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The relationship between the defect structure of molybdenum sulfide and its hy-
drodesulfurization (HDS) activity is examined. The S* ion vacancy concentration
of the catalyst is adjusted by pretreatment in H, or H.S and monitored by electrical
conductivity measurements. Exposure of the catalyst to pulses of butyl mercaptan
and hydrogen allows determination of the conversion rate and product distribution
as a function of the electronic defect structures of the catalyst. The results dem-
onstrate the existence of a “window” in catalyst composition for optimum HDS
performance. During ecatalytic reaction, interface charge transfer is observed with
gradual modification of the electronic properties of the catalyst and changes of its
catalytic activity for HDS. The results indicate a close relationship between the
density of 8% ion vacancies and catalyst performance. The mechanism of catalytie
HDS is examined in terms of the defect structure of the solid.

INTRODUCTION

Hydrodesulfurization catalysts of indus-
trial importance, containing molybdenum or
tungsten compounds as the active phase on
an alumina support, exhibit gradual decline
in performance generally associated with
changes in surface area, pore structure, and
the deposition of carbon- and metal-con-
taining compounds. To elucidate those
properties of a hydrodesulfurization (HDS)
catalyst that provide sustained activity
and high specificity, we have initiated our
studies with molybdenum sulfide. This
compound has been shown to exhibit similar
HDS properties to that of sulfided molyb-
denum oxide catalysts (1), and is present
in a number of catalyst formulations em-
ployed industrially for sulfur removal from
crude oil by catalytic hydrotreating (2, 3).

The existence of electronic charge trans-
fer at the catalyst/reactant interface was
demonstrable in experiments in which
under continuous flow conditions prolonged

*This work was sponsored by a group of in-
dustrial companies whose support is gratefully
acknowledged.

exposure of the catalyst erystal to the re-
actants  (hydrogen and organo-sulfur
compound) caused a progressive decay in
catalytic conversion accompanied by pro-
nounced changes in the electrical conduc-
tivity of the crystal. To study these phe-
nomena in more detail, a pulsed-flow reactor
was employed which allowed the introduc-
tion of single pulses of reactant pulses and
examination of the gradual changes in
catalytic and electronic properties.

EXPERIMENTAL DETAILS

Catalyst

The source material was a large crystal
of the naturally occurring mineral molyb-
denite (kindly provided by the Climax
Molybdenum Co. of Michigan; hexagonal
erystal strueture C7). A small single crystal
of this material was cut to typical dimen-
sions of about 1X1X0.06 em® and
mounted in a cylindrical reactor made of
quartz. For the electrical conduetivity mea-
surements by the four-probe technique
(4), contacts were made with the crystal
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by means of tungsten clips attached to
glass-coated tungsten leadthroughs in a
graded seal. Also by this means mechanical
support was provided for the erystal. The
room temperature resistivity of the individ-
ual crystals used in the ecatalytic studies
was found to lie between 8 and 10Q em, s
value comparable to that reported for
molybdenum sulfide (5). Analysis of the
crystal by emission spectroseopy indicated
the presence of several impurities as shown
in Table 1.

Apparatus

The pulse reactor was of conventional
design. A stream of hydrogen gas (vol flow
rate = 2 ce/sec NTP) was passed con-
tinuously through the reactor (36 cc in vol-
ume) housing the catalyst erystal and sur-
rounded by a furnace maintained at a
specified temperature. Into this stream of
hydrogen, pulses of gaseous reactant
(CH,SH) could be injected at the desired
time infervals. A special device was assem-
bled to vaporize the butyl mercaptan into
the feed stream. By adjusting the liquid
feed rate and the carrier gas flow rate,
metered through flowmeters, we were able
to obtain specified concentrations of re-
actant. In most of the experiments reported
below, the volumetric ratio of H,/C,H,SH
ranged from 70 to 80. '

In a typical pulse experiment an aliquot
of the prevaporized gas mixture was in-
jected into the reactor. A typical electrical
response of the catalyst to the reactant

TABLE 1
IMPurITY CONTENT OF MOLYBDENUM
Svrripg CrysTaL BY EMIssion
SPECTROSCOPIC ANALYSIS

Element, Conen® (wt%,)
Si 0.15
Al 0.02
Ca 0.015
Pb 0.04
Mg 0.015
Ni 0.003
Cu 0.001
Ag 0.002

s Reported as oxides of element.
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Fic. 1. Electrical response of MoSsrcrystal to
passage of reactant pulse (H,/C,H,SH = 77).

pulse is shown in Fig. 1. After passage over
the catalyst the gas mixture entered the ge
column for produet analysis. Provisions
were made in the experimental configuration
to sample the inlet and outlet compositions.
For chromatographic analysis of butene,
butane, hydrogen sulfide, and butyl mer-
captan, a Porapak R column was found
suitable (6 ft X 0.25 in.). The wvarious
components could be separated by temper-
ature programming of the ge¢ column in the
range from 358 to 483 K. For the purpose
of catalyst pretreatment, a special gas line
was provided to admit hydrogen, helium,
or hydrogen sulfide to the reactor with a
bypass of the ge system.

ExprERIMENTAL RESULTS

Changes in the electrical properties of
the catalyst crystal could be monitored
during both the pretreatment procedure and
the catalytic experiments. For initial acti-
vation of the catalyst for HDS the molyb-
denum sulfide was exposed to hydrogen.
The electrical measurements demonstrated
that temperatures in excess of 900 K were
required to attain a measurable rate of
sulfur removal from the ecrystal, accom-
panied by an increase in conductivity due
to eclectron injection, such as:

S2—+H2"')HQS+23+ V. (1)
or
S +H-SH +e+V,



where e represents an electron and V, an
anion vacancy.t

From the change in conductivity with
exposure to 1 atm of hydrogen and the
known carrier mobility (5), the electron in-
jection rate into the crystal was calculated
to be of the order of 10 electrons/cm? sec
at 980 K. Just the opposite electrical effect
was brought about by treatment of the
catalyst in a H.S environment. Under these
conditions a decrease in electron density
was observed due to electron capture by a
reaction such as

H.S + 2e + V. — H: + 8. 2)

This sulfidization of the catalyst was ob-
served to take place at much lower temper-
atures, generally between 700 and 750 K.
The reaction proceeds at a much higher rate
than reduction by hydrogen, especially on
a catalyst that exhibited a high density of
82~ ion vaeancies introduced into the crystal
by previous reduction in hydrogen. In a
typical H,S-pretreatment experiment at
700 K, the measured electron capture rate
amounted to 2 X 10*® to 10*¢ electrons/cm?®
sec.

By these pretreatment procedures the de-
fect structure of the catalyst could be ad-
justed and its effect on catalytic activity
could be examined. The extent of exposure
of the catalyst to H, or H,S had a pro-
nounced effect on catalytic activity as
shown by the results presented in Fig. 2 in
which we correlate the degree of conversion
of butyl mercaptan with reactor temper-
ature and electrical conductivity of the
catalyst.

Two curves are shown. One of them
(curve A) refers to a catalyst of high elec-
trical conductivity (3.6 mho em™) attained
by prolonged exposure to hydrogen; the
other (curve B), to a catalyst of much
lower electrical econductivity (0.35 mho
cm™) attained by pretreatment in hydro-
gen sulfide. It is apparent that the latter
pretreatment has resulted in a most active
HDS catalyst with high conversion de-

1 It is not certain whether molecular hydrogen
or chemisorbed hydrogen atoms are involved in
the reduction process. Activated chemisorption of

hydrogen has been reported (6).
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Fig. 2. HDS activity of catalyst crystal for
different initial electrical conductivities. Reactant
pulse: Hy/C,HSH = 77; (A) initial conductivity =
3.6 mho em™!; (B) initial conductivity = 0.35 mho
cm™, measured at 700 K.

tected at relatively low temperatures. The
results of additional catalytic measure-
ments are shown in Fig. 3 in which we ex-
amine the temperature required for 80
vol% conversion of butyl mercaptan as a
function of the electrical conductivity of
the catalyst. The data indicate that a de-
crease in electrical conductivity, associated
with a dimunition in 8% ion vacancies
[Eq. (2)] brings about a marked increase
in HDS activity.

Also the defect structure of the catalyst
markedly affected the product distribution.
Under condition of high electrical conduc-
tivity butene was the major hydroecarbon
product. On the other hand butane pre-
dominated at low conductivity (Fig. 4).
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Fie. 3. Temperature for 80 volY, conversion as a
function of electrical conductivity of crystal meas-

ured at 700 K. Reactant pulse H;/C,H,SH = 77,
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F1a. 4. Variation in HDS activity and produet distribution with catalyst crystal conductivity at 700 K.

Over a range of catalyst compositions (1.2
< ¢ < 3 mho cm™) the product analysis
indicated a satisfactory mass balance in
terms of carbon and sulfur species. Thus
as shown in Fig. 4 the ratio of total C,-
compounds to H.S formed was found to be
near unity (2C./H,3 = 1.00 = 0.05), in-
dicative of the prevailing reaction stoichi-
ometries

C4HQSH - C4Hs + HzS,
CHSH + H, — C;Hy, + HoS.

However for a catalyst crystal reduced in
hydrogen sufficiently to exhibit a high elec-
trical conductivity (¢ > 3 mho em™), due
to a large excess of S*- vacancies, the prod-
uct distribution indicated a deficiency in
C.-compounds formed relative to butyl
mercaptan consumed. Under these condi-
tions the ratio =C,/H.S < 1 (Fig. 4). Con-
versely for a catalyst sulfided by prolonged
exposure to hydrogen sulfide and exhibiting
low electrical conductivity (¢ < 1 mho ecm™,
Fig. 4), the ratio =C,/H,S tended to be
greater than unity due to a deficiency of
H.S in the product gas (Fig. 4). Under cer-
tain conditions the complete absence of H.S
was reported in HDS studies on an alu-

mina-supported catalyst containing the sul-
fided mixed oxides of molybdenum and
cobalt (7). In addition, we noted at tem-
peratures in excess of 750 K, hydrocarbon
cracking products in admixture with butene
(Fig. 5). These by-products were composed
predominantly of methane, ethylene, pro-
pane, and propylene. On the basis of the
results presented it becomes apparent that
the defect structure of the catalyst con-
trols HDS activity in terms of (1) total
conversion, (2) hydrocarbon product dis-
tribution, (butene vs butane) and (3) hy-
drocarbon-to-hydrogen sulfide ratio, i.e.,
surface accumulation of carbon and sulfur
species.
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Fie. 5. By-product formation during HDS of
C.H,SH.



Discussion

The important role played by the elec-
tronic properties of molybdenum sulfide
durlng catalytic DS of butyl mercaptan
is amply demonstrated by the experimental
measurements just presented. In particular
the results point to a “window” in the com-
position range of the solid, corresponding

1ta aloptripal af log <o 2
gl 1 < N~ o

to eleetrical aondnefiviting G

mho cm?, in which the properties of the
catalyst are most favorable in terms of ae-
tivity, specificity, and stability.§ With refer-
ence to Fig. 4, it can be seen that the Mo/S
can be adjusted by suitable pretreatment
to yield a catalyst exhibiting high conver-
sion as well as butane and H,S formation.

But composition regions exist at which
under reaction conditions the catalyst

tends to “poison” by accumulating on its
surface some of the sulfur involved in the
HDS of butyl mercaptan, as manifested by
the fact that XC,/H.8 > 1 due to a de-
ficiency of H,S in the product stream.

Such a gradual modification of the cata-
Iyst properties aurmg HDS is also demon-
strated by changes in the electrical response
of the catalyst resulting from intermittent
exposure to pulses of C,H,SH. With a cata-
lyst having initially a moderately high

(..:‘) mho em- 1\

nductivity
Ly mng ¢om

Clcbtl 1\4(11 UUlluubUl Vi
the HDS reaction is accompamed first by
a conductivity decrease followed by a re-
covery to its original value—a process that
is reproducible over several pulse injections.
But a catalyst of lower initial electrical
conductivity (¢ = 0.35 mho cm) exhibits
an entirely different electrical response dur-
ing passage of several pulses over the ecata-
lyst crystal. As shown in Fig. 6 the mag-
nitude of the electrical response decreases
with successive pulses. In addition the elec-
trical conductivity does not return to its
initial value after passage of the pulse and
subsequent exposure to hydrogen for periods
of time relatively long compared to the
pulse duration. With each subsequent pulse
the electron density of the catalyst remains
at a level somewhat lower than its original

1 In terms of electron densities n.(cm™) these
to 5B X 10" < n. <

correspond

at 700 K.
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Fic. 6. Conductivity change of molybdenum
sulfide crystal at 530 K during passage of reactant
pulse.

value. It is apparent therefore that, with
each pulse coming in contact with the cata-
lyst, a gradual modification of its electronic
properties occurs. This effect appears to be
entirely due to the accumulation of a
charged, nonreactive, sulfur-bearing inter-
mediate species on the catalyst surface,
most likely S ions which may become part
of the erystal lattice. Analysis of the gase-
ous products reveals that the ratio of
2C,/H,S (Table 2) is greater than unity in

each of the pn]ﬁpn a sulfur-

Calil Ui Uil puiscos 01 a2 »uily

deficient product distribution since the mass
balance for the C,-species is well within the
experimental error. Thus the incompleteness
in sulfur removal from the surface is ex-
hibited both by the electrical measurements
which show that the electron density does
not return to its original level following the

aacacga nf o o
passage of a reactant pulse, and the chem-

ical produet composition, which indicates

mmdicative of a

TABLE 2
EvtctricAL AND CATALYTIC PROPERTIES OF
MOLYBDENUM SULFIDE CrysTAL CATALYST

DuriNg PuLsep ExrosurRe To BUTYL

MgRrcaPTAN/HYDROGEN MIXTURE®
AT 530 K

ISV I

Initial electron Product distribution

Pulge transfer rate (vol basis)
no (e sec)™! X 10718 (ZC4y/H:S)
1 1.6 2.9
3 0.81 1.6
15 0.71 1.3

a Hz / (“HSH
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a deficiency in H.S relative to the total
amount of butene and butane formed (or
butyl mercaptan converted). Thus gradual
“poisoning” of the catalyst may occur due
to the retention of a sulfur species on the
surface of a catalyst whose Mo/S is not
carefully adjusted.

At the opposite end of electronic defect
structure, namely at high electrical conduc-
tivity (¢ > 3.2 mho cm™), the results in-
dicate that the produet distribution ex-
hibits a H,S excess (2C./H.S < 1). This
phenomenon is undoubtedly associated with
deposition of a carbonaceous residue during
HDS. In line with this conclusion it was
found that reactivation of such a “carbon-
poisoned” catalyst’ required pretreatment
with H, at 7 > 1000 K followed by expo-
sure to H,S. Presumably the hydrogen pre-
treatment removed the carbonaceous resi-
due. But at these high temperatures it
caused removal of S*- ions from the cata-
lyst thereby making it more n-type in
electronic behavior and low in activity
(Fig. 4). Subsequent exposure to H.S
lowered the Mo/S ratio sufficiently to
bring the catalyst into a more desirable
operating mode.**

The results presented indicate further
that the formation of buteme by HDS of
butyl mercaptan is favored by a catalyst
with a large number of S8?- ion vacancies,
while butane formation occurs on a catalyst
with fewer anion vacancies. Separate ex-
periments on catalytic butene hydrogena-
tion demonstrated that similar consider-
ations apply to the olefin-alkane
conversion. Only at low $* vacancies did
the catalyst exhibit olefin hydrogenation
activity. For interpretation of the experi-
mental results we consider the following
reaction sequence:

WHiyeH 2Ht +e, 3)
CHSH + e 2 C,Hy + SH-, 4)
CiHy + HY 2 CH,y*, (5)

C:Hyyt + e — C4Hy, {6)
SH-+ H 2 H.S +e. 7

** Exposure to oxygen at 800 K and resulfiding
of the catalyst with H.S/H. similarly restored the
catalyst activity.
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Activated chemisorption of hydrogen on
molybdenum sulfide has been reported (6).
Also scission of the C-S bond [Eq. (4)]
has been observed in infrared studies of the
chemisorption of alkyl mercaptans (8).
Based on a model involving localized elec-
tronic levels at the surface (surface states),
the equilibrium distribution of unoccupied
(H*) to occupied (H') centers may be de-
rived from Fermi-Dirac statistics (9). In
terms of the relative location of the hydro-
gen surface state E, with respect to the
Fermi level at the surface Ep, the ratio of
unoccupied to occupied centers is given by

(HY)/(H) = expl(E: — Er)/ET].

Thus reaction (3) would be favored by
lowering of the Fermi level of the semi-
conductor catalyst, i.e., low electrical con-
ductivity. From the data presented in Fig.
6, it may be concluded that reaction (7)
is a slow step in the reaction sequence.
Since it involves electron injection into the
solid, a catalyst of low electrical conduc-
tivity would be beneficial in driving this
reaction to the right side. The retention of
a charged sulfur-bearing species by the cat-
alyst under certain experimental conditions
suggests additional reaction, such as

SH™ +e— 8 4 H, ®

where the S*- ion may become incorporated
into the molybdenum sulfide lattice. As we
have noted earlier, removal of lattice S*
ions by reaction with hydrogen is a slow
process at the experimental temperatures
employed during HDS (7 < 800 K}).

For a catalyst exhibiting high electrical
conductivity, electron transfer from hydro-
gen to the catalyst [Eq. (3)] becomes less
favorable due to the relatively high Fermi
energy level, and in the absence of chemi-
sorbed hydrogen, proton addition to the
butyl radical [Eq. (5)] may possibly be
replaced by hydrogen abstraction:

CHy — C;Hs + H'. (9)

Thus the differences in catalytic behavior
at the two ends of the conductivity range
are considered to be due to the availability



(or lack thereof) of surface-sorbed hydro-
gen, a parameter controlled by the elec-
tronic properties of the catalyst.

We may conclude therefore, that a
molybdenum sulfide eatalyst having a small
number of n-type defects represents the
preferred catalyst for HDS and olefin hy-
drogenation. One may identify the n-type
electronic structure with the presence of
Mo?* impurity levels or S* vacancies in
the crystal. In line with such a solid-state
model one would hypothesize that the
known beneficial effects resulting from the
addition of Co?* to MoS,, as employed in
a commercial HDS catalyst system, are due
to the promotion of p-type conductivity,
i.e., cation vacancies. Work is in progress
to elucidate the role of such defect centers
in the HDS activity of molybdenum sulfide.
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