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Buta-I ,3-diene Hydrogenation on a Deuterium Sulphide-treated 
Molybdenum Disulphide Catalyst 
John Barbour and Kenneth C. Campbell * 
Department of Chemistry, University of Glasgow, Glasgow G 72 8QQ, U.K. 

Deuterium, introduced as D2S to a molybdenum disulphide catalyst, has been found to exchange with gas-phase 
hydrogen and to be incorporated into hydrocarbon products when bata-l,3-dicne is hydrogenated on the 
catalyst; evidence is presented for the participation of hydrogen present on tfia surface as SH groups. 

Interest in the use of molybdenum disulphide as a hydro- 
desulphurisation catalyst has led to extensive studies of olefin 
hydrogenation reactions on MoS, catalysts, which have 
recently been reviewed.l Mechanisms have been proposed on  
the basis of the degree of co-ordinative unsaturation of molyb- 
denum similar to the model proposed by Siegel, for transition- 
metal oxide catalysts. Hydrogen sulphide treatment of the 
catalyst has produced evidence for two types of active sites, 
one type active for ethylene hydrogenation and the other for 
ethylene and hydrogen isotopic exchange reactions, and these 
results have been explained in terms of a diminution of the co- 
ordinative unsaturation of the molybdenum by the adsorption 
of hydrogen sulphide.”T4 

To obtain some insight into the location of the reactive 
hydrogen on hydrogen sulphide-treated MoS, catalysts, we 
have studied the interaction o f  butadiene and butadiene- 
hydrogen mixtures with deuterium sulphide adsorbed on 
MoS,. 

Molybdenum disulphide was prepared by thermal decom- 
position of ammonium thiomolybdate. The ammonium thio- 
molybdate was precipitated when hydrogen sulphide was 
passed into ammonium molybdate (0.09 mol) in aqueous 
ammonia solution (36% w/w; 400 nil) at 65 ’C. After being 
filtered off and dried for 48 h, the ammonium thiomolybdate 
was decomposed at 1000 ‘C in flowing oxygen-free nitrogen 
for 5 11. Electron diffraction showed i t  to have the molybdenite, 
MoS,, structure. Deuterium sulphjde (74.0% D,S, I 1.8 
HDS, and 14.2 76 H,S by mass spectrometry) was prepared by 
reaction between zinc sulphide (B.D.H.) and D,SO, (Merck, 
Sharp and Dohme) diluted with D,O (Norsk-Hydro). 

(i) Isotopic exchange between gas-phase hydrogen and 
adsorbed D,S. Two experiments, each using 0.489 g of MoS, 
catalyst, were performed in which a sample of ‘D,S’ (i.e. the 
D,S, HDS, H,S mixture as specified above) was allowed to be 
adsorbed at 350 ‘C. The catalyst vessel was evacuated and a 
measured quantity of hydrogen was admitted. After 40 min 
the  isotopic composition of the hydrogen was determined using 
a V.G. model M M  601 mass spectrometer. The results are 
shown in Table 1. The ohserwd deuterium recovery was 
determined having regard to the isotopic composition of the 
‘D,S;’ the calcmlntcd deuterium recovery was that expected if 
the deuterium became uniformly distributed between the 
adsorbed hydrogen sulphide and gas-phase hydrogen. The 
results show that there is probably complete isotopic exchange 
at 350 “C, although this claim is subject to uncertainty arising 
from the isotope effect, which appears to be in favour of 
deuterium in gas-phase H,. 

Table 1. Hydrogcn exchange with adsorbed D,S o n  MoS,. 

Adsorbed H, for Product distribution %)D recovery 

Expt. pmol /Fmol H, H D  D, obs. calc. 

(a) 37.0 39.6 34.0 47.1 18.9 56.9 51.7 
(b) 34.1 35.2 26.0 53.4 20.6 58.3 50.8 

D2S/ exchange r 7r-__h- -7 

(ii) Interaction of buta-l,3-dieiie and adsorbed D,S. ‘D,S’ 
( I  3.6 pmol, equivalent to 21.7 pmol of D atoms) was allowed 
to be completely adsorbed by a fresh sample of MoS, at 350 “C. 
Buta-l,3-diene (33.5 pmol) was admitted and the system left 
for 24 h. Product5 were separated by ga(; chromatography 
using a I2 m column of 33 % wiw diiiiethyl~ulpholane on XO-- 
60 mesh firebrick. Separated hydrocarbons were isolated in  
liquid nitrogen-cooled traps and transferred to a mass spectro- 
meter, where they were found to have the deuterium dktribu- 
tions in Table 2. The recovery of deuterium i n  the products 
was 9.27 pmol of D atoms, which was equivalent to 42.7% 
of the deuterium introduced as ‘D,S.’ Similar experiments 
with butadiene contact times of 40 min and 6 h showed negli- 
gible amounts of butene products and a very small incorpora- 
tion of deuterium into butadiene, which we therefore conclude 
to be a very slow process under these conditions. 

( i i i )  Interaction of a 1 : 3 buta-1 ,j-diene- hydrogeti mixture 
with adsorbed D,S. T o  investigate tlie behaviour of deuterium, 
introduced as D,S, under hydrogenation condition,, ’D,S’ 
(22.9 pmol, equivalent to 36.6 pmol of D atoms) was allowed 
to be adsorbed by a similar sample of  MoS,. A mixture of 
buta- 1,3-diene (34.2 pmol) and hydrogen ( 103.7 pmol)  was 
admitted, and hydrogenation at 350 C allowed to proceed to 
82% reaction (about 80 niin). Table 3 shows tlie rewlts. 23.5 
pmol of D atoms (64.2% of the deuterium introduced as 
‘D,S‘) appeared in hydrocarbons. The amount present in the 
excess of hydrogen was not determined. 

From these results it can readily be seen that 41 :{ of the 
added ‘hydrogen’ to form butenes from butadiene coiickted 
of deuterium. If the deuterium introduced to the catalyst as 
‘D,S’ had first equilibrated with gas-phase hydrogen which 
subsequently hydrogenated the butadiene, the expected 
deuterium content of the butenes would have been only 140/,. 
Accordingly we believe that the deuterium is incorporated 
into hydrocarbons directly from the adsorbed state of the 
D,S, and not viu the ga5-phase hydrogen. 

Tahle 2. Product yields and deuterium di\tributions f r o m  the 
interaction of buta-l,3-dieiie with D,S adsorbed o n  MoSi,. 

Yield Deuterium distributit)n\ 
(“4) ’H, ‘HI ‘H, -H, L H ,  

n-Butane 0 - - 

But-1 -ene 8.8 63.9 29.4 6.7 0.0 0.0 
tranv-But-2-ene 33.3 65.1 28.2 5.8 0.8 0.0 
cis-But-2-ene 8.6 65.1 28.2 5.8 1.0 0.0 
Buta-1,3-dieiie 49.3 91.5 5.3 2.4 0.8 0.0 

- 

Table 3. Buta-1,3-diene hydrogenation on a MoS, catalyst pre- 
treated with D,S. 

Yield Deuterium distribution (‘3;) 
(90) ”,, 2€4, 2H, ”‘, ,ti, 2HH,-, 

~ -~ . n-Bu tane 0 
Rut- 1 -ene 21.3 49.5 5.2 17.0 17.7 10.7 0.0 
fvam-But-2-ene 30.8 73.2 22.9 3.5 0.4 0.0 0.0 
cis-But-2-ene 29.7 72.3 23.7 3.7 0.3 0.0 0.0 
Buta-1,3-diene 18.2 97.1 0.4 2.1 0.3 0.0 0.0 
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We now consider three possible modes of adsorption of 
hydrogen sulphide on MoS, (where * indicates a bond to a 
surface molybdenum atom, and $ to a surface sulphur atom). 

Scheme 1 : H,S --i S + 211 * * 

Scheme 2 :  H,S -+ HS + H * *  

Scheme 3: H,S + HS i- H 
* t  

(Scheme 3 corresponds to two identical SH groups chemi- 
sorbed to molybdenum.) 

Schcme 1 requires three contiguous adsorption sites, so 
would occur only on type C:’ or :IM5 sites, which are assumed 
to be relatively rare compared to type B (2M) sites.3 We have 
found H,S uptake on MoS, (140 pmol of H,S gP1 of MoS,) to 
be grcater than that of hydrogen (54 pmol of H, g-l of MoS,), 
and since hydrogen adsorption would presumably be possible 
on sites B and C we reject Scheme 1 as the major adsorption 
mode. Schemes 2 and 3 both involve hydrogen adsorption as 
SH groups, and there is independent evidence for this from 
inelastic neutron ~ca t t e r ing .~ .~  Kieran and Kernball,$ in a 
study of ethanethiol exchange with deuterium on MoS,, have 
found that a greater proportion of the reactive hydrogen 
comes from the dissociativc adsorption of ethanethiol than 
from Ha (or D,) molecules. This is further evidence that 

surface species containing S-H bonds, although derived from 
a different source, are participating in the surface reaction. 

I t  is concluded that this hydrogen of the SH groups is 
active in the hydrogenation of buta-l,3-diene. When con- 
trasted with the results of the interaction of butadiene alone 
with D,S, it would appear that the presence of gas-phase 
hydrogen is necessary in some way to replenish the active 
hydrogen in the SH groups. 
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