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In line with the observations made in our studies on hydrodesulfurization the defect struc-
ture of the molybdenite crystal catalyst controls olefin hydrogenation activity. By exposure
of the catalyst to H,S/H. gas mixtures at elevated temperatures the ratio of Mo:S in the
catalyst could be adjusted and monitored by electrical conductivity measurements. With a
catalyst exhibiting initially n-type conductivity the introduction of S2- ions into the solid led
to a decrease in electron density and anion vacancies. Further sulfiding of the catalyst led to
p-type conductivity. The catalytic measurements indicate a pronounced enhancement in
olefin hydrogenation activity with the addition of sulfur ions to the solid, i.e., decrease in
Mo#*/8?-. The results demonstrate a close relationship between the defect structure of the

catalyst and hydrogenation activity.

INTRODUCTION

The hydrogenation of olefins and aro-
matics catalyzed by metal sulfide catalysts
has been reported to occur quite readily
for the W-Ni (I) and Mo-Co systems
(2, 3). In addition, selective hydrogena-
tion of diolefins in olefinic hydrocarbon
streams in the presence of presulfided
Co-Mo-Al;O; has been reported (4). For
hydrodesulfurization (HDS) of thiophene
in the presence of Co/Mo/AlO; cata-
lyst reduction of Mo%t by hydrogen is
considered to be an important step in
the activation of the catalyst (§). These
results are not necessarily in conflict with
the observations (6) that sulfidation of the
Co/Mo/AlO; catalyst is essential for HDS
catalyst. Rather the data suggest that
sulfidation of the catalyst either by pre-
treatment in H,S or exposure to a sulfur-
bearing compound, such as thiophene,

1 This work was sponsored by a group of industrial
companies whose support is gratefully acknowledged.

proceeds most readily by way of the Mo*t+
oxidation state, i.e., Mo®* is first reduced
to Mo*t before the sulfide is formed. It is
of interest to note that in our studies with
a single crystal of MoS,, the degree of con-
version and the product distribution re-
sulting from HDS of butylmercaptan were
sensitive functions of the Mo/S ratio of the
catalyst as monitored by the electrical con-
ductivity of the crystal catalyst (7). At
high values of Mo/8, cocresponding to the
initial stages of sulfidation of the highly
reduced catalyst, the conversion of C,HSH
was found to be low with the butene iso-
mers as the major products. As the Mo/S
ratio decreased and approached the stoi-
chiometric value (Mo/S = 0.5), the con-
version of reactant increased markedly
and butane prevailed in the product stream.
The question arises whether this change in
catalytic activity and selectivity is indica-
tive of a mechanism in which the highly
sulfided catalyst is capable of hydrogenating
the butene formed as a primary product in
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the HDS reaction. Formation of an olefinic
species during HDS would be favored in
view of the produect distribution from HDS
of thiophene in the presence of D, (8).

To examine the olefin hydrogenation
activity of MoS; we initiated a series of
experiments on the hydrogenation of 1-bu-
tene as a function of the Mo/S of the
crystal catalyst.

EXPERIMENTAL DETAILS
A. Apparatus

The apparatus was identical to that de-
scribed previously (7). It was operated in
the pulse mode of a microreactor system in
which an aliquot on 1-butene was injected
into the carrier system of hydrogen. The
sample passed through the reactor con-
taining the MoS, catalyst crystal and into
the gas chromatograph for chemical anal-
ysis. For separation of the various butene
isomers from butane a Porasil>-packed
column was employed, operating at 338 K
with hydrogen carrier gas. For in situ pre-
treatment of the catalyst with H,S/H,, a
special gas line was provided that entered
the reactor but bypassed the gas chromato-
graphic system.

The catalyst, in the form of a small single
crystal (1 X 1 X 0.086 cm?), was cut from
a larger crystal of naturally occurring
molybdenite® (hexagonal crystal structure
C7). It was mounted in a quartz reactor
provided with Pt feedthroughs for elec-
trical conductivity measurements by the
four-probe technique (7). The electrical
conductors were made of Pt wire (0.0075 cm
in thickness) and attached to the four
corners of the square crystals.t Good elec-
trical contact was achieved by drilling a

? Porasil, a product of Pechiney-Saint-Gobin, is
distributed by Waters Associates, Inc.

3 This material was kindly provided by Climax
Molybdenum Co. of Michigan.

4 The contribution of these Pt conductors to hy-
drogenation was found to be negligible, undoubtedly
due to their small total surface area and poisoning
by sulfur.
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small hole in each corner of the crystal and
tightly looping the Pt wire through the
opening and around the crystal. The resis-
tivity of the crystal was measured and found
to be 5.5 ohm-cm at 298 K, a value com-
parable to that reported for molybdenum
sulfide (9).

B. Method of Defect Control

The degree of nonstoichiometry (Mo/S
2 %) and the type of impurities present in
the solid affect the electronic properties of
molybdenum sulfide. Thus, the introduc-
tion of 82~ anions into the MoS; lattice
tends toward p-type conductivity, while
sulfur deficiency from the MoS,; lattice
leads to n-type behavior. By exposure of
the crystal to H,S/H, gas mixtures, i.e.,
establishment of a specified sulfur vapor
pressure at a given temperature, the elec-
tronic properties of the crystal may be
modified. The layer structure of hexagonal
MoS; favors rapid transport of ionic species
within the lattice and equilibrium of bulk
and surface properties at elevated tempera-
tures. Also measurements of electrical con-
ductivity, after establishment of equilibrium
at the gas/solid interface, permit identi-
fication of the type of lattice defects.

For the n-type molybdenum sulfide
crystal, the starting material in our studies,
the interaction with a sulfur-containing
atmosphere may be formulated as

S: + 4e + 2V, = 28—, 1)

where e represents an electron and V, an
unoccupied anion vacancy, with an effec-
tive charge of +2 relative to the normal
lattice since it can trap one or two electrons.
Reaction (1) in the forward direction de-
scribes the addition of sulfurs to the lattice
with depletion of electrons and anion
vacancies.

For small concentrations of vacancies,
i.e., 8~ = constant, the law of mass action
yields at equilibrium:

1 1
K = a ,  (2)
Ps[neJ V. ] psiLa]®
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where [n, ] denotes the clectron density and
[V.] the anion vacancy density. Since the
clectrons and vacancies contribute to con-
duction, the eclectrical conduetivity is
given by :

Ua(Kpsz)_lls) (3)

i.e., the conductivity is inversely propor-
tional to the sulfur pressure raised to the
$ power. By analogous reasoning the pre-
valence of a singly charged lattice defect
{(Va~) would yield a conductivity depend-
ence on sulfur pressure

ox (K/p Sz) _iy (4)

and for a doubly charged imperfecton
(Vi)
aa(K”psz)"%. (5)

Thus, measurement of the electrical con-
ductivity as a function of sulfur pressure
allows identification of the type of anion
vacancy constituting the lattice defect in
the catalyst.

For the equilibrium,

MOSg = Mo + Sz, (a)
the equilibrium constant is given by
K, = Ps,.

It was evaluated from the combination of
the following two reactions and their corre-
sponding equilibrium constants:

MoS; + 2H, & Mo + 2H,S,  (b)

2st = 2H2 “I" Sz, (C)
thus
K, =K K,

The values for K; and K, over a range of
temperatures were taken from the litera-
ture (11). Typical data calculated for the
equilibrium (a) are summarized in Table 1.

For reaction (¢) the equilibrium partial
pressure of sulfur (ps,) was computed over
a range of temperatures and H,S/H, ratios
(Table 2). Thus, by adjustment of this
ratio and the temperature the desired
equilibrium pressures of sulfur could be
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TABLE 1

Equilibrium caleulation for MoS; & Mo + 8,

Temp log K, JogK. logK. pg, (atm)
(X)

1073 —257 -—183 —440 4.0X 105
1173 —-2.08 —145 —-3533 3.0X10t
1273 —1.92 —1.13 —-3.056 89X 10
1373 —1.50 -—088 —238 42x107°

selected for the controlled conductivity
studies with MoS,.

The crystal was equilibrated with the
H,S/H; mixture at 893 K and rapidly
quenched to room temperature. The elec-
trical conductivity measurements on the
sample were carried out in He by the four-
probe technique.

EXPERIMENTAL RESULTS
A. Controlled Conductivity Studies

The electronic carrier densities of the
molybdenite crystal on exposure to H.S/H,
gas mixtures of different ccmposition are
summarized in Iig. 1 where the electrical
conductivity has been plotted as a function
of the sulfur pressure in a logarithmic plot.
From the slope of the resulting line one
calculates a negative conductivity exponent
of #. Although this value is somewhat
lower than the theoretical value given by
Eq. (3), the data point to the mechanism
expressed by reaction (1) as the domi-
nating defect mechanism. Most likely the
discrepancy in the conduction coefficient is
associated with inadequate quenching of
the equilibrium composition and/or the
presence of impurities in the crystal with
energy levels close to the conduction band.

The anion vacancy V, may be identified
with an unoccupied V,~ level in the sche-
matic band diagram shown in Fig. 2. Such
localized levels located between the valence
and conduction band of the semiconductor
result from a perturbation of the local
potential in the solid by the anion vacan-
cies. It is of interest to note that the V,~
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TABLE 2

Partial Pressures of Sulfur in Equilibrium with
Hydrogen Sulfide-Hydrogen Mixtures

H,S/H, log ps, (atm)

800 K 1000 K
1/3 ~7.48 —5.10
1/2 -7.12 —4.64
1/1 —6.52 —4.24
2/1 —5.92 —3.64
3/1 —5.56 —3.29
4/1 —~5.32 ~3.04
7/1 —4.83 —2.60

level is expected to be close to the impurity
level of Co?t, when such a cation is added
to the crystal as a doping agent. On this
basis it would be expected that the elec-
tronic properties of n-type molybdenite
would be affected in a similar way by the
addition of S8~ anions or Co?* cations to the
lattice of n-type MoS.. This is borne out by
the experimental measurements, which dem-
onstrated at H.S/H, > 5 a large increase
in electrical conductivity with conversion
from n-type to p-type behavior. A similar
switch in carrier type results (10) from
doping n-type molybdenite with Co?*.

In the presence of H,S/H, mixtures we
estimate such a change from n-type to
p-type conductivity at a room temperature
conductivity of 0.5 ohm-cm™! and an
equilibrium sulfur pressure of 7 X 109
atm. Based on the conductivity measure-
ment, we have constructed the curve in
Fig. 3 which demonstrates the variation in
electronic properties with defeet structure.
With the aid of electron mobility data (1)
for molybdenite the electron carrier densi-
ties are estimated to be in the range from
10%7 to 10*8 electrons/cm?® over the range of
sulfur pressures examined.

B. Hydrogenation Activity

The hydrogenation activity of the molyb-
denite catalyst was evaluated at 623 K by
injecting pulses of 1l-butene into the H,
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carrier stream and monitoring the degree of
conversion to butane. The quantity of
1-butene in the pulse was 5 X 10~5 mole
and the level of hydrogenation under the
experimental conditions ranged up to about
25 vol%. As shown by the data in Fig. 4,
a catalyst highly deficient in sulfur, ie.,
high electron density, exhibited very low
butane formation. With progressive sul-
fiding of the catalyst a rapid increase in
hydrogenation activity was noted.

These results parallel some earlier ex-
periments (7) on HDS of butylmercaptan
in which the formation of butene was noted
as a major product for catalysts with a
high Mo/S?~ ratio. However, the introduc-
tion of S%~ ions into the catalyst, by ex-
posure to H,S/H, gas mixtures resulted
in the predominance of butane in the
product stream. On the basis of the current
result it cannot be concluded that bu-
tene is an intermediate in the HDS of
butylmercaptan.

DISCUSSION

In view of our results, the hydrogenation
activity of molybdenum sulfide based cata-
lysts needs to take into account the Mo/S
ratio of the catalyst. Russian workers (12)
varied in a semiquantitative manner the
sulfur content in molybdenum sulfide
catalysts on activated charcoal and noted
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Fig. 1. Variation of electrical conductivity of
MoS; with sulfur pressure (conductivity measured
at 298 K after quenching sample from equilibrium
temperature 893 K).
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a marked increase in benzene hydrogenation
as the ratio of Mo/S was diminished. Our
results suggest that this promotion in hy-
drogenation activity caused by the intro-
duction of §*~ ions into the molybdenite
crystal is due to changes in the defect
structure of the material. The parallelism
observed between HDS and hydrogenation
activity points to the activated chemisorp-
tion of hydrogen as the key step for both
processes.

How can the electronic structure of the
solid affect the chemisorption process and
the type of different adsorbate species
present on the catalyst surface during olefin
hydrogenation? We choose to interpret
our results in terms of an electronic band
model involving localized electronic levels
at the surface, i.e., surface state energy
levels. According to this concept (13) the
relative surface density of the various
adspecies, both charged and uncharged, is
governed by the position of the Fermi level
Ep of the semiconductor in relation to the
surface state energy levels E, of the ad-
sorbate. Their role in catalytic processes
has been examined (74) and applied to the
oxidation of propylene catalyzed by cu-
prous oxide (15). At equilibrium for a
singly charged surface state the ratio of
filled 7. to unfilled p, levels is given by

n/p. = exp[— (B, — Er)/kT],

e AR R
/ Sy

EMPTY BAND (Mo%*)

— \/az‘

Ve

Ve

Vc2+ — Co2* Vo

L
FILLED BAND ($%)

F1a. 2. General band diagram for MoS,.
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F1c. 3. Electrical conductivity of molybdenite
equilibrated with sulfur at 893 K and quenched
to 300 K.

where T represents the temperature of the
solid. Thus, for E; > Er one expects to
find few occupied surface states. Instead,
electron transfer from a donor-type surface
state to the conduction band of the solid
is favored, which in the case of hydrogen
adspecies leads to the formation of H,*
(Fig. 5). The larger the difference £, — Er
the greater the thermodynamic driving
force for electron transfer in that direction.
However, the accumulation of positive
charges on the surface leads to the estab-
lishment of an accumulation space charge
layer, i.e., the wvalence and conduction
bands near the surface bend downward
relative to the Fermi level (Fig. 5). At the
same time the surface state levels in the
band gap region change their position in
such a way as to maintain a constant
energy difference between E, and E,. Once
the condition is reached that £, < Er, the
thermodynamics of the system favor oc-
cupation of the surface state level, i.e.,
predominance of H adatoms over HT
adspecies.

It is obvious that the greater the energy
difference £; — Ep the greater the degree
of band bending required to attain this
reversal in predominance of unoccupied
over occupied surface states. The magni-
tude of the space charge in the surface
layer may terminate the process well before
the condition E; < Er is reached, de-
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Fia. 4. Catalytic activity of molybdenite for
1-butene hydrogenation at 623 K.

pending on the absolute magnitude of
[E: — Er]. The introduction of 8%~ ions
into the solid leads to lowering of the Fermi
level, i.e., makes the molybdenite catalyst
less n-type, thereby promoting the exis-
tence of H* adspecies on the surface.
Similar defect control can be achieved by
doping the crystal with Co?*, thereby
making it p-type and reducing the Fermi
level even further. The difference between
these two approaches is one of degree
rather than principle, since in each case
modification of the Fermi level is the effect
desired.

Having established the protonic nature
of hydrogen adatoms as the necessary reac-
tion intermediates in the hydrogenation
reaction, one may inquire into the mecha-
nism of the olefin conversions. From the
observed decrease in electrical conductivity
on exposure of the catalyst crystal to
butene one may conclude that the olefin
molecule adsorbs and occupies an acceptor-
type surface state with an energy level
below Ep. Thus, occupation of this surface
state results in the formation of a nega-
tively charged olefin admolecule (C.H;™).
On this basis we can postulate a reac-
tion mechanism involving charged surface
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species:
Ha(g) — 2 H(s) ©
H@E 2Ht +e
CiHs(g) + e = CH; ™
CH;~ 4+ H* 22 C,H,(s) )]
CHy(s) + Ht 2 CHyo*™ 9)
CiHyot + e =2 C.Ho(g) (10)

where all the charged species are on the
surface, and the symbols (s) and (g) refer
to neutral surface or gas species. Overall,
the process depicted in the mechanism
results in charge neutrality of the catalyst.
The possibility that step (9) involves a
neutral H adatom:

C.H(s) + H(s) = CiHio(g),

cannot be ruled out.

In line with this mechanism it may be
surmised that the intermediate C,H,(s)
should be able to undergo nonskeletal
isomerization. Such catalytic properties
have been observed in butadiene (4) and
butene hydrogenation (4, 16) on sulfide
Co~Mo catalysts. Based on our results, the
isomerization activity would be expected
to be optimized at moderate levels of the
Mo/S ratio and low partial pressures of
hydrogen. Such conditions would allow
formation of the C Hgradical intermediate
without further hydrogenation to C.H;,.
However, a MoS. catalyst with sulfur

(11)

excess (relative to stoichiometric com-
Ec -
N — &, ¢
Br ———E,; (H)
Ey
~.
™
\
\

Fia. 5. Surface state energy level diagram.
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position) or a Co?*t-doped catalyst would
favor olefin hydrogenation as observed
experimentally.
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