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The hydrogenation and isomerization of two diene molecules, cis-1,3-pentadiene and 2-methyl- 
1,3-butadiene (isoprene), have been performed at 50°C on a 13.8 wt% MoO3/y-A1203 sulfided 
hydrotreating catalyst. The alumina support was not active for hydrogenation and its activity for 
isomerization was found poisoned by the presence of the M o S  2 phase. The observed diene hydroge- 
nation and isomerization activities are therefore attributed to the sulfide phase. Both the activity 
and the product distribution have been found strongly dependent on the sulfur content of the (7010) 
edge plane of the M o S  2 slabs. In that edge plane all the Mo ions are similar. Therefore the active 
sites responsible for the various catalytic functions must be distinguished on the basis of the 
environment of the Mo ions. More precisely hydrogenation has been found sensitive to Mo ions 
tricoordinatively unsaturated (cus) and isomerization to 2-cus and 4-cus Mo ions. However, as 
each vacancy or sulfur ion is shared by two Mo ions in the (]-010) edge plane, a full description of 
the sites leads us to consider an "elementary ensemble" of two Mo ions and their six associated 
sulfur ions and/or vacancies. The active sites responsible for the different catalytic functions 
observed correspond primarily to different configurations of sulfur ions and vacancies in the "ele- 
mentary ensemble" or, in other words, to different site structures. It is shown that due to its 
strongly preferred 3-4 hydrogenation, the reaction scheme of isoprene hydrogenation is simple 
enough to correspond to a catalytic function for each product. It is then shown that different site 
structures could be assigned to each of these functions and that simple statistical calculations can 
satisfactorily explain the experimental product distribution. The selectivity and activity of the 
catalyst for the diene hydrogenation and isomerization reactions studied are therefore dependent 
on the structure of the sites present in the (i010) edge plane of the MoS2 slabs. © 1990 Academic 
Press, Inc. 

INTRODUCTION 

The determination of the nature and 
number of adsorption and catalytic sites in 
molybdenum- and tungsten sulfide-based 
hydrotreating catalysts is a subject of con- 
siderable interest in both the academic and 
the industrial community. This interest ap- 
pears in the unsolved debate in the litera- 
ture on the existence of one or several cata- 
lytic sites. The latter is however more often 
claimed as it is well recognized that these 
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catalysts possess various catalytic func- 
tions that may result from the existence of 
different sites, as pointed out by Massoth et 
al. (1, 2). Considerable evidence of the lo- 
cation of the active sites on the edge plane 
of MoS2(WS2) slabs has been gathered re- 
cently (3-5). The basal plane (0001) of the 
slab has been shown to be particularly unre- 
active (6, 7). Thus, this edge sensitivity 
limits the number of surfaces of interest to 
the two edge planes, namely the (1010) and 
(1010), present o n  M o S 2  crystallites with 
regular shapes (8-10). 

In previous work from this laboratory it 
has been reported that the sulfur content of 
the edge plane can be monitored by reduc- 
tion of the catalyst in hydrogen at various 
temperatures (11). Three types of sulfur ion 
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have been found to be removed for re- 
duction temperature T < 200°C, then for 
200°C < T < 700°C and for T > 700°C. 
These sulfur ions have been assigned to the 
terminal sulfur ions in the (1010) edge 
plane, bridged sulfur in the (1010) edge 
plane, and basal sulfur ions, respectively 
(11). 

After these reduction pretreatments, the 
2-methyl-l,3-butadiene (isoprene) total hy- 
drogenation activity has been measured at 
low temperature, 50°C, i.e. with a catalyst 
in a "frozen state" and large variations in 
the hydrogenation activity have been ob- 
tained upon theremoval  of the bridged sul- 
fur ions in the (1010) edge plane of the slab. 
These variations in total hydrogenation ac- 
tivity have been correlated with the number 
of three coordinatively unsaturated (CUS) 
Mo ions in that plane in agreement with 
Siegel's model (12) and the proposals of 
Tanaka et al. (13-15). In addition no other 
edge plane can give three coordinatively 
unsaturated Mo ions and therefore the hy- 
drogenation sites have been located unam- 
biguously on the (1010) edge plane of MoS2 
crystallites (II). 

Similar results have been obtained for the 
hydrogenation of cis-l,3-pentadiene (16). 
In addition this molecule allows the investi- 
gation of the diene isomerization function 
which according to Siegel's model should 
be sensitive to two coordinatively unsatu- 
rated sites. Indeed it was proposed that 
2-cus and also 4-cus Mo ions were responsi- 
ble for the isomerization activity. 

We report in this work a full analysis of 
the product distributions obtained from iso- 
prene hydrogenation and cis-l,3-penta- 
diene isomerization and hydrogenation re- 
action. The results obtained have been 
rationalized and a general description of the 
various active sites leading to the observed 
catalytic activity and product distribution is 
proposed and discussed. 

EXPERIMENTAL 

The experimental methods used in this 
work have been reported in detail previ- 

ously (11, 16). Briefly, the catalyst studied 
contained 9.2 wt% Mo (13.8 wt% MOO3) on 
7-AlzO3 (240 m 2 g-l) and was prepared by 
pore-filling impregnation of heptamolyb- 
date solution. The catalyst was sulfided 
with a H2/H2S (90/10) mixture at 350°C for 
4 h. After sulfidation the catalyst was re- 
duced under purified hydrogen at different 
temperatures (from 200 to 800°C) for 12 h 
and the amount of H2S removed was mea- 
sured by iodometry after trapping in an io- 
dine solution. The isoprene hydrogenation 
and cis-l,3-pentadiene hydrogenation and 
isomerization were performed at 50°C and 
atmospheric pressure after each reduction 
pretreatment with a 2.8 liter h -1 flow rate 
and 20/740 HC/H2. The reaction products 
were analyzed by gas chromatography. 
Blank runs were performed on the alumina 
support pretreated under the same condi- 
tions as those for the MoS2/T-A1203 
catalyst. 

RESULTS 

The dependence of the total hydrogena- 
tion (HYD) activities at 50°C for both iso- 
prene and cis-l,3-pentadiene with the tem- 
perature of reduction of the MoS2/y-A1203 
catalyst is reported in Fig. 1. Two similar 
volcano curves were obtained with no de- 
tectable hydrogenation activity for a reduc- 
tion at temperatures lower than 200 or 
higher than 800°C. For both molecules a 
maximum of the activities is observed at 
550°C. Notably the alumina support is inac- 
tive for the hydrogenation reaction. The 
sulfide phase is therefore responsible for 
the hydrogenation activity. A slightly 
higher HYD activity is observed for cis-l,3- 
pentadiene which can be accounted for by a 
difference in adsorption coefficient. 

The effect of the temperature of reduc- 
tion of the catalyst is to remove sulfur and 
change the S/Mo ratio of the sulfide, i.e., 
create coordinatively unsaturated Mo ions. 
The number of vacancies generated in the 
MoS2 active phase has been determined in 
previous work by measuring the amounts of 
sulfur removed at the different tempera- 



14 KASZTELAN ET AL. 

S / M o  

'43 "4" CXI C~ C)  0",',,,I" 
o ,  ~ .  ~o ~ ~ . . 

.so ~ ~ ~ .~ .__, ~ o , , o  

4 0  

"~30 

"~20- 

, , r  

0 
200 400 600 800 

Reduction temperature °C 

FIG. 1. Isoprene and cis-l,3-pentadiene hydrogena- 
tion activity at 50°C versus the prereduction tempera- 
ture of MoS2/y-A1203 or the S/Mo ratio of the active 
phase (upper scale). 

taining 61 Mo ions and the isoprene HYD 
activity. The 61 Mo ion hexagonal slab is 
the mean slab size expected from the load- 
ing of the catalyst (10, 11). Notably the two 
curves of Fig. 1 correlate linearly, which 
allows us to state that both molecules need 
the same 3-cus Mo ions in the (1010) edge 
plane to be hydrogenated. 

Using the cis-l,3-pentadiene molecule 
has an advantage over isoprene since it al- 
lows the observation of both the diene 
isomerization (ISOM) and hydrogenation 
reactions. However,  the alumina support 
has been found active for the ISOM reac- 
tion as is well known (17, 18). The varia- 
tion both in the isomerization activity ver- 
sus the reduction temperature of the 
support alone and in the MoS2/~/-AI203 cat- 
alyst is reported in Fig. 2. Clearly the ISOM 
activity variations of each catalyst are very 
different. For alumina, the ISOM activity 
increases drastically between 400 and 
500°C to reach a plateau for reduction tem- 

tures of reduction (11). The S/Mo ratio of 
the catalyst obtained after each reduction 
pretreatment is reported in the upper scale 
of Fig. 1, The low temperature used for the 
HYD reaction allows us to assume that no 
change of S/Mo ratio occurred during the 
reaction. Thus the HYD activities depend 
primarily on the sulfur unsaturation of the 
(1010) edge plane, the maximum being ob- 
tained at S/Mo = 1.5 for the catalyst 
studied. 

It has been shown previously that the 
range of S/Mo leading to the observed vari- 
ation in HYD activity corresponds to the 
removal of a particular type of sulfur ion 
which has  been identified as the bridging 
sulfur ions of  the (1010) edge plane of the 
slab (11). In addition, this edge plane is the 
only one that can give 3-cus Mo ions which 
are required to create a HYD site according 
to Siegel's model (12). This has been fur- 
ther supported by finding a linear correla- 
tion between the statistical number of 3-cus 
Mo ions present in an hexagonal slab con- 
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FIG. 2. cis-l,3-Pentadiene isomerization activity at 
50°C versus the prereduction temperature of (0) 
MoS2/y-A1203 and of (©) the y-A1203 support. The up- 
per scale reports the variation in the S/Mo ratio in the 
case of the MoS2/A1203 catalyst. 
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hydrogenation versus the S/Mo ratio of the active 
phase. 

peratures higher than 600°C. On the con- 
trary, for MoS2/T-A1203, the ISOM activity 
appears at much lower temperature of re- 
duction and there is no dramatic increase in 
the ISOM activity between 400 and 500°C 
as would be expected from the contribution 
of the alumina support. In fact, the ISOM 
activity starts to increase only after a re- 
duction at 600°C. Thus it appears that in the 
presence of the MoS2 phase the isomeriza- 
tion sites of the alumina support have been 
poisoned at least up to 600°C. This can be 
understood if it is considered that the MoS2 
slabs are fixed at the location of the diene 
ISOM sites of alumina, the nature of which 
cannot be determined from these results. 
At reduction temperature higher than 
600°C, the increase in the ISOM activity 
may be due to the release of alumina ISOM 
sites or to the generation of ISOM sites on 
the MoS2 phase. Although we cannot reach 
a conclusion on this point, we shall choose 
the second hypothesis in the following and 
consider that the measured ISOM activity 
of the MoS2/T-A1203 catalyst results only 
from the activity of the MoS2 phase. 

The very different variations between 

cis-l,3-pentadiene HYD and ISOM activity 
clearly demonstrate that these reactions in- 
volve different catalytically active sites and 
that ISOM sites are not 3-cus Mo ions. 
However,  the range of S/Mo ratio in which 
the variation of ISOM activity occurs is the 
same as that for HYD activity. Therefore 
we can conclude that the ISOM sites are 
located on the same edge plane as the HYD 
site, i.e., the (3010) edge plane. 

The distribution of the hydrogenated 
products of both molecules has been ob- 
tained at steady state, which leads us to use 
the term product distribution rather than 
selectivity in the following. In Fig. 3 the 
variation in the conversion for each product 
from isoprene hydrogenation has been 
reported versus the variation in the S/Mo 
ratio. The products obtained were either 
monohydrogenated (2-methyl- 1-butene, 
3-methyl-l-butene (in very small amounts), 
2-methyl-2-butene) or dihydrogenated 
(isopentane). 

In Fig. 4 the variation in the conversion 
for each product from cis-l,3-pentadiene 
HYD and ISOM versus the S/Mo ratio is 
also reported. The products obtained were 
cis-l,3-pentadiene isomerized into trans- 
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FIG. 4. Conversion (%) into product from cis-l,3- 
pentadiene versus the S/Mo ratio of the active phase. 
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1,3-pentadiene and either monohydroge- 
nated (1-pentene, cis-2-pentene, and trans- 
2-pentene) or dihydrogenated (n-pentane). 
As previously indicated, the interest in us- 
ing cis-l,3-pentadiene lies in the possibility 
of getting information about the ISOM 
function which is not given by isoprene. 
Nevertheless for HYD the reaction scheme 
of isoprene is less complicated than that for 
cis-l,3-pentadiene, as the presence of the 
methyl group on the 2 position of the mole- 
cule is known to limit drastically the 1-2 and 
1-4 HYD (14, 15, 19, 20). Thus in compari- 
son with cis-l,3-pentadiene the products of 
isoprene HYD come mainly from 3-4 hy- 
drogenation, making the interpretation of 
the product distribution easier. 

Clearly in Figs. 3 and 4 the distribution 
of the hydrogenated products depends 
strongly on the reduction temperature, i.e., 
on the sulfur unsatnration of the (TO 10) edge 
plane. Interestingly in the case of isoprene 
HYD, each product of the reaction has a 
very different curve for percentage of con- 
version versus the S/Mo ratio, neglecting 
the case of 3-methyl-l-butene which is de- 
tected in low amounts. For cis-l,3-penta- 
diene, the curves obtained for the various 
hydrogenated products are rather similar, 
likely as a result of the superposition of 1-2, 
1-4, and 3-4 hydrogenation pathways. How- 
ever, the curve obtained for trans-l,3- 
pentadiene, the isomerized product of cis- 
1,3-pentadiene, has a shape completely dif- 
ferent from that of the total hydrogenation 
curve. 

Thus by taking into consideration the cis- 
1,3-pentadiene ISOM activity and the iso- 
prene HYD activity variation versus the 
S/Mo ratio, the different curve shapes ob- 
tained lead to the apparent contradiction 
that the same structural type of Mo ions 
present in the (-f010) edge plane performs 
all the different catalytic functions that 
would be expected to result from the pres- 
ence of different catalytic sites. This ques- 
tion is related to the nature of the catalytic 
sites and will be the main subject of the 
discussion. 

DISCUSSION 

All the results reported above strongly 
suggest that the sulfur unsaturation of one 
particular edge plane of the MoS2 slabs is 
the key factor influencing both activity and 
product distribution of diene HYD and 
ISOM. Since all the Mo ions are similar in 
the (]-010) edge plane, different environ- 
ments or site structures must be responsible 
for these activity and selectivity variations 
(15). 

It has been shown by Siegel that there is a 
connection between the "elementary reac- 
tion" involving hydrogen (such as HYD 
and ISOM) and the number of coordinative 
unsaturation of the metal ion. In particular 
Siegel concluded that HYD would require 
3-cus metal ions whereas ISOM would re- 
quire 2-cus metal ions (12). Such an ap- 
proach has been developed by Tanaka et al. 
in the case of sulfides (14, 15). These num- 
bers of coordinative unsaturation are in fact 
the number of anions missing in the coordi- 
nation sphere of the metal ion. These va- 
cancies may then accommodate reactive 
species so that the metal ion will be for- 
mally less coordinatively unsaturated. 
However,  in the following, the cus number 
referred to will be the original one, i.e., the 
number of sulfur species missing. 

As discussed previously (11), the HYD 
activity of dienes is related to 3-cus Mo ions 
on MoS2, giving strong support to Siegel's 
model. Thus, based on this model we shall 
assign the HYD activity to 3-cus Mo ions 
and the ISOM activity to 2-cus Mo ions. 
This latter assignment takes into account 
the ISOM activity at high S/Mo ratios. 
However,  to include the large increase in 
the ISOM at low S/Mo ratio in this context, 
we shall postulate that 4-cus Mo ions are 
also ISOM sites (16). Let us recall that in 
the (7010) edge plane Mo ions can be up to 
4-cus. Thus, starting from a completely sat- 
urated (]-010) edge plane, the gradual re- 
moval of sulfur ions upon reduction will 
lead to the generation of 2-cus, then 3-cus, 
and finally 4-cus Mo ions, i.e., to the corre- 
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sponding sequence ISOM, HYD, and 
ISOM as observed experimentally in Figs. 
1 and 2. 

Thus, as a necessary condition to obtain 
isomerization or hydrogenation, the num- 
ber of cus is a satisfactory concept. How- 
ever, it is not sufficient to understand the 
dependence of the hydrogenation product 
distribution upon the sulfur unsaturation. 
Indeed, all the hydrogenated products are 
derived through reaction with a 3-cus Mo 
ion, but different products are obtained. To 
understand this point we must consider 
more carefully the environment of the Mo 
ions in the (1010) plane. 

In the (7010) edge plane each sulfur ion or 
vacancy is shared by two Mo ions. Thus, at 
such a vacancy an adsorbed molecule will 
interact with two molybdenum ions. We 
have therefore to consider a pair of molyb- 
denum ions with their six neighbor sulfur 
ions and/or vacancies as the "elementary 
ensemble" interacting with the molecule. 
Note that if we consider the other edge 
plane (1010) and the intersection of both 
edge planes, four different elementary en- 
sembles can be defined (21). 

Depending on the amount of sulfur ions 
present in the (1010) edge plane, different 
configurations of the elementary ensemble 
can be found. A number of 32 configura- 
tions can be obtained by creating one, two, 
three, four, or five vacancies in the elemen- 
tary ensemble and arranging them differ- 
ently around the central vacancy specified 
for adsorption of the molecule (21). These 
configurations can be classified into 12 dif- 
ferent configurations sorted out in Table 1 
and corresponding to the combination of 
the number of cus of each Mo ion of the 
elementary ensemble, i.e., xM-YM with x, 
y = 1 to 4 according to the notation recom- 
mended by Tanaka et al. (14, 15). Evi- 
dently these are the configurations obtained 
by considering only sulfur ions and vacan- 
cies. The presence of SH- or H* as well as 
an adsorbed molecule will significantly in- 
crease the number of combinations. 

Each of these configurations will be con- 

sidered as a catalytically active site except 
the trivial case of one vacancy in the en- 
semble IM-1M which is only able to adsorb 
(ADS) a molecule (see Table 1). These sites 
are therefore not distinguishable on the 
basis of different Mo ions but on the basis 
of different structures or environments of 
the adsorbed molecule. 

As each vacancy in the (1010) edge plane 
is shared by two Mo ions so will be the 
molecule adsorbed at that vacancy. There- 
fore it can be proposed as a rule that in the 
ensemble each metal ion interacting with 
the adsorbed molecule will perform the ele- 
mentary reaction authorized by the number 
of cus it possesses. Thus the combination 
of elementary reactions occurring in a con- 
certed way will result in a certain function 
which each configuration or site will per- 
form. In this work we are considering two 
elementary reactions, HYD and ISOM. 
Therefore the possible combinations will be 
HYD-ISOM, HYD-HYD, and ISOM- 
ISOM. 

Interestingly, the hydrogenated products 
obtained experimentally allow us to charac- 
terize these functions especially in the case 
of isoprene HYD. Considering the mole- 
cule in the adsorbed state and the various 
functions involving one or two elementary 
reactions, we have reported the simplified 
reaction schemes for isoprene in Fig. 5 and 
for cis-l,3-pentadiene in Fig. 6. Since the 3- 
4 hydrogenation reaction of isoprene is pre- 
ferred, isopentane will characterize the 
HYD-HYD function, 2-methyl-l-butene 
and 3-methyl-l-butene the HYD function, 
and 2-methyl-2-butene the HYD-ISOM 
function as can be seen in Fig. 5. This is 
different in the case of cis-1,3-pentadiene as 
shown in Fig. 6 where one product can be 
produced by several reaction pathways, 
i.e., different functions. For example trans- 
2-pentene can be the product of the 1-2 
HYD or of the 3-4 HYD followed by ISOM. 

Such identification can be done in the 
case of isoprene as the hydrogenated prod- 
ucts have been found to be primary prod- 
ucts. In addition it is known that monoenes 
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TABLE 1 

Schematic Diagram of the Different Sites Generated on the 
(1-010) Edge Plane of MoSz Slabs and Their Associated Func- 
tions and Probability of Existence 

Couple 
S i t e  of cus Function Probability 

1 - 1 ADS qp5 

1 - 2  

ISOM 5q2p 4 

2 - 2  

1 - 3 HYD 2q3p 3 

2 - 2 ISOM 4q3p 3 

2-  3 4q3p 3 

HYD-ISOM 
2-  3 4q4p 2 

2 - 4  ISOM 2q4p 2 

3-  3 4q4p 2 

HYD-HYD 

3 -  3 q5p 

3 -  4 HYD-ISOM 4q5p 

4 -  4 ISOM q6 

Note. ([]) Sulfur, (nq) vacancy, (~q) central vacancy, (0) Mo 
ion. 

are less reactive than conjugated dienes and 
therefore we can consider that readsorption 
of monoenes followed by another reaction 
at the low temperature used is negligible. 

We have now to assign a function to each 
of the configurations (or sites) of Table 1 
using the criteria defined above. For exam- 
ple configurations where one Mo ion is 1- 
cus and the other is 2-cus (1M-2M) will 
perform only a simple ISOM. The configu- 
rations with one Mo ion 1-cus and one Mo 
ion 3-cus (1M-3M) will lead to monohydro- 

genation (HYD) whereas sites with both 
Mo ions 2-cus ( 2 M - Z M )  will lead to ISOM- 
ISOM which we shall not distinguish from 
ISOM in the following. For the configura- 
tions possessing four vacancies each Mo 
ion is 3-cus (3M-3M)--therefore double hy- 
drogenation (HYD-HYD) should be ob- 
ta ined-whereas  the sites with one Mo ion 
2-cus and the other 3-cus (2M-3M) will give 
hydrogenation followed by isomerization 
(HYD-ISOM). Accordingly, a catalytic 
function can be attributed to each of the 
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A,, 
ADs. X ¢  . 

Fro. 5. Simplified reaction scheme of isoprene hy- 
drogenation and isomerization in the adsorbed state 
(I, ISOM; H, HYD, ADS, adsorption, DES, desorp- 
tion). 

combination of pairs of cus Mo ions in Ta- 
ble 1. Strikingly, it is observed that one 
type of catalytic function can eventually be 
performed by several different site struc- 
tures. 

During the experiments performed_, the 
variation in the sulfur content in the (1010) 
edge plane led to a variation in the distribu- 
tion of the site structures and, if our hy- 
pothesis is correct, to a variation in the 
functions leading to the observed product 
distribution. In order to check the validity 
of this approach, a statistical computation 
based on combinatorial analysis has been 
attempted. For each configuration we have 
postulated a vacancy at the central position 

i /%/,, 
ADS H 

i /%/,, 

H / N / N  

/',4"- 

Fro. 6. Simplified reaction scheme of the cis-l,3- 
pentadiene in the adsorbed state (I, ISOM; H, HYD; 
ADS, adsorption; DES, desorption). 

with probability q, around which the proba- 
bility of a given combination of sulfur ions 

L and vacancies is 

DES P(k)= C~ " qk . p(n-k), (1) 

with q representing the probability of a 
vacancy being created or sulfur removed; 
p = 1 - q, representing the probability of a 
nonvacancy; n representing the maximum 
number of sulfur anions that can be re- 
moved, i.e., n = 5; and k representing the 
number of sulfur anions actually removed, 
k = 0 to 5. Hence the probability of exis- 
tence of a configuration is 

q • P ( k ) .  (2) 

Thus in Table 1 one can now compute the 
probability corresponding to each of the 12 
configurations to which a function has been 
previously assigned. Then we can sum the 
probability to obtain the catalytic function. 
For the total isomerization one obtains 

I S O M  = 5q2p 4 + 4q3p 3 + 2q4p 2 + q6; (3) 

for the monohydrogenation there is only 
one configuration, thus: 

HYD = 2q3p3; (4) 

for dihydrogenation one obtains 

HYD-HYD = 4qap 2 + qSp; (5) 

for HYD-ISOM 

H Y D - I S O M  = 4q3p 3 + 4q4p 2 + 4qSp; 

(6) 

and for the total hydrogenation the sum is 

Total HYD = 6q3p 3 + 8q4p 2 + 5qSp.  (7) 

The variation in the probability versus 
oEs the fraction of sulfur removed for the isom- 

erization and for the total hydrogenation re- 
actions is reported in Fig. 7. Both curves 
are in reasonable agreement with the exper- 
imental results of Figs. 1 and 2. Then the 
variation in the probability versus the frac- 
tion of sulfur removed for the different hy- 
drogenation functions is reported in Fig. 8 
with a separation between the two parts of 
the HYD-ISOM function, i.e., config- 
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FIo. 7. Probability curve versus the fraction of sul- 
fur removed for the total hydrogenation and isomeriza- 
tion functions. 

urations corresponding to (2M-3M) and 
(4M-3M), respectively. In Fig. 8 the differ- 
ent curves obtained for each function have 
their maximum at S/Mo ratio in the same 
order as observed experimentally, i.e., 
mono-HYD, HYD-ISOM, HYD-HYD, 
HYD-ISOM, as the unsaturation of the 
(3010) edge plane increases. 
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Fro. 8. Probability curve versus the fraction of sul- 
fur removed for the different hydrogenation functions. 

There are however two major discrepan- 
cies between the experimental and the cal- 
culated curves. The first one already noted 
(11) is the difference between the calcu- 
lated S/Mo ratio and the observed ratio. 
This is likely a result of the crystallite size 
distribution since smaller sizes, in particu- 
lar, will give lower S/Mo ratios. The other 
main discrepancy is the difference in the 
curve intensities. In particular in Fig. 7 the 
ISOM curve is more intense than the HYD 
curve. In Fig. 8 the various curves for hy- 
drogenation do not have the same relative 
intensity as the experimental results of Fig. 
3. Several reasons can be proposed to ex- 
plain this discrepancy. First it must be 
pointed out that for these calculations it is 
implicitly assumed that: (i) each sulfur is 
removed with the same energy or probabil- 
ity, (ii) each configuration has the same 
probability of existence, and (iii) as we have 
summed probabilities we assume that each 
configuration has the same turnover num- 
ber. It is evident that these assumptions are 
very crude. Clearly it can be expected that 
the energy to remove one sulfur ion 
changes as the sulfur ion unsaturation in- 
creases. Then some site structures are 
likely to be more stable than others, and the 
reactivity of the configurations may be dif- 
ferent and change when the S/Mo ratio 
changes. However, as a first approximation 
this approach appears successful to check 
qualitatively the experimental observa- 
tions. 

Another point to consider is the crude 
description of the site structure made in this 
work where only sulfur and vacancies have 
been considered. To be complete one must 
in fact consider the elementary ensemble 
with all the possible species involved such 
as S =, SH-, H*, the adsorbed molecule and 
vacancy (21). As sulfur ions are removed, it 
does not in fact mean (as is implicitly stated 
above) that the number of vacancies in- 
creases. In fact more hydrogen and reac- 
tant molecules will be adsorbed, limiting 
particularly the number of (3M-4M) and 
(4M-4M) sites and therefore decreasing the 
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corresponding curve intensities in Fig. 8. In 
view of the great number of site structures 
involved when considering all the species, 
the task of identifying the relationship be- 
tween structure and catalytic function is 
difficult. 

Finally it is shown that within the limita- 
tions of the model the general features of 
the observations are reproduced and vali- 
date the importance of considering the site 
structure as one of the keys to understand- 
ing the activity and selectivity properties 
for diene HYD and ISOM reactions on 
MoS2/T-AI203 ca ta lys ts .  

CONCLUSION 

The results reported in this study demon- 
strate that both the activity and product dis- 
tribution for hydrogenation and isomeriza- 
tion reactions on alumina-supported MoS2 
catalysts depend_primarily on the sulfur 
content of the (1010) edge plane of MoS2 
slabs. This dependence can be rationalized 
by considering that the active sites consist 
of an elementary ensemble of two Mo ions 
and their six surrounding sulfur anions or 
vacancies with the adsorbed molecules in- 
teracting with the two Mo ions where each 
vacancy or sulfur ion is bridged in the edge 
plane. Many different configurations of the 
elementary ensemble can be found by 
changing the number of sulfur anions or va- 
cancies in it. To each configuration or site 
structure a function is assigned resulting 
from the combination of two elementary re- 
actions (HYD or ISOM) each performed by 
one of the Mo ions of the elementary en- 
semble. While the HYD reaction has been 
shown to need 3-cus Mo ions, it appears 
that ISOM needs Mo ions possessing 2 or 
4-cus. The functions are therefore H Y D -  
ISOM, H Y D - H Y D ,  and ISOM-ISOM cor- 
responding to (3M-2M), (3M-3M), and 
(2M-2M) or (4M-4M) cus combinations, re- 
spectively. Simple statistical computations 
are in reasonable agreement with the exper- 
imental observations. 
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