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The Catalytic Hydrodesulfurization of Thiophene on the Mo(100) 
Crystal Surface 

In this note we report that the catalytic 
hydrodesulfurization (HDS) of thiophene 
can be performed on the Mo( 100) single 
crystal surface. The HDS of thiophene is 
often used to test the activity of supported 
molybdenum-sulfur catalysts. In order to 
develop improved catalysts for this impor- 
tant process, a molecular level understand- 
ing of this reaction is desirable. To this end 
we are performing a surface science study 
of this system utilizing both UHV and high- 
pressure techniques. 

The experiments described here have 
been conducted in a UHV chamber 
equipped with a high-pressure cell, de- 
scribed elsewhere (1). Varying pressures of 
thiophene (1-5 Torr) and hydrogen (loo- 
800 Torr) have been mixed and circulated 
through a loop attached to the cell. Prod- 
ucts were analyzed by gas chromatography 
and reaction rates and product selectivities 
have been determined as functions of reac- 
tant pressures and crystal temperatures 
(250-420°C). The total conversion of 
thiophene over the course of the reaction 
was always less than 5%. In all cases the 

TABLE 1 

Product Distribution of the HDS 
of Thiophene 

Product Fractional 
yield (%) 

Butadiene 5.6 
I-Butene 52.8 
trans-2-Butene 19.4 
cis-2-Butene 13.9 
n-Butane 8.1 

Note. C4H4S = 2.7t, H2 = 780t, 
T = 340°C. 

TABLE 2 

Hz Pressure Dependence of HDS 
Product Rates of Appearance 

Product n 

Butadiene -0.18 
I-Butene 0.54 
trans-2-Butene 0.68 
cis-2-Butene 0.58 
n-Butane 1.10 

Nore. C4H4S = 2.7t, T = 340°C. 
r = A x (PQ. 

MO crystal surface was determined to be 
initially clean by Auger Electron Spectros- 
copy (AES). 

Over the range of experimental condi- 
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FIG. 1. Arrhenius plot of the temperature depen- 
dence of the product appearance rates for the HDS of 
thiophene. (C4H4S = 2St, HZ = 7801). The activation 
energy for the production of butadiene is E, = 14.4 
kcal/mole. 
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NOTES 

FIG. 2. LEED patterns of the hexagonal sulfur structure taken at normal and off-normal angles 
incidence. The diffraction spots due to the Mo(100) substrate form a square lattice. The hexago 
lattice causes the superimposed rings having 12 intensity maxima about the circumference. 
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tions employed the initial reaction rates 
have varied from 0.020 to 0.120 turnovers/ 
site/set assuming that each surface MO 
atom is an active site. The reaction pro- 
ceeds in steady state at these rates for a 
period of l-2 hr. and then the activity be- 
gins to decline slowly. Final turnover num- 
bers have been as high as 1500, indicating 
that the reaction is catalytic. The product 
distribution displayed in Table 1 is similar 
to that observed for a MO& catalyst (2). 
The thiophene pressure dependence ap- 
pears to be low- or zero-order, suggesting 
that the surface is saturated with thiophene 
under these conditions. The hydrogen pres- 
sure dependence, displayed in Table 2, is 
however, more complicated and varies 
among the products. The data suggests that 
the hydrogen pressure dependence is zero- 
order for butadiene, half-order for the bu- 
tenes, and first-order for butane. The fact 
that we observe a half-order hydrogen pres- 
sure dependence for the butenes indicates 
that the surface hydrogen concentration is 
in the low coverage region of the hydrogen 
adsorption isotherm. The temperature de- 
pendence of the rates, shown in Fig. 1, also 
differs among the products and is similar to 
the temperature dependence of the product 
distribution observed for the deoxygenation 
of tetrahydrofuran (3). For our HDS reac- 
tion, butadiene is the only product showing 
Arrhenius-like temperature dependence 
having an activation energy of 14.4 kcal/ 
mole. 

The surface after the reaction is covered 
with sulfur and carbon. The sulfur cover- 
age, in fact, appears to be in excess of one 
monolayer as determined by our AES cali- 
bration (4). Furthermore, we have identi- 
fied an ordered sulfur structure on the MO 
surface. The LEED pattern of this struc- 
ture, shown in Fig. 2, indicates a hexagonal 
overlayer, having a unit cell parameter of 
2.7 A, present on the square lattice of the 
Mo(100) substrate. In general this structure 
is difficult to produce and requires the an- 

nealing of the surface at 700-SOO”C, after 
the reaction. On occasion, however, we 
have observed its presence immediately af- 
ter the reaction without annealing of the 
surface, which implies that this structure 
may be present in all cases but with domain 
sizes too small to be detectable with LEED. 
More importantly, in the cases in which we 
have started the reaction with this structure 
present on the surface it has remained unal- 
tered, indicating that it is stable under reac- 
tion conditions. In these cases the initial 
activity is reduced to about half that of the 
initially clean surface. 

The HDS reaction over Mo(100) seems to 
be similar to that observed over the sup- 
ported MO/S catalysts. We are currently 
conducting detailed studies of the nature of 
the MO single crystal surface present under 
reaction conditions and of the effects of 
surface composition on reaction rates and 
product distributions. 

ACKNOWLEDGMENTS 

We thank the Division of Materials Sciences and 
Office of Basic Energy Sciences of the U.S. Depart- 
ment of Energy under Contract DE-AC03-76SF00098, 
and the Exxon Research Corporation for support of 
this work. 

REFERENCES 

Farias, M. H., Gellman, A. J., Chianelli, R. R., 
Liang, K. S., and Somojai, G. A., submitted for 
publication. 
Kolboe, S., Canad. J. C/tern. 47, 352 (1969). 
Furminsky, E., Ind. Eng. Chem. Prod. Res. Dev. 
22, 31 (1983). 
Salmeron, M., Chianelli, R. R., and Somojai, G. 
A., Surf. Sci. 127(3), 526 (1983). 

A.J. GELLMAN 
M. H. FARIAS 
G. A. SOMORJAI 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and Department of Chemistry 
University of California 
Berkeley, California 94720 

Received January 23, 1984 


