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Three types of measurement have been successively performed on a series of sulfided Mo/Al,O,
catalysts with initial contents ranging from 3 to 21 wt% MoOj3, namely (i) catalytic activity for
thiophene hydrogenolysis and propene hydrogenation reactions (420°C, 1 atm total pressure), (ii)
dynamic oxygen chemisorption at 60°C, and (iii) selective dissolution of molybdenum in a basic
medium. Correlation between the three sets of data brings a new approach to the active surface
species. They reveal that catalysts activated under thiophene bear different Mo species according
to the loading. It is suggested that the molybdenum ions are grouped as polythiomolybdate clusters
bound to the alumina support. The isolated polyions characterized in the less concentrated cata-
lysts tend to polymerize further at higher Mo contents. Oxygen is a good probe molecule for
titration of HDS active sites associated with the smaller Mo units. The stoichiometry of the
polythiomolybdate entities cannot be precisely established, but it is clearly a function of the

sulfiding conditions.

INTRODUCTION

Petroleum refining processes need more
and more active and selective catalysts, due
to more precise specifications imposed on
the refined oil, and on the heavier oil frac-
tions to be treated. Therefore, a better
knowledge of the operating catalysts is de-
sirable, especially in the case of the hy-
drorefining catalysts.

Most of the industrial processes use Co-
Mo or Ni—Mo type catalysts. They are pre-
pared as alumina-supported oxides, and
then converted into sulfides before use.
Many authors have characterized the cata-
lysts by means of various techniques, and
recent reviews (/-3) emphasize the great
complexity of the system studied. The main
questions are: what is precisely the role of
molybdenum (with or without promoter
ions) in the successive steps of the HDS
reaction, and how can structural models ac-
count for the proposed surface state? No
unequivocal answer has yet been given to
these questions, although clarification is in
progress, mainly from the investigations of
Massoth, and the groups of de Beer and

Delmon (4-6). We have looked at the be-
havior of the Mo/Al,O; catalyst itself, be-
fore examining the difficult problem of the
promoter influence.

Even though preparative conditions of
the Mo/AlLLO; catalysts have not been
standardized (alumina type, impregnation
and calcination steps), it is generally ac-
cepted that molybdenum ions in the oxidic
precursor are deposited as a monolayer, up
to about 20% MoQ;, and that they interact
strongly with the alumina carrier (7). How-
ever, several authors observe that alumina
adsorbs at most 109% MoO; from solutions,
leaving a large fraction of its surface uncov-
ered (8, 9). The nature and the distribution
of the molybdenum species (tetrahedral and
octahedral coordination, existence of a sep-
arate MoO; phase) are not definitely estab-
lished, probably because different prepara-
tion procedures are used (8, 10-12).

The sulfide form of the Mo/ALO; cata-
lysts is far more difficult to characterize,
since the solid is extremely sensitive to-
ward air (/3). Therefore, studies have to be
performed in the reactor itself. The picture
of the sulfide catalyst is still a matter of
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controversy. Essentially, two descriptions
emerge: on the one hand, Massoth (/4), fol-
lowing the hypothesis of Schuit and Gates
(15), argues that the sulfidation treatment
does not destroy the interaction between
alumina and molybdenum which prevails in
the oxidic precursor. On the other hand, the
model first introduced by Voorhoeve and
Stuiver (/6) and now advocated by de Beer
et al. (17) ascribes the active phase to small
bulk MoS, crystallites lying on the support.
In any case, the surface sites are thought to
be associated with anion vacancies and sur-
face sulfur ligands, both involved in the hy-
drogenolysis of S compounds (/8).

The present paper reports our studies of
the Mo/AlL,O; catalysts in the sulfide form,
which is really the active form in hydrode-
sulfurization. New characterization ele-
ments have been introduced by means of
methods which have not been widely ap-
plied to sulfide catalysts, namely, the che-
misorption of oxygen as a specific adsor-
bate molecule, and molybdenum extraction
by chemical attack of the catalyst. We have
tried to correlate the results of such mea-
surements with activity data for thiophene
hydrogenolysis and propene hydrogenation
reactions, performed at atmospheric pres-
sure. The same procedure applied to sul-
fided N1/Al,O; catalysts proved to be very
efficient and allowed us to correlate directly
oxygen uptake at 60°C and HDS activity
(19). A similar relationship has recently
been established by Tauster et al. (20) in
the case of bulk MoS, catalysts tested for
dibenzothiophene hydrodesulfurization. In
one instance only, measurements have been
extended to the more complex catalysts us-
ing alumina as a carrier (2/). Generally, for
these supported systems, chemisorption of
various molecules, O, (22-24), CO (25), or
H, (25), has been examined on prereduced
samples; in such conditions, the surface
state of the catalyst is not representative of
the sulfide form, and no correlation has
been found with HDS activity, when mea-
sured (24).

Ultimately, the relationship between che-
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misorption and activity has to be inter-
preted in terms of a structural model, which
should account for the metal-support inter-
action. The selective extraction of molyb-
denum in basic solution, applied to the ox-
idic catalysts (7, 27-29), has been extended
here to the sulfides in order to distinguish
between different types of molybdenum.
This procedure may also reveal changes at-
tending the sulfidation of the Mo oxide
layer.

EXPERIMENTAL
Catalysts

A series of MoO3/Al,O; catalysts con-
taining 3-21% MoO; by weight has been
prepared by dry impregnation of y-alumina
(GFS C Rhone Poulenc, surface area 238 m?
g~1, pore volume 0.61 cm? g~!) with ammo-
nium heptamolybdate aqueous solutions.
After drying for 12 h at 110°C in air, the
samples are calcined for 2 h at 500°C under
air circulation. The catalysts are then
sieved (90- 190 mesh) and again fired for 2 h
at 500°C in air immediately prior to use.

Procedure

Catalytic activity tests and dynamic oxy-
gen uptake are performed in the all-glass
flow apparatus already described (/9).
Slight modifications have been made in or-
der to introduce both thiophene and pro-
pene in the H, flow; this enables us to run
two reactions on the same sample, viz. thio-
phene hydrogenolysis and propene hydro-
genation in the presence of a thio com-
pound. The equipment allows us to make
successive measurements of activity and
chemisorption without any transfer of the
powder.

Reaction conditions. Initially oxidic cata-
lyst (0.240 g) is introduced in the reactor
and generally sulfided with a H, (700 Torr)—
thiophene (60 Torr) mixture at 420°C and a
total flow rate of 30 cm?® min~!. This process
is denoted as ‘‘T-sulfiding.”

After 24 h on stream, the mixture from the
reaction C.H,S + H, —» H,S + C, hydro-
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carbons is analyzed by on-line chromatog-
raphy (20% OV, column, 5 m, ¥ o.d.,
50°C, 20 cm® min~! He, thermistor detec-
tion). The HDS activity for these T-sulfided
samples is expressed as the reaction rate,
rups (mol h™! g~1), at initial conversion. For
noninitial conversions, a first-order behav-
ior is assumed to obtain rypg. Following
HDS activity measurement, a feed of pro-
pene (6.12 X 1073 mol h™?) is added to the
H,-thiophene flow by means of a motor-
driven syringe. The conversion into pro-
pane is measured by VPC on a dual Pora-
pak Q-silicagel column. The hydrogenation
rate at initial conversion ryyq is then de-
rived.

In some experiments, dimethyl disulfide
(DMDS, 23 Torr) provided by a separate
saturator is used as a presulfiding agent of
the oxidic catalyst (‘‘D-sulfiding’’). In or-
der to obtain the activity of the presulfided
samples, thiophene is substituted for
DMDS in the H, flow by switching on the
second saturator. The rate of thiophene hy-
drogenolysis is then measured, immediately
after the pretreatment (activity for the D
sulfided catalysts) and then 20 h later (activ-
ity for the D, T sulfided catalysts).

In the computation of reaction rates, the
raw data have been corrected for the activ-
ity of the support itself: rypg 0.03 x 1073
mol h™* g, rpoq: 0.12 X 1073 mol h™! g1,

Oxygen uptake measurement. OXxygen
uptake by the sulfided catalyst is measured
in the reactor itself by a dynamic method.
After the activity tests have been com-
pleted at 420°C, the catalyst is swept by a
flow of deoxygenated argon for 2 h, then
cooled to 60°C. Oxygen pulses are then run
onto the catalyst, and the quantity irrevers-
ibly adsorbed is estimated by thermistor de-
tectors: cumulative adsorption Ny (mol O
per gram catalyst) remains constant after a
few pulses. No oxygen uptake can be de-
tected on sulfided alumina at this tempera-
ture.

Molybdenum extraction. Molybdenum is
extracted from both oxidic and sulfided cat-
alysts by selective dissolution at room tem-
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perature in 12 N ammonium hydroxide so-
lution. Sulfided samples experience oxygen
chemisorption at 60°C prior to Mo extrac-
tion. The standard procedure involves a 24
h basic attack; the maximum amount of Mo
that can be extracted from the catalyst is es-
timated after 7 days standing in ammonia.
The Mo content of the basic solution is
measured by atomic absorption spectrome-
try.

Sulfur analysis. The sulfided catalysts are
collected after oxygen uptake at 60°C and
sulfur analysis is carried out in a microana-
lytical combustion apparatus. A small addi-
tion of V,0; prevents sulfation of the alu-
mina. The sulfur contents given here are
corrected for a slight sulfidation of the sup-
port at 420°C.

RESULTS
Catalytic Activities

Stabilization. Sulfidation of the initially
oxidic Mo/Al,O; catalysts under thio-
phene-H, mixture (T-sulfiding) needs a
relatively long time before a steady-state is
reached. After a short activation period, the
rates of both thiophene hydrogenolysis and
propene hydrogenation steadily go down
during the first 24 h, then more slowly (Mo-
21 sample, Fig. 1). The decrease in activity
runs parallel for both reactions, as exempli-
fied by the nearly constant selectivity ratio
ruyae/fups-  Steady-state  activities are
reached more rapidly when the Mo content
of the catalyst is lower.

Presulfidation by dimethyl disulfide re-
duces the stabilization period to 7 h. HDS
activity measured immediately after such a
pretreatment (D-sulfiding) is enhanced, but
does not hold with time: prolonged contact
of the presulfided catalyst with thiophene as
the only sulfur compound considerably
lowers the activity. After 20 h working in
these conditions (D, T-sulfiding), the rate of
thiophene hydrogenolysis is close to that
observed without pretreatment.

We thus confirm the observation reported
by Massoth (4) who finds that stabilization
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FiG. 1. Sulfided Mo/Al,O, catalyst, 21.6% MoOj;. Dependence of thiophene hydrodesulfurization
and propene hydrogenation reaction rates with running time. T-sulfiding: @, HDS; @, hydrogenation;
*, Hydr/HDS; D-sulfiding: O, HDS; D,T-sulfiding: @, HDS. Conditions: see footnotes in Table 1.

of a presulfided 8% Mo/Al,O; (12% MoOj;)
catalyst needs an overnight period in a thio-
phene-H, stream.

Steady-state activities. Since the activi-
ties of the catalysts apparently do not de-
crease much after 24 h in a thiophene-H,
stream, mesurements taken at this standard
time have been considered as representa-
tive of steady-state activities. They vary

with the Mo content as shown in Table 1. In
terms of specific activities, a, per mole of
molybdenum, there is (Fig. 2) a threshold at
about 3% MoO; for hydrogenolysis,
whereas this does not seem to exist for hy-
drogenation. A significant maximum is ob-
served for both specific activities at about
10% MoQ; in the oxidic precursor; the se-
lectivity hydrogenation/HDS first sharply
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F1G. 2. Sulfided Mo/Al, O, catalysts. Specific activity of molybdenum as a function of the Mo
content. T-sulfiding: @, HDS; @, hydrogenation; *, Hydr/HDS; D-sulfiding: O, HDS; D, T-sulfiding: B,

HDS; Conditions: see footnotes in Table 1.

decreases, then stabilizes at 1.6 for the
more concentrated samples.

The effect of presulfiding the catalyst is
also shown in the same diagram: as men-
tioned above, the high activity of the (D)
presulfided samples, measured immediately
after the pretreatment, stabilizes to a con-
siderably lower level under the (D, T) H,-
thiophene feed.

Sulfur Content

Sulfur contents measured on stabilized
catalysts are collected in Table 1 and repre-

sented in Fig. 3. Values reported are not
underestimated due to partial reoxidization
of the sample at 60°C prior to sulfur analy-
sis: in this sense, it has been verified, in
agreement with Massoth (/), that any SO,
eventually produced during oxygen uptake
would remain on the catalyst at this temper-
ature.

The percentage of sulfur on the catalysts
increases linearly with the Mo content.
However, the plot shows an intercept on
the x axis at about 1.5% MoOQ;, indicating
that the very first Mo atoms deposited on
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FiG. 3. Sulfided Mo/Alzo;, catalysts. Sulfur content and sulfidation degree of molybdenum as a
function of the Mo content. T-sulfiding: I, S percent; *, sulfidation degree S/Mo; D, T-sulfiding: &,

sulfidation degree S/Mo.

the support do not sulfide. In terms of stoi-
chiometry, the atomic ratio S/Mo is rather
low for the less concentrated catalysts; the
ratio increases with the catalyst loading up
to about 10% MoQ;, then tends to stabilize
at 1.5.

However, excluding the first Mo under
the threshold, all the catalysts have the
same stoichiometry S/Mo = 1.5. Thus, acti-
vation under thiophene leads to an incom-
plete sulfiding of the molybdenum atoms, as

compared to MoS;. This trend is in agree-
ment with the results of Okamoto er al.
(29).

Pretreatment of the catalyst with DMDS
greatly enhances the sulfur level (sample
Mo-7 D in Table 1), which however does
not attain S/Mo = 2. The high sulfidation
degree of this presulfided catalyst is main-
tained when the sample is allowed to reach
steady-state under the thiophene—H,
stream. The effect of presulfidation is more
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pronounced for low-molybdenum catalysts
than for more concentrated samples, so that
the S/Mo ratio on stabilized catalysts does
not vary much with Mo content (Fig. 3).

Oxygen Uptake

Measurement of dynamic oxygen uptake
by sulfided catalysts in the reactor itself
guarantees that the surface state is repre-
sentative of the working catalyst. Further-
more, as the oxygen consumption has small
values (see Table 1), our results confirm
that testing a sulfided sample after transfer
of the powder may lead to hazardous con-
clusions about the active components.

In the chromatographic method used, the
first oxygen pulses are quantitatively ad-
sorbed, producing a rapid saturation since
no further oxygen uptake is observed.

Oxygen consumption by the sulfided Mo
catalysts is strongly temperature depen-
dent. It is detected at temperatures as low
as —90°C, and increases with temperature.
As for Ni/Al,O; catalysts (19), the tempera-
ture dependence of oxygen consumption
shows two different zones of increasing up-
take, separated by a short plateau around
60°C which indicates two different behav-
iors of the sulfided Mo catalysts toward ox-
ygen. Hence, oxidation of the catalyst un-
der carefully controlled conditions is
limited to the surface.

Reproducibility is good, provided that
the catalysts have reached stabilization in
the sulfiding atmosphere, and that a suffic-
ient purge with argon (2 h at 420°C) has
been carried out.

Oxygen chemisorption at 60°C by thio-
phene-sulfided Mo catalysts in shown in
Fig. 4 versus Mo loading. Chemisorption
starts at about 3% MoOj, increases linearly
with Mo content up to 10% MoOj;; then a
further increase in Mo content results in a
constant oxygen uptake. Hence, a maxi-
mum stoichiometry Q/Mo ratio is found at
10% MoOQO; which corresponds to about 0.45
oxygen atom taken up per molybdenum.

Finally the chemisorption values are plot-
ted against the rate of thiophene hydrogen-
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olysis in Fig. 5. A good linear relationship
exists as long as the catalytic activity re-
mains low, i.e., less than about 5.107% mol
h~1 g1; the proportionality does not hold
beyond this limit since oxygen consumption
stays constant in spite of a further increase
in activity. This feature was not reported by
Tauster et al. (20) for bulk MoS; catalysts.
In our case, the linear part of the curve cor-
responds to catalysts with a low Mo con-
tent, containing at most 109% MoQ;, while
the second section belongs to more concen-
trated samples.

Presulfided Mo/Al;O; samples show a
significantly lower oxygen uptake, unaf-
fected by subsequent treatment with thio-
phene. The corresponding N, and rypg val-
ues do not fall on the graph established
from thiophene-sulfided catalysts.

Solubility of Molybdenum

Treatment with aqueous ammonia as de-
scribed in the experimental section does not
extract all of the molybdenum contained in
the catalysts, neither in the oxide nor in
the sulfide form (Fig. 6). The maximum
amount of extractable molybdenum is
found to vary with the firing temperature
and the sulfidation procedure.

The oxidic precursors of the Mo/Al,O;
catalysts have been calcined at S00°C.
From these, a constant fraction (66%) of
the molybdenum can be removed in basic
solution. After sulfidation with thiophene,
the Mo ultimately dissolved amounts ex-
actly to the same value, i.e., 66%; by con-
trast, more molybdenum (85%) may be
extracted from the DMDS-presulfided
catalysts.

Marked differences between oxidic and
sulfided samples are observed when consid-
ering the solubility rates of molybdenum: it
is found that molybdenum from the sulfided
samples goes into solution much more
slowly than from the oxidic forms. The rate
of dissolution varies with Mo loading, but is
independent of the sulfidation procedure.
As an example, maximum extraction from
the sulfided Mo-21 catalyst needs 1 week
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FiG. 4. Sulfided Mo/Al,O; catalysts. Oxygen uptake at 60°C as a function of the Mo content. T-
sulfiding: A, oxygen uptake; A, stoichiometry O/Mo: D,T-sulfiding: ¥, oxygen uptake.

standing in ammonia, whereas it is achieved
in 6 h in the case of the corresponding ox-
idic form. Comparison of the solubility
rates among the sulfided catalysts of the se-
ries is made possible by measuring the
amount of molybdenum extracted during a
standard attack time, namely 24 h. It is seen
(Fig. 6) that in the low concentration range,
up to 109% MoQj;, the amount of molybde-
num extracted in 24 h from the sulfided
samples corresponds to the maximum labile

fraction, exactly as in the oxidic precursor;
on the other hand, beyond this loading a
constant amount of molybdenum goes into
solution, 0.043 g Mo/g of catalyst.

Finally, results in Table 2 give the rela-
tive amounts of extratable and nonextract-
able molybdenum for several calcination
temperatures of the oxidic catalyst or vari-
ous treatments of an extracted oxidic sam-
ple. Thus, firing at 700°C the Mo-21 oxidic
catalyst already calcined at 500°C gives less
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extractable Mo (58 versus 66%). Succes-
sive ammonia washings have been applied
to the oxidic catalysts. After a first basic
attack of the Mo-21 catalyst had removed
the whole soluble molybdenum, leaving
6.6% MoOj; on the support, the powder, de-
noted Mo-21-E in Tables 1 and 2, was then
recalcined at 500°C and again soaked into
ammonia solution: again a large fraction
(58%) of the remaining molybdenum was
dissolved, nearly as much as in the case of
untreated oxidic catalysts calcined at the
same temperature (see Fig. 6). Even upon

drying the Mo-21-E sample at 80°C or at
room temperature under vacuum, thus
omitting the recalcination step, basic attack
again extracted some molybdenum, but to a
smaller extent (33 and 13%, respectively).
Upon sulfiding with thiophene, both dried
(80°C) and recalcined Mo-21-E samples ex-
hibit 60% of labile molybdenum, about as
much as the normal unwashed sulfide cata-
lysts (see Fig. 6). Similar observations are
obtained from the Mo-7 catalyst. Further
characterizations of the Mo-21-E and Mo-7-
E samples by means of specific surface
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sulfided catalysts: O, 24 h; @, 7 days.

area, catalytic HDS activity, sulfur content,
and oxygen uptake (Table 1) clearly demon-
strate that a washed catalyst behaves as an
unwashed one of the same concentration.
This finding agrees well with the observa-
tions mentioned by Kotera er al. (28) for
Co-Mo/Al, 05 studies. Thus, redistribution
of molybdenum on the surface readily oc-
curs upon heat treatment, calcination, or
sulfidation.

In the case of oxidic samples, our results
are in line with those reported in the litera-
ture. Hence, the extraction measurements
really distinguish between soluble (free mo-
lybdenum or Mo ions in weak interaction

with the support) or insoluble (strongly
held) Mo species. We have verified that
continuing the attack in ammonia for 5 days
or carrying out the attack in a larger volume
of basic solution (100 ml) does not bring any
change in the amount of molybdenum ex-
tracted; furthermore, fresh alumina does
not adsorb molydenum when contacted
with the extraction solution containing the
molybdenum extracted from another sam-
ple.

DISCUSSION

Characterization of sulfided Mo/Al,O,
catalysts by means of catalytic activity, ox-
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TABLE 2

Mo/Al,O; Catalysts: Influence on Successive Ammonia Washings on the Fraction of Extractable Molybdenum

Successive Mo-21 Mo-7
treatments
Calcination (°C) 500 500 700 500 500
Sulfidation (°C) No 420 No No 420
First NH,OH washing: 65 68 58¢ 69 65
% Mo extracted
Mo-21-E Mo-7-E
Drying (°C) 500 80 20 500 80
Sulfidation (°C) No 420 No 420 No No 420 No
Second NH,OH washing: 58 60 33 58 13 65 66 30

% Mo extracted

¢ Computed from the effective total Mo content of the recalcined catalyst, after the slight loss due to volatile

M003.

ygen chemisorption, and selective dissolu-
tion of molybdenum reveals that:

(i) The surface state of Mo varies accord-
ing to the Mo content. This was established
for catalysts activated under thiophene - H,.

(ii) This surface state is very sensitive to
the sulfiding conditions (thiophene or
DMDS).

(iti) Redistribution between soluble and
insoluble Mo readily occurs upon heating.

The methods used here provide a new
approach to the problem of active Mo sur-
face species in the operating catalysts, and
offer an opportunity to check earlier pro-
posals about structural models of HDS cat-
alysts.

Influence of Molybdenum Concentration

The most salient finding concerning the
series of catalysts activated under thio-
phene is the abrupt change in properties ac-
cording to the Mo content: 10% MoOQ;
marks a maximum in the specific activities,
a saturation in the amount of chemisorbed
oxygen at 60°C, and a slackening in the sol-
ubility rate of molybdenum from sulfided
samples upon standard ammonia extrac-
tion. Thus, two different behaviors of mo-
lybdenum are observed at low and high
concentration in these catalysts. These
trends do not clearly appear from catalytic

activity tests reported in the literature
(29, 30), probably due to incomplete stabi-
lization which is especially pronounced in
the high loading region. The maximum in
specific activity can thus easily be shifted,
or missed. It is noteworthy that a transient
state of the catalyst cannot be detected by
the hydrogenation/HDS reaction rate ratio
since both reactions change similarly with
time.

Oxygen chemisorption measurements
provide the best distinction between two
types of catalysts: in the low concentration
range, a good proportionality eXists be-
tween oxygen uptake at 60°C by sulfided
samples and the rate of thiophene hydro-
genolysis, whereas this does not hold for
the more concentrated catalysts.

Individual Catalytic Sites

Since it is generally accepted that two
kinds of sites exist on these catalysts, the
change in catalytic behavior at a particular
value of the Mo content is interpreted as a
change in the distribution of these sites. Ac-
cordingly, the classical HDS mechanism
pictures the active Mo site as a coor-
dinatively unsaturated surface ion which is
in the trivalent state (/6). The anion va-
cancy associated with this Mo is thought to
adsorb sulfur compounds, either through
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the S atom, or through the double bond
(31). A second type of site is postulated
since hydrogen transfer follows the C-~S
bond rupture. It is assumed that sulfur an-
ion groups, bonded to surface Mo atoms,
activate hydrogen from the gas phase and
transfer it, probably as protons, to the or-
ganic molecule.

The marked difference between dilute
and more concentrated Mo catalysts sug-
gests a change in the distribution of the two
kinds of active site on the surface. The lin-
earity between N, and rypgs found in the first
region (low Mo content) indicates that oxy-
gen is a good probe molecule for HDS ac-
tive sites operating on this set of samples.
The proportionality implies a constant ratio
between vacancies and active sulfurs since,
according to Massoth and Kibby (I8), the
HDS reaction rate follows the product of
both site concentrations. Such a correlation
has been reported by Tauster et al. on un-
supported molybdenum disulfide (20) and
interpreted by the authors as meaning che-
misorption of the oxygen molecule on the
edge planes of the MoS, crystallites, re-
sponsible for HDS activity. Thus, the num-
ber of sites is determined by the topography
of the surface.

In the case of sulfided Mo/Al;O; cata-
lysts, since the correlation does not hold in
the whole concentration range studied, we
infer that other factors determine the num-
ber of sites.

Precise information about the mode of
chemisorption of oxygen on sulfided Mo
catalysts at 60°C would be necessary to
convert oxygen uptake into site concentra-
tion. One may reasonably assume that oxy-
gen fills up anion vacancies by analogy with
the chemisorption results on partly reduced
molybdena on alumina at 78 K, as reported
by Millman and Hall (23). However, on the
sulfided catalysts this process is not revers-
ible, and it is likely that the oxygen mole-
cule splits up, reacting with an anion
vacancy and also with a sulfide or SH group
attached on the same ion. Finally, for the
less concentrated samples, the observed
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stoichiometry O/Mo, when corrected for
the first 0.17 X 10~2 mol Mo which is unre-
active toward chemisorption, amounts to a
constant value, i.e., 0.5 O atom per Mo
atom. This indicates that in the concentra-
tion range 3-10% MoOj; the catalyst sur-
face is made up of a juxtaposition of equiva-
lent Mo-containing entities which present a
constant distribution of the two types of ac-
tive sites.

Beyond 10% MoQ,, the increase in activ-
ity without simultaneous increase in oxygen
uptake indicates that the active sites which
ensure a higher activity are not detected by
oxygen. Since oxygen consumption re-
mains constant, we infer that those cata-
lysts do not develop more anion vacancies
than the 10% MoOQO; sample. Therefore at
high Mo loadings the catalysts would show
increasing SH/O ratios, which could ensure
a higher (O) X (SH) value, and thus a
higher activity. The fact that oxygen fails to
detect these extra SH groups would indi-
cate that they are isolated, not directly con-
nected with a vacancy.

Polymolybdates and Polythiomolybdates
as Active Surface Species

The concept of two different operating
sites applies to each of the two structural
models actually proposed, i.e., the mono-
layer model and the MoS, crystallite model.
In the monolayer model (14, 15), Mo ions
are disposed on the surface in registry with
the alumina lattice, and sulfidation keeps
them in strong interaction with the support.
The second model, advocated by de Beer et
al., is based on a complete reorganization
of the oxidic structure during the sulfidation
step, resulting in small MoS, patches di-
luted by the carrier. Since we observe that
the Mo surface species are different at low
and high loadings, dilute catalysts could be
described by the first model, and more con-
centrated samples by the second one. How-
ever, it is then difficult to explain why two
different structures could lead to the same
molybdenum extraction data, that is a con-
stant fraction of the molybdenum remaining
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on the sulfided catalyst after prolonged am-
monia washing, whatever the loading.

Thus the best description of the catalyst
probably arises from a single model. Obvi-
ously, our extraction and sulfur analysis
results rule out the MoS; crystallite model;
they could better fit with the monolayer
model for which molybdenum strongly in-
teracts with alumina in both the oxide and
sulfide form. However, such a model does
not foresee any change in the catalyst prop-
erties at approximately half-coverage of the
carrier (10% MoQ, for an alumina with 238
m? g~! specific area).

The model we have in mind describes
molybdenum as forming polyanion groups
on the surface, these groups being held on
the support by means of some Mo ions em-
bedded into the upper alumina layer. Basic
extraction would selectively dissolve those
Mo ions not connected to alumina. The gen-
esis of this bound-cluster structure has to
be found in the oxidic state, since the same
Mo fraction is extracted from both oxide
and sulfide catalysts. Thus, no major
change in the arrangement of molybdenum
occurs upon sulfiding with thiophene. The
surface entities could be written as follows:

-mm e _m
Mo Mo Thiaphene Mo Mo
Aly 04 Al 04

Wang and Hall (12) have recently in-
voked the concept of bound polymolybdate
species for Mo/AlyO; catalysts. Their size,
however, cannot be defined at present, but
analogy with compounds of known struc-
ture, both in solution or in the solid state,
suggests that they are rather small: x = 7 is
common in polymolybdates, and x = 6 and
12 have been reported for sulfur-containing
anions (32). The size of the clusters may
well depend upon the pretreatment temper-
ature; extraction data only show that the
number of anchoring points increases as
calcination temperature goes from 500 to
700°C.

The picture which emerges for the cata-
lyst is as follows. At the lowest Mo concen-
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trations, up to 3% MoOQj;, spectroscopic evi-
dence (10, 27) is in favor of isolated Mo in
tetrahedral coordination. We suggest that
some of the vacant cation sites in exposed
layers of the alumina support may accom-
modate at least a fraction of these Mo,
making them unreactive toward sulfidation,
chemisorption, and HDS. This conclusion,
however, is not unambiguous, since a con-
stant fraction of these Mo remains extract-
able whereas activity tests (HDS and hy-
drogenation), sulfidation, and chemi-
sorption revealed thresholds at somewhat
different Mo content.

In the intermediate concentration range
(3 to 10% MoQj;) the catalyst is constituted
of juxtaposed isolated clusters fixed on the
support, all of them showing the same spec-
ifications, namely, a constant size, and a
uniform distribution of catalytic sites cre-
ated upon sulfiding as revealed by the fact
that excluding the first Mo’s of the thresh-
old, the stoichiometry O/Mo and the activ-
ity per Mo atom are at a constant value in
the range 3-10% MoQj;. This description
holds for catalyst loadings which do not ex-
ceed half coverage of the alumina carrier.
For more concentrated catalysts, steric fac-
tors lead to an interaction between the Mo
islands, and the clusters condense by
means of sulfur bridges. It is reasonable to
think that condensation occurs through un-
saturated Mo atoms, so that increasing Mo
content, that is multiplying the number of
clusters, does not result in an increase in
vacancy concentration. Finally, the distri-
bution between linked and free Mo still ex-
ists, but the larger size of the islands makes
them more difficult to extract.

With regard to the effect of sulfiding, the
comparison between thiophene and DMDS
is first evidenced by extraction experi-
ments: they confirm that thiophene sulfida-
tion is rather mild, since the frame of the
Mo phase is similar in oxide and sulfide
samples. By contrast, more severe sulfiding
is achieved by DMDS: the higher H,S/H,
ratio on the surface partly destroys the ox-
idic structure, and the fraction of free mo-
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lybdenum increases upon sulfiding. Presul-
fiding with DMDS is thought to tear out
some of the bound Mo ions (such an effect
has been observed in the case of Ni/Al,O,4
catalysts); the liberated Mo could contrib-
ute to enlarge the size of the remaining clus-
ters. The sulfidation degree of the molybde-
num is in line with the mild or severe
sulfiding conditions.

CONCLUSION

The salient findings reported here can be
summarized as follows:

(1) Active site titration on sulfided Mo/
Al,O; catalysts can be achieved by chemi-
sorption. The oxygen probe molecule de-
tects simultaneously the vacancy and anion
in the coordination sphere of a molybde-
num ion. Oxygen adsorption confirms that
HDS activity of sulfided Mo/Al;0; catalysts
cannot be predicted only by titration of the
anion vacancies present on the catalytic
surface.

(2) A new conclusion is suggested from
the structural point of view: molybdenum
ions are grouped in cluster arrangements,
bound to the alumina via molybdenum. Iso-
lated clusters of small size which present
the same concentration in active sites can
be formed at low loadings. In such a struc-
tural arrangement Mo ions exhibit the high-
est intrinsic efficiency. Higher Mo content
does not favor the catalytic properties since
the cluster size increases without increasing
the number of active sites.

(3) Mo catalysts are very sensitive to the
sulfiding process. Changes in structure oc-
cur when increasing H,S partial pressure.

Studies of the influence of promoter ions
on the different Mo phases put forward in
this paper are presently in progress.
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