in conventional supported 
HDS catalysts, Therefore, they offer a bet- 
ter opportunity for establishing correlations 
between stoichiometry, structure, and ac- 
tivity. 

EXPERIMENTAL 

Sample preparation. A series of samples 
with different CO/MO ratios and a general 
stoichiometry of CO~MO,-~ SZ, where x 
was between 0.025 and 0.3, were prepared 
by combining stoichiometric amounts of el- 
emental cobalt and molybdenum powders 
with elemental sulfur, all three chemicals 
used being Fluka products (purum). The 
powders were throughly mixed by grinding 
them together to insure intimate contact be- 
tween the components. The mixtures were 
placed into quartz tubes which were then 
evacuated to about 0.1 Pa and sealed. The 
tubes containing the mixtures were heated 
at a heating rate of 10 K per min from room 
temperature to 783 K, held at this tempera- 
ture for 24 h, and then rapidly quenched. 
Once the treatment was finished, the quartz 
tubes were opened. The contents of the 
tubes, generally dark grey or black mate- 
rials, were removed and, if necessary, 
ground into fine powders. All the sulfur was 
reacted as there was no visible evidence of 
elemental sulfur in the tubes after the syn- 
thesis. 

On the basis of the amounts of elemental 
powders used for the synthesis, the sam- 
ples were named CoO.~~Mo~.&$, Co0.i 
M%95s2, CoO.ZMoO.9S2,~ CoO.3MoO.85S2, COO.5 

MoO.&!$, and Coo.&oo.~S~. Unpromoted 
MoS2 and a nonstoichiometric sample, 
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MO&~, were also prepared from a mixture 
of metallic molybdenum and elemental sul- 
fur following the procedure mentioned 
above. 

Furthermore, a mechanical mixture of 
metallic Co and MO powders with a CO/MO 
atomic ratio of 0.222 was prepared and then 
sulfided under standard presulfiding condi- 
tions for conventional catalysts (673 K for 
24 h in a flow of 2% H&HZ). This sample 
was named “CO~.~MO~.~ + H2S. ” 

Catalyst characterization. To determine 
the crystalline phases present, all the cata- 
lysts were characterized by X-ray diffrac- 
tion. A Phillips PW-1729 powder diffrac- 
tometer equipped with a graphite crystal 
monochromator and CuKa radiation was 
used. The surface areas of the freshly pre- 
pared samples were determined by using 
the BET method and a Monosorb Quan- 
tachrome single point instrument with ni- 
trogen as adsorbate. 

Electron microscopy was used to obtain 
selected area electron diffraction patterns 
of small regions of the catalysts and com- 
plement the X-ray diffraction study. A 
JEOL 2000FX microscope operating at 200 
kV was utilized for this purpose. Selected 
area diffraction patterns were obtained 
from regions 20 pm in diameter. Specimens 
were prepared by crushing the catalyst 
powder and then suspending it in isopropyl 
alcohol by sonicating the resulting mixture 
for 10 min. A few drops of this suspension 
were applied to a holey carbon support film 
on a copper grid. 

X-ray photoelectron spectroscopy was 
used primarily as a purity check to insure 
that no trace amounts of transition metals 
were present in the MO& and Mo&.~~ sam- 
ples and to monitor the chemical shifts and 
peak shape of the Co 2~,,~ and 2pj12 signals. 
A Perkin-Elmer 5400 Series spectrometer 
was used with an Al anode operating at a 
pass energy of 71.5 eV. Spectra were re- 
corded in the multiplex acquisition format 
in steps of 0.2 eV and the C 1s (284.6 eV) 
signal arising from airborne impurities 
present on all samples was used as an inter- 

nal standard for binding energy calibration. 
Activity measurements. The catalytic ac- 

tivity for the hydrodesulfurization of thio- 
phene (Aldrich 99+%, Gold Label) was 
measured in a t-in.-diameter stainless-steel 
continuous-flow reactor. The powdered 
catalyst (0.35 g) was loaded into the reactor 
and the temperature raised to 673 K under a 
flow of high-purity helium at 30 ml per min 
and held at 673 K for 30 min. Then, the 
temperature was lowered to the desired re- 
action temperature, typically between 473- 
673 K. The He flow was replaced by a gas- 
eous feed stream containing 2.7% (by 
volume) of thiophene, the balance being hy- 
drogen, at a flow rate of 10 ml per minute 
and a pressure of 98.6 kPa. The high-purity 
He and Hz (~49 ppm impurities) were fur- 
ther purified by passage through a commer- 
cial oxygen trap (Matheson) and a bed of 
molecular sieves (5 A) to remove moisture. 

All samples were on stream a minimum 
of 20 h and steady-state conversions were 
obtained after 40-45 min on stream. There 
was no noticeable change in activity of the 
Co-containing samples after 80 h on stream 
at 673 K. The effluent from the reactor was 
analyzed every half-hour by gas chroma- 
tography. Product separation and analysis 
were performed by using an n-octanelpora- 
sil C column in a Varian 3700 gas chroma- 
tography equipped with thermal conductiv- 
ity detector. Peak areas were determined 
by a Hewlett-Packard 3390A integrator. 
After a given catalytic run the catalyst bed 
was flushed with He gas at 673 K. 

RESULTS AND DISCUSSION 

Figures 1 and 2 show relevant parts of the 
X-ray powder diffraction patterns of the 
fresh catalysts before being used in the 
HDS reaction. Also included are the dif- 
fractograms of the model compounds 
MO&, MoS,,~~ and of sample “CO,,~MO,,~ + 
H&” The diffraction patterns of the used 
catalysts after 80 h on stream in thiophene 
hydrodesulfurization are given in Fig. 3. 
Vertical lines mark the positions of the dif- 
fraction maxima corresponding to the dif- 
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FIG. 1. X-ray diffraction patterns of freshly prepared catalysts CoO.OSM~O,&r CO~.~MO~,~&, Coo.2 
MO,&& and CO~.~MO~.~&. For comparison, the diffraction pattern of MO& is also shown. 

ferent phases. The powder X-ray diffrac- 
tion patterns shown in Figs. 1, 2, and 3 
show that all the catalysts consist of a mix- 
ture of crystalline phases. In Table 1, the 
BET surface areas and the crystalline 
phases found in the fresh and used catalysts 
are summarized. 

The SamPIes COO.OSM00.975S2, Coo.1Moo.95 

s2, CoO.2MoO.9S2, and Coo.3Moo.e5S2 (Fig. 1) 
exhibited very similar X-ray diffraction pat- 
terns. The patterns could be deconvoluted 
into three distinct contributions of (1) un- 
reacted metallic MO, (2) CoS2 with a cubic 
pyrite-type structure, and (3) a phase exhib- 
iting broad diffraction lines. CoS2 showed a 
progressive growth with increasing Co 
loadings going from CO~.~~MO~.~$~ to Coo.3 
Moo.ssSz. 

The maxima and line widths of the third 

phase found in these catalysts corre- 
sponded with those of the nonstoichio- 
metric MoS,.~~ sample which also contained 
some unreacted metallic molybdenum. 
Compared to stoichiometric MoS2, there 
were differences in the intensities of reflec- 
tions from certain crystallographic planes. 
The (002) diffraction line which was the 
most intense one in the model MO& com- 
pound, lost intensity along with the (104) 
and the (0012, 113) lines, while the (101) 
and (110) reflections became more intense 
than those in MoS2. This phenomenon is 
characteristic of all the processes involving 
changes in the composition of a material by 
isomorphic replacement, here replacement 
of MO ions by Co ions. If Mo4+ cations in 
the MoS2 lattice are replaced by Co cations 
having lower charge, then the charge bal- 
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FIG. 2. X-ray diffraction patterns of freshly prepared catalysts Cq.,Mq,& and CO~.,MO,,~S~, and of 
the mechanical mixture “CO,,~M~,, + H2S.” 

TABLE 1 

BET Surface Areas and Phases Detected in XRD 

Catalyst CO/MO BET 
(atomic ratio) surface 

area 
(m2M 

Crystalline phases 

Fresh catalyst Used catalyst 

Coa.orMoos& 0.051 26 Aa + MO f Co& MO + A, COON 
CooMoo.& 0.105 14 A + MO + Co& MO + A, CoO(OH) 
%x+f%S2 0.222 14 A + MO + Co& MO + A -I- Co,Ss 

+ CoO(OH) 

Coo.sMoo.ssSz 0.353 15 A + MO + CoS2 MO + A + Co& 
+ CoO(OH) 

CwM%,,f32 0.667 1 MO& + Co& + Co& MO& + Co& 
+ Co& t CoMo& f MO + Co& t CoMo,& t MO 

C%&00,7S2 0.8571 1 MoSz + Co,& + Co& MO& + Co&, 
+ CoMo2& + MO t Co,& + CoMo2S4 + MO 

Codfoo.9 f KS 0.222 1 MO + Co& MO + Co&, 
MoS, 0 1 MO& MO& 
MO%95 0 20 MO& t MO MO& t MO 

a “A” is a nonstoichiometric bulk phase. 
b The phases in italics are present in only minor proportion or as traces. 
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FIG. 3. X-ray diffraction patterns of catalysts CO,,.~~MO~.~&, CO~.~MO~.~&, CO~.~MO~.&, CO,,.~MO~.~~ 
S2, CO~.~M~&$, and CO~.~O~.~S~ after prolonged exposure to typical hydrodesulfurization reaction 
conditions in a flow reactor. 

ante in the lattice may be maintained by 
creating anionic vacancies. The “substitu- 
tional solid solution” formed would be non- 
stoichiometric. Seeing that the creation of 
anionic sulfur vacancies in MO& resulted in 
X-ray line broadening, it is tempting to at- 
tribute the line broadening in the cobalt- 
containing samples also to the lack of stoi- 
chiometry. 

It is important to recognize that the 
broadening of the XRD lines in the MoS1,95 
sample should not be attributed solely to a 
smaller particle size associated with a 
higher surface area. Electron micrographs 
revealed that the average particle size for 
both of these materials is essentially con- 
stant. Furthermore, it is well known that 
the presence of vacancies, in our case sul- 

fur vacancies, is often indicative of a highly 
defective material rather than of a sample 
consisting of many small crystallites dif- 
fracting incoherently with respect to each 
other (31). 

It has been suggested in the literature 
that one of the major roles of cobalt is to 
increase the dispersion of very small parti- 
cles of MO& (32,33) resulting in X-ray line 
broadening. However, in the case of the 
solid state samples investigated here, the 
X-ray line broadening cannot be attributed 
solely to crystallite size effects, but is due 
to defects in the material. This phase also 
exhibits a lower degree of crystallinity. The 
evidence for this comes from selected area 
electron diffraction. MO& showed very 
definite crystalline spot patterns from all re- 
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FIG. 4. (a) Selected area electron diffraction (SAED) pattern of MO& showing well-defined crystal- 
line spots taken from a zone axis of [121]. (b) SAED pattern from nonstoichiometric MoS,.~~ showing 
diffraction rings indicating its polycrystalline nature. (c) Indexed ring pattern from MO.‘& and 
CO,,~~MO~.~~S~. The (002), (IOl), and (104) reflections have the greatest intensities. (d) SAED pattern of 
CO~.~~MO~.~& showing diffraction ring structures similar to those observed for the nonstoichiometric 
MoS,.~~ compound. 

gions of the sample investigated (Fig. 4a). 
The nonstoichiometric MoS,.~~ sample gave 
a ring structure showing predominantly 
(002), (lOl), and (104) reflections (Fig. 4b 
and 4~). The ring patterns indicate that the 
sample is polycrystalline throughout. Se- 
lected area electron diffraction of Coo.aj 
MO,,&!& showed ring diffraction patterns 
strikingly similar to those visible in the non- 
stoichiometric MoS~.~~ sample (Fig. 4d). 
The close resemblance of the X-ray and 
electron diffraction patterns of MoS95 and 

CO~.~~MO~.~& strongly suggests the pres- 
ence of a nonstoichiometric phase also in 
the cobalt-containing catalyst. A more de- 
tailed structural characterization of this 
new phase based on high-resolution and an- 
alytical electron microscopy is published 
elsewhere (34) and fully confirms the pres- 
ence of defects on an atomic scale. 

For the time being, we have relied on the 
X-ray diffraction patterns to obtain a first 
estimate of the d spacings using silicon as 
internal standard to analyze the (002) and 
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(101) reflections. The broadening of the 
other lines made it very difficult to obtain d- 
spacing values. Compared to the model 
MO& with d spacings of 6.1122 and 2.7081 
for the (002) and (101) lines, values of 
6.27081 and 2.7170 were obtained for the 
CO~.,MO~.~& sample, indicating an expan- 
sion of the unit cell. 

Samples Coo.~Moo.& and Co0.6M00.& 
had more complex X-ray diffraction pat- 
terns (Fig. 2), showing the presence of a 
mixture of MO&, traces of metallic MO, 
and various cobalt sulfides including Co&, 
Co&, and CoMo&. The sample coo.5 
Moa.& also contained some Co&. As can 
be seen from Table 1, the presence of the 
defective MO&-based phase depends on the 
cobalt content, as it is observed only in 
those catalysts with a CO/MO atomic ratio 
smaller than 0.5 while the samples CO,,~ 
MoO.& and CO~.~MO~.& with a CO/MO 
ratio ~0.5 do not exhibit that phase. 

The diffraction patterns of sample “COO.~ 
Mo,,.~ + H$” (Fig. 2) showed the presence 
of two phases, metallic MO inert to the sul- 
fiding treatment under an H2S/H2 flow at 
673 K and Co&& which is the thermo- 
dynamically stable cobalt sulfide phase. 

On the basis of X-ray diffraction patterns 
of the used catalysts, given in Fig. 3, CO~.~~ 
Mo~.~& and CO~.~MO~.& contained only 
metallic MO and the nonstoichiometric 
phase while CO,,~MO~.& and CO~.~MO~.~&$ 
contained Co& as well. It seems that un- 
der reaction conditions and in the presence 
of higher amounts of cobalt the Co& phase 
is transformed into the thermodynamically 
stable Co& phase. These four used cata- 
lysts also showed very small traces of co- 
balt oxide hydroxide. It is highly unlikely 
that this cobalt oxide hydroxide plays a sig- 
nificant role in the HDS activity. Since the 
cobalt hydroxide phase only appears in the 
used catalysts, it is safe to assume that this 
phase is formed under reaction conditions. 
The samples CO~.~MO~.& and CO~.~MO~.& 
consisted of a mixture of MO&, Co&&, and 
very small amounts of Co& and CoMo& . 
Traces of metallic MO were also detected. 

The temperature dependence of HDS ac- 
tivity of all the model catalysts is presented 
in Fig. 5. Within the series of CO~MO,-~& 
catalysts, CO,,.~~MO 0.!&2, C%.&h!&, 
COO.~MOO.~S~, and COO.~MO~.$~ had signifi- 
cantly higher activities than Coo.sMoo.xS2 
and Co,&¶o&i2. These highly active cata- 
lysts containing the nonstoichiometric 
phase are grouped together in the shaded 
area on top of the plot, together with the 
data for the nonstoichiometric MoS,.~~ sam- 
ple. The less active Co-promoted samples 
are grouped in the cross-hatched area be- 
low, and the physical mixture and MoS2 lie 
below this region. To further simplify the 
comparison among different samples, the 
activity at 573 K is plotted as a function of 
the CO/MO ratio (Fig, 6). 

High HDS activity of the Co-containing 
catalysts coincided with the observation of 
X-ray and electron diffraction patterns in- 
dicative of the new nonstoichiometric 
phase (Figs. 1, 2, 5, and 6) resembling that 
found in MoSi.95. The less active samples 
C00.5M00.75S2, coO.&oO.7~2, “coO.2MoO.9 + 

Hz&” and the stoichiometric MoS2 sample 
did not contain detectable amounts of the 
new phase. 

The Co-promoting effect appears to be 
linked to the sulfur vacancies created to 
maintain the charge balance during the par- 
tial replacements of MO ions in the MoS2 
lattice by lower charged Co ions. However, 
it should be noted that a significant activity 
enhancement can be achieved in absence of 
cobalt by directly introducing anionic sulfur 
vacancies into MO& (see the activity data 
for sample MoS,.~~ in Figs. 5 and 6). Of 
course, this does not rule out that cobalt 
has an additional promoting role beyond 
the effect of creating nonstoichometry in 
molybdenum sulfide. XPS confirmed that 
the Mo&.~~ sample contained only molyb- 
denum and sulfur with small amounts of 
carbon and oxygen. The XPS spectra for 
the Co-containing catalysts were similar in 
appearance except for the presence of well- 
resolved Co 2p112 and Co 2~~~~ peaks. 

The samples with very high activity also 
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FIG. 5. Plot of HDS activity (In(TOF)) vs l/Tfor model catalysts. The turnover frequencies shown 
are normalized on the basis of thiophene molecules converted per MO atom in the catalyst per s. 

had much greater surface areas than the corroborate this lack of correlation. Sam- 
samples with lower activities. However, a ples with nearly identical surface areas 
normalization of activity based on surface have almost an order of magnitude differ- 
area would not be meaningful in view of the ence in activity (see Figs. 5 and 6 and Table 
well-known lack of correlation between 1). This can be seen by comparing the Coo,5 
HDS activity and surface area. Our results MO 0.7& and CO~.~MO~.& samples with the 
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FIG. 6. Thiophene hydrodesulfurization activity at 573 K as a function of the CO/MO ratio in the 
model catalysts. 
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FIG. 7. Selectivity for Cz, C3, and C4 hydrocarbon product formation in thiophene hydrodesulfuriza- 
tion over CO~.~~MO~.~~~S~, CoO.,MoO.&, CO,,~MO~.$~, and CO,,~MO~.& model catalysts at 523 K. The 
turnover frequencies obtained at this temperature were between 4 x 1O-6 and 1.2 x 10e5 s-1. 

MO& and Co,-,* + Mot,9H$S, in which it is 
demonstrated that samples with identical 
surface areas have vastly different Arrhe- 
nius plots. 

The product distributions of different hy- 
drocarbons resulting from the hydrodesul- 
furization of thiophene are given in Figs. 7 
and 8. All data shown in these two figures 
were collected within a narrow range of 
turnover frequencies at comparable levels 
of conversion. Isobutene and butadiene 
could not be separated under our experi- 
mental conditions and Figs. 7 and 8 show 
the sum of these two products. 

Large differences in product distribu- 
tions were observed among the different 
groups of catalysts. MoS2 and the mechani- 
cal mixture “CO,,~MO~.~ + H$” showed 
similar behavior, except for the lack of iso- 
butene and butadiene in the product spec- 

trum obtained over the mechanical mix- 
ture. Instead, the mechanical mixture gave 
a higher amount of 1-butene (Fig. 8). Under 
comparable reaction conditions, the cata- 
lyst samples Coo.~MoO.$~ and CO~.~MO,& 
did not produce any propene and showed 
slightly higher selectivity for 1-butene, and 
tram- and cis-butene. Isobutylene or buta- 
diene was formed only over MO&, but not 
over any of the.other catalysts. 

The product distributions for the four 
highly active samples with lower MO/CO ra- 
tios (Fig. 7) show a total absence of pro- 
pene reminiscent of the results obtained on 
the two samples Co,-,sMo,&& and Coo,6 
MO&&. Furthermore, on all four of these 
catalysts n-butane is the main reaction 
product with more than 50% selectivity. 
The increase in n-butane selectivity is ac- 
complished largely at the expense of l-bu- 
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FIG. 8. Selectivity for C2, C1, and C4 hydrocarbon product formation in thiophene hydrodesulfuriza- 
tion over catalysts CO~.~MO~.~&, CO,,~MO&, “CO~,~MO,.~ + H#,” and MO& at 623 K. The turnover 
frequencies obtained at this temperature were between 5.44 x lo-’ and 6.32 x 10-G s-l. 

tene. It is reasonable to assume that the 
presence of metallic MO increased the hy- 
drogen transfer capability in samples Coo,05 
Mo~.~~& through CO~.~MO~.&, resulting in 
enhanced formation of saturated n-butane. 
The nonstoichiometric Mo&.~~ sample had 
even higher selectivity for n-butane due to 
the presence of unreacted metallic molyb- 
denum. 

CONCLUSIONS 

A solid-state synthesis procedure similar 
to that reported earlier by Farragher and 
Cossee (5) in their study of hydrogenation 
activity of molybdenum and tungsten sul- 
fides has been used to create model HDS 
catalysts. This preparation procedure en- 
sures that the resulting catalysts will be at 
the very least thermally stable under the 
HDS reaction conditions used in our sys- 

tern. We have identified a nonstoichometric 
phase in our unsupported samples prepared 
by solid-state reactions of the elements co- 
balt, molybdenum, and sulfur at 783 K. The 
nonstoichiometric phase was found in sam- 
ples having a CO/MO atomic ratio between 
0 and 0.353, and it is important to note that 
the formation of this phase could be 
achieved by either adding small quantities 
of a promoter atom to the synthesis charge 
or by making a sulfur-deficient species such 
as Mo&.~~. The presence of this phase coin- 
cided with significantly enhanced hydrode- 
sulfurization activity. X-ray diffraction and 
selected area electron diffraction results in- 
dicate that the new phase is very similar to 
nonstoichiometric molybdenum sulfide. On 
the basis of these results, addition of cobalt 
in certain atomic ratios appears to facilitate 
the creation of anionic sulfur vacancies in 
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MO& with the consequence of enhanced 
HDS activity. 
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