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A strong influence of sulphidation on the hydrogenation and hydrogenolytic activi ty of Mo- AI 2 0 3 
and Ni- Mo-AI 2 0 3 hydrotreating cata lysts has been found. Two kind s of active sites are distin­
guished, the first consisting of surface molybdenum a toms and serving mostly for hydrogenation, 
the second type formed by interaction of Mo with Ni atoms and being active in su lphided form 
for direct hydrogenolysis of the C- S bonds. 

Recently, we ha ve compared hydrogenation, dehydrogenation , hydrogenolytic and acido-basic 
properties of a series of hydrorefining cata lysts t - 3, both in reduced oxidic and sulphided forms. 
Several correlations have been found between various characteristics of the catalysts, like cracking 
activity vs strength of pyridine ad sorption], hydrogenation activity vs oxygen chemisorption 
on reduced samples2 and hydrogenation activity vs rate of production of hydrocarbons from 
pyridine on sulphided samples] . However, some pecularities in trends appeared which we wish 
to interprete here as the results of transformation of the active sites on sulphided catalysts during 
their pretreatment. 

EXPERIMENTAL 

A consistent series of four un promoted and nickel-promoted molybdenum catalysts will be 
discussed, omitting from the original series the cobalt-molybdenum and nickel-tungsten cata­
lysts (cJ. 2 ; however, the original numbering of the catalysts is preserved here). Mo-AI 20 3 (13 ·7% 
Mo03, sample 2) and Ni- Mo-AI 20 3 (3'3% NiO, 13'2% Mo03, sample 3) were prepared by im­
pregnation of the carrier. Another Ni-Mo-AI 20 3 (3 '0% NiO, 15'0% Mo03 , sample) was a com­
mercial sample (Ketjenfine 153). Ni-Mo-AI 20 3-Si02 (4 '6% NiO, 17 '2% Mo03 , 13-4% SiO, 
sample 5) was an industrial development preparation. All samples have been activated in the 
fol lowing way: I h in N2 at 400°C, 4 h in H 2S-H2 (I : 8) at 400°C and 1 h in N2 from 400°C 
to room temperature. 

The activities of the sulphided catalysts have been measured by I-hexene hydrogenation 
at 350°C in a pulse-flow apparatus after heating the catalysts in hydrogen for 4 h at 400°C (the 
activity is expressed as rate constant kh in Table I), by dehydrogenation of isopropyl benzene to 
a -methyl styrene at 400°C in a pulse-flow apparatus after heating the catalysts in He for 2 h 
at 400°C (rate constant k d ) and by benzothiophen hydrodesulphurization at 280°C and 2·0 MPa 
in a flow apparatus, starting with sulphided catalysts which were reduced during the heating to the 
reaction temperature in hydrogen under pressure. The data on benzothiophen reaction are 
summarized in Table I as the rate constants of overall transformation (knT) and as the selectivity 
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ratios of the conversion to dihydrobcnzothiophen (XDH8T) to the overall conversion of benzo­
thiophen (XBT ) to both products, i.e. to dihydrobcnzothiophen and to ethyl benzene + hydrogen 
sulphide. The experimental details and the treatment of data are described in the previous pa­
persi,2. 

RESULTS AND DISCUSSION 

The results summarized in Table I show different trends in the values of the para­
meters. When going from sample 2 to 5, kh and kDT are increasing, whilst kd and the 
ratio XDHDT/XDT are decreasing. Two factors may be causing the observed dif­
ferences in activities, either the nature of active sites or their concentrations. We wish 
to show here that these effects are interconnected and that , however, the nature 
of active sites has a predominating influence. The intrinsic cause for it seems to be 
the degree of effective promotion, that is the depth of the interaction between Mo 
and Ni which depends on the method of catalyst preparation. 

The previous work l
,2 where oxidic and sulphided catalysts were compared, has 

shown that the un promoted Mo catalyst exhibits low activity both for hydrogenation 
a nd hydrogenolysis which is only little changed by sulphidation. This low sensitivit y 
to the transformation of original sites, denoted here as (Mo-O), to (Mo-S) sites 
distinguishes them from the sites in nickel promoted catalysts (Ni-Mo- O) which 
increase their hydrogenolytic activity upon sulphidation to (Ni- Mo- S). However. 
the hydrogenation activity for alkenes of these new sites is small if any (residual hydro­
genation activity could be ascribed to unpromoted Mo sites). 

It is well known4 that the treatment of sulphide catalysts with H2 -at -higher tempe­
ratures removes large amount of "mobile" sulphur from the surface. In our case. 
the catalysts were pretreated in this way and the evolution of H 2 S was confirmed. 

TARLE I 

Summary of kinetic data on I-hexene hydrogenation (k h , cm3 g -I min -1), isopropylbellzell~ 
dehydrogenation (k

d
, cm3 g -1 min - I), benzothiophen overall reactivity (k BT, mol g -I MPao., 

. h- 1
) and selectivity ratio (XDHBT! XBT at X RT = 0·2) 

Samplea 

kh 79 119 157 279 
kd 308 74 35 21 
kBT 8·8 11·6 64·5 123'3 
XDHDT!XDT 0·69 0-43 0·05 0'04 

a The numering of the samples is consistent with previous papers l - 3. 
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In consequence, a reduced state of surface was formed , characterized by high hydro­
genation activity with strongly promoted samples. On the opposite , kd values were 
obtained after a treatment in He which is not able to remove important am ounts 
of the surface sulphur; moreover, the kd values were calcu lated from conversions 
extrapolated to the fresh surface, excludi ng thus the possible elfect of the reduction 
by the reactant. Under this conditions, the dehydrogenation data refer to a reaction 
which had to proceed on different sites than the hydrogenation. The concentration 
of this sites decreased with the degree of effective promotion , i.e. with the increase 
in the concentration of (Ni-Mo- S). It can be concluded that the dehydrogenation 

sites are the (Mo-S). sites. 
The data on benzothiophen can be interpreted in similar way. The ratio X DIIllT/ XIlT 

expresses the importance of the hydrogenation of benzothiophen to dihydrobenzo­
thiophen in the overall reaction scheme 

benzothiophen + H2 ...,. ethy lbelll.cne + H 2S 

I, ' 
'---7 dihydrobcnzotlllophcn 

FIG. I 

Dependence of the overall conversion of ben­
zothiophen a (XBT) and of the conversion 
to dihydrobenzothiophen b (XDHBT) on the 
volume of the feed passed through the reac­
tor during the unsteady-state period (cata­
lyst weight 0·1 g). Numbering of the curves 
corresponds to the numbering of the cata­
lysts 
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The state of the surface, to which the data in Table I refer, corresponds to an equi­

librium with sulphur contained in the feed and therefore, resembles more the state 

or the suJphided surface after treatment in He than the fully reduced surface obtained 

by H2 treatment. Thu s, the relative importance of the hydrogenation step decreases 

with effective promotion, whereas the overall activity (expressed as kaT) increases. 
Additional evidence for this interpretation is presentted in Fig. 1, showing the 

approach to the steady-state during benzothiophen reaction with hydrogen on origin­

ally sulphided a nd reduced catalysts. The overall activity , kDT' increases with highly 
active samples 4 and 5. With low- activity samples 2 and 3, an opposite behaviour 

is observed; in these cases , the important path in benzothiophen transformation 
is the hydrogenation to dihydrobenzothiophen which is not enhanced by the reten­

tion of the sulphur by the catalysts. On the other hand , the conversion to the hydro­

genated intermediate is decreasing during this period. 

The results reported here indicate that , in accord with the literature (e.g. s and 

references given there), the hydrorefining catalysts posses two different kinds of active 

centres ; one active centre for hydrogenation and the other one for direct hydrogeno­
lysis of thiophenic ring. The number of the first kind is decreased by the interaction 

with a promoter a nd thus, it can be identified as the pure molybdenum site (Mo-O). 

Its activity is only little changed by sulphidation (Mo-S). In unreduced or mildly 

reduced form of the catalyst it can serve as dehydrogenating site. The nickel-molyb­

denum ansamble (Ni-Mo- O) is sensitive to sulphidation (Ni- Mo-S) which increases 
its activity for hydrogenolysis. We can speculate that cause of this sensitivity to sul­

phidation is easier reduction of the sulphided form. The strong influence of gas 

phase composition and especially of the content of sulphur compounds on the surface 

chemical structure has been demonstrated by Topsoe and coworkers6 recently. 
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