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The evacuated Mo, surface has two kinds of aclive sites with different degrees of coordina-
tive unsaturation named B-sites and C-sites. The hydrogenation of ethylene, the exchange
between D, and C.H, and the H,-D; equilibration proceed on the CH; and CH-sites, however,
the BH-sites promotes the hydrogen exchange between C.H, and C;D4. The hydrogen addition
on the CHpsites should maintain the hydrogen molecular identity, but facile reverse process
of the ethyl intermediate on the CH »sites lowers the conservation of the hydrogen molecularity
in the ethane compared with the other olefins. By treating with H,S, the C-sites on the surface
are diminished, but the specific sites remained in the layer of the MoS; promote the Hy-D,

equilibration.

It is known that molybdenum sulfide is
an cffective component of industrial cata-
lysts for coal hydrogenation and the hy-
drodesulfurization reactions. In our series
of works (I-4), it was eonfirmed that sites
having different degrees of the coordinative
unsaturation exhibit different  catalytic
abilities as proposed by Siegel (5). A
typical example was found in the partial
hydrogenation of acctylene and/or of the
dicnes over sulfided nickel eatalyst, where
the seleetive partial hydrogenation was
strictly controlled by the reversible change
of the degrees of coordinative unsaturation
of nickel.

In a previous paper (4), it was demon-
strated that the evacuated MoS, surface
has two kinds of active sites, one is cffee-
tive for the hydrogenation reaction and the
other 1s only cffective for the isomerization
and/or the hydrogen mixing between ole-
fing in the presenee of hydrogen.

In order to make clear this feature of the
MoS. catalyst, the hydrogenation of cth-

1 To whom correspondence should be mailed.

vlene, the hydrogen mixing between CyHy
and C;Dy as well as between D and C.Hy,
and the H,-D, equilibration reaction have
been attempted in this paper.

EXPERIMENTAL METHODS

The apparatus used in this experiment
was a closed circulating system with a
total volume of about 300 ml. A commereial
MoS, power from Kanto Chemieals Co.
was purified as follows; the MoS, powder
was boiled in HCI solution for several hours,
and was filtered off and washed with dis-
tilled water, after that, the powder was
again boiled in NaOH solution (2097) for
several hours, and was filtered off, washed
with distilled water as well as with hot
water, and dried in air. The impurities in
this purified MoS; analyzed by atomic ab-
sorption, were (%) : Fe, 0.02; Mg, 0.0015;
Ca, 0.0077; Na, 0.012; Mn, 0.0003; Cr <
0.0001; K < 0.1. The structure of this
MoS. powder was a typical 2H (hexagonal)
layer structure as determined by X-ray
diffraction. By cvacuating the MoS. at
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Fiq. 1, Pressure dependences of the hydrogenation
rate. P, Is the factor of the pressure change and V,
is the factor of the velocity change at the corre-
sponding P,. Dependence on hydrogen: (O—)
0°C; (@—) 60°C; dependence on ethylene: ((:)- -)
0°C; (@--) 60°C,

about 450°C for several hours, the MoS,
becomes active for the hydrogenation of
cthylene, the hydrogen exchange between
C.H, and C;D; as well as between D, and
C.H,, and the H,-D, equilibration. The
surface area of the evacuated MoS, cata-
lyst was 15 m?/g by the BET method with
nitrogen adsorbent. Auger clectron spec-
troscopic analysis of the evacuated MoS,
gave no peaks other than Mo, S, C, and
0, indicating no appreciable accumulation
of the impurity metal on the surface by the
activation procedure.

The analysis of cthylene and ethane
were carried out in an on-line gas chroma-
tograph using a silica gel column for the
separation. Hy, HD, and D, was separated
by freczing the hydrocarbons at liquid
nitrogen temperature, and was subjected
to the mass spectrometric analysis. The
frozen hydrocarbons were vaporized, and
the deuteroethylene in it was analyzed with
a mass spectrometer with an ionization
potential of 12.5 eV, at which no ionization
of ethane occurs. The analysis of the deu-
teroethane was carried out by using a gas-
chro mass spectrometer with an ionization
voltage of 70 eV. The distributions of
deuterium in the cthane were calculated
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by taking into account the isotope cffect
for fragmentation (6).

Perdeuteroethylene used in this experi-
ment was prepared by deuteration of C,D,
on a Pt/asbestos catalyst, and was purified
through a gas chromatographic separation,
of which isotopic composition was CsDy,
94.29, and C.D;H, 5.89. Ordinary cth-
vlene was purified by freezing at liquid
nitrogen temperature followed by vapor-
izing at dry ice-methanol temperature. H,
gas was purified by diffusion through a
silver—palladium thimble, and D, from a
commereial eylinder was passed through a
liquid nitrogen trap before use.

RESULTS
1. Evacuated MoSs Catalyst

The pressure dependence of the reaction
rate was determined by raising the hy-
drogen pressure or the cthylene pressure
abruptly during the course of the hydro-
genation. As shown in Fig. 1, it is first
order in hydrogen pressure at either 0 or
60°C, however, the order in ethylene pres-
sure depended on the temperatures, zero
order at 0°C and 0.36 order at 60°C. V. in
Tig. 1 is the ratio of the reaction rate after
raising the pressure to that before the
pressurc was changed, and P, is the ratio
of the pressures after and before changing.
Recognizing the different pressure de-
pendencies of cthylene at 0 and 60°C, the
deuteration of ethylene was carried out at
both temperatures, and no appreciable
differences were found in the deuterium dis-
tributions at 0 and 60°C, as shown in
Table 1. The deuterium distributions in
ethane, in cthylene, and in hydrogen arc
shown in Fig. 2. As shown in Fig. 2a, the
deuterium distribution in ecthane is ob-
viously not in accord with the random dis-
tribution indicated by the broken lines,
and the main species are dz- and d;-ethanes.

On the other hand, the random distribu-
tion is established in ethylenc as shown
in Fig. 2b, which is in accord with the ex-
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Fic. 2. The deuterium distributions in ethane (a),
in ethylene (b), and in hydrogen (¢) observed in the
reaction of C.H, and D: at 0°C on 1.0 g MoS,.
((+--+) The calculated random distribution.

tremely rapid hydrogen exchange between
C;H; and C,D, in the presence of hy-
drogen (4).

The Ho-D; equilibration during the hy-
drogenation of cthylene is much slower
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than the hydrogen exehange between CoH;
and C.Dy, but is much faster than the ex-
change reaction between Dy and CoHy, as a
result, the deuterium distribution in hy-
drogen gives nearly cquilibrated distribu-
tion as shown in Fig. 2¢. More clear
results revealing the rapid hydrogen mixing
of ecthylene as well as the rather rapid
Ho-D, equilibration were shown in the
reaction of a mixture of CyHy and C,Dy
with a mixture of Hs and D, at 0°C, in
which the hydrogen exchange of ethylene
arrived at cquilibrium within 29 con-
version of hydrogenation (3).

The isotopie cxebange between D, and
C.H, occurs several times faster than the
hydrogenation reaction as is known from
7.29 of the deuteroethylene in 1.9 of the
hydrogenation at 0°C. Accordingly, the
relative catalytic activities of the evacuated
MoS, for these reactions are deseribed as;
C.H~CsD, exchange > Hy-Ds exchange
> D»-C,H, exchange > hydrogenation at
0°C. It should be emphasized that the hy-
drogen exchange reaction between C,H,
and C:Dyis markedly enhaneced by addition
of hydrogen as shown in Fig. 3, but the
isotopic mixing between hydrogen and
cthylene does not occur appreeciably during
the isotopic mixing of cthylene. These

O < - -
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di +2dz +ds (ethylene) mmHg
o
B
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Fra. 3. Hydrogen promoting effect on the CoHy~
C.D4 exchange reaction at room temperature. 3 mm
Hg of a mixture of C,H4 and C,;D, was admitted to
0.2 g of MoS, at time 0, and 6 mm Hg of H, was
added at 20 min.
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findings reveal that the hydrogen mixing
of ethylene may proceed through the asso-
ciative mechanism, and the hydrogen
bonded to the active sites is scarcely re-
placed with ambient hydrogen.

2. H,S Treated MoSs Catalyst

In a previous paper (4), it has been con-
firmed that the evacuated MoS, catalyst
has two kinds of active sites showing differ-
ent catalytic abilities, one is active for the
hydrogenation and the other is only effee-
tive for the isomerization reaction. If these
different catalytic abilities arc related to
the different degrees of coordinative un-
saturation of the active sites as has been
proposed (2, 3, 5), the sites having the
higher degrees of coordinative unsatura-
tion, the active sites for the hydrogenation,
might be diminished preferentially by the
HJ.S treatment. Unless otherwise stated,
the MoS, cvacuated at 450°C for several
hours was treated with 0.25 to 0.5 mm Hg
of HoS for 1 to 2 min at 300°C, and was
followed by evacuation at the same tempera-
ture for 15 to 20 min. By treating with
Hs8, the catalytic activities of the MoS,
decreased significantly for all the reactions,
and the hydrogenation of cthylene as well
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Fia. 4. The Hs:~Ds equilibration and the hydrogen
exchange between C,H, and C,D, observed on the
H.S-treated MoS, (0.5 g) at room temperature. A
mixture was composed of 42 mm Hg of H, and D»
and 16 mm Hg of C:H4 and C,D,. The catalyst was
treated by 1 mm Hg of H.S at room temperature
for 1 min and followed to 10 min evacuation.
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Fia. 5. The hydrogen promoting effect on the
hydrogen exchange between C.H, and C,D4 at room
temperature on the H,S-treated MoS; (0.5 g). 12.5
mm Hg of a mixture of C.H, and C,D)4 was ad-
mitted at time 0, and 20.5 mm Hg of a mixture of
H; and D. was added at 5 hr.

as the Dy~C,H, exchange reaction were so
slow as to be negligible at room tempera-
ture, 0.669; of the hydrogenation in 51 hr.

A typical result when a mixture of CoH,,
C.D,, Hsy, and D, was admitted to the H,S-
treated MoS, catalyst is shown in Fig. 4,
where only the C.H,C,D; exchange and
the Hy-Ds equilibration are obscrved. This
result indicates that the activity sequence
of the HsS-treated MoS, differs from that
of the evacuated MoS,; He-D, equilibra-
tion > C,D4—C,.H, exchange >> hydrogena-
tion, Do—C,H,y cxchange. It is interesting
that the C.H,~C;D, cxchange reaction on
the H,S-treated MoS; also requires hy-
drogen as is confirmed in Fig. 5 by a re-
markable hydrogen promoting cffect. In
Fig. 5, it is clear that the addition of a
mixture of Hy and D, brings about the HD
formation by the equilibration in spite of
the negligible Do-CyH, exchange, that is,
the CoH~CsDy exchange reaction and the
Ho-Ds equilibration proceed independently
with little mutual isotopie mixing, between
hydrogen and ethylene.

Such unusual propertics of the H,S-
treated MoS; is perceived in Tig. 6, in
which cthylene has a very weak retardation
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Fia. 6. Less retardation effect of ethylene on the
H,-Ds equilibration taking place on the HaS-treated
MoS; at 90°C.

effeet on the Hy—D. equilibration; this
finding is in contrast with the striking
retardation on the evacuated MoS,, on
which the contribution of the HyD,
cquilibration being similar to the H,S-
treated surface is very little.

DISCUSSION

It is well known that the deuteration of
cthylene on the metal catalysts accom-
panies the hydrogen cxchange between Dy
and cthylene, and so far, the deutero-
cthylene formation has been explained by
the reverse process from the ethyl inter-
mediate, that is, both the deuteroethylene
formation and the hydrogenation of ethyl-
ene oceur through the same reaction route
provided by the associative mechanism.

In contrast with this, it was found on the
sulfided nickel catalyst that the hydrogen
mixing of olefins and/or the isomerization
reaction of olefins, being promoted by hy-
drogen, takes place on the active sites on
which no hydrogenation of olefins can take
place (2, 8). If this surface is contacted
with acetylene, however, the active sites
for the hydrogenation of acetylenc as well as
of olefins arise. These intercsting phe-
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nomena have been well explained by the
different coordinative unsaturation of the
active sites such as proposed by Siegel (5).
The sites on the sulfides or on the oxides
can be described according to the degrees
of coordinative unsaturation as follows:

S SIS S S
NSNS NS
M M M
SN S /l\H

S 8§ 8 8 8 5 S
(A) (B) (BH)
S S S H
NN
M M M
S SN SIS
S 8 S 8§ HS S H
(€ (CH) (CHy)

The MoS. used in the experiments has
hexagonal structure characterized by sand-
wich-like layer form. If the stoichiometrie
crystallite is cleaved along the c-axis, vari-
ous molybdenum ions arc exposed on the
newly formed surfaces, among which 4-co-
ordinated molybdenum ions, the B-sites,
arc one of the most feasible sites. Further-
more, the B-site at the crystallite corner
has a sulfur atom being singly bonded to
molybdenum ion, which may be casily re-
moved by high temperature cvacuation
and changes to the C-site.

In fact, there are two kinds of active
sites on the evacuated MoS, surface, which
may correspond to the B- and the C-sites
(4). In contrast with the sulfided nickel,
the sulfur atoms in the MoS, are not so
mobile that the C-sites as well as the B-sites
formed by cvacuation remain on the surface,
and the population of these sites on the
MoS: might be the B-sites >> the C-sites,
for the C-sites arc preferential at the
cerystallite corners.

In our scparate experiment, it was con-
firmed that the hydrogen exchange reaction
of propenc on the MoS, catalyst proceeds
predominantly by the associative mecha-
nism (7).
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If the hydrogenation of ethylene and the
hydrogen exchange of ethylene would pro-
ceed through the common ethyl inter-
mediate, the extremely rapid hydrogen
mixing of ethylene (4) arriving at the
cquilibration within 29, hydrogenation con-
version should make lower the deuterium
content on the surface during the reaction
of cthylene with D,, and should give de-
ethane predominantly. That was not the
case, but the main species were dy-cthane
and dj-cthanc as shown in Fig. 2a. Since
Burwell (9) reported the selective de-ad-
ducts formation on the Cr.0s;, the conserva-
tion of the hydrogen molecular identity in
the hydrogenation reaction have been re-
ported on the various oxides such as ZnO
(100, TiO; (11), and Co;0, (12).

Reeently, 1t was found that the evacu-
ated MoS, catalyst also has a similar

In contrast with the surface during hydro-
genation of olefing, CH-sites may be formed
during the Hy-D, cquilibration reaction,
because C- and CHe-sites are inactive for
the cquilibration (5). These facts may
suggest that the apparent conservation of
the hydrogen molecularity in the hydro-
genation of olefins does not mean merely
the irreversible hydrogen atom addition to
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property as the oxide catalysts (13), that
is, the hydrogen molecularity is maintained
nearly 1009, in the hydrogenation of bu-
tadiene and 859, in the hydrogenation of
the olefing except the especially poor con-
scrvation of ethylene as is known from
Table 1 and Fig. 2a. On these interesting
catalysts, the hydrogenation with a mix-
ture of Hy and D, was attempted, and the
selective formation of the de- and the ds-ad-
ducts was confirmed (12, 13). These results
suggest that the hydrogenation of olefins
occurs exelusively on the CHp-sites and the
hydrogen serambling of cthylene proceeds
on the BH-sites, that is, if the hydrogena-
tion proceeds on the CH-sites the di-adduct
should appear about twice of the d¢ and
the de-adducts according to the following
scheme:

1\]|/[(/)’ + d-adduct,
S S H
|

+ dy-adduct.

the olefins, but is neeessarily established
by the structure of the CHasites being
isolated from cach other on the surface (13).
And, the difference in the conscrvation of
the hydrogen molecularity observed in the
hydrogenation of butadiene, butene, pro-
pene, and ethylene on the evacuated MoS,
(13) might represent the facility for the
reversibility of the half-hydrogenated inter-
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mediates on the C-type sites. Therefore,
the ratio of the deuterium atoms entering
ethylene molecule to the ethane formed
reveals the case of the reverse process by
reference to the forward reaction, and the
results shown in Table 1 indicate scveral
times easc of the reverse process compared
with the forward reaetion,

It is quite reasonable that the C-sites
may be reduced to the B-sites and/or to
the A-sites by treating with H,S. In fact,
the reactions promoted by the C-type sites
such as the hydrogenation of ecthylene
and/or the hydrogen exchange between Do
and C:H; do not occur appreciably on the
H.S-treated MoS.. However, the cquilibra-
tion between Hs and D; observed in Figs. 4
and 5 are curious results, because the
H.—-D; equilibration is not inhibited strictly.
The retardation effect of ethylene is also
diffcrent, that is, the Hy-D, cquilibration
taking place on the evacuated MoS, is en-
tirely inhibited by a small amount of
ethylene, but that on the HyS-treated MoS:
takes little retardation effeet of ethylene as
shown in Fig. 6. This result suggests that
the equilibration between H, and D: may
take place on CH-sites to which ethylene
can not adsorb.

In a previous paper (4), it was shown
that the Hx—D: equilibration occurs inde-
pendent, from the hydrogen mixing between
C:H; and C.D; on the HyS-treated MoS,,
which agrees quite well with the small re-
tardation effect of ethylene on the Hy-D,
equilibration shown in Fig. 6. We may
arrive at a conclusion that the C-sites on
the surface may be diminished effectively
by the H,S treatment, but those in the
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layer of the MoS; will survive. The spacing
between layers, 2.96 A, seems to be suffi-
cient for hydrogen molecule penetration
but not for ethylene molecule, as a result,
the Hy-D, equilibration proceeds on the
interior CH-sites with little retardation of
ethylene and the C,H&~C,;Ds hydrogen
mixing 18 catalyzed by the BH-sites on the
surface,

By assuming the model of the active
sites having different degrees of coordina-
tive unsaturation, the complicated deute-
rium distributions as well as the peculiar
catalytic properties of the MoS, are well
understood.
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