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The hydrogen content and the reactivity of MoS,/ yAl,O, catalyst
and yAl,O; support mechanical mixtures have been investigated
using high pressure toluene hydrogenation, hydrogen temperature
programmed desorption (H,-TPD), and oxygen chemisorption. It
has been found by H,-TPD and confirmed by the oxygen chemisorp-
tion that, in the presence of a MoS,/yAl,O; catalyst, the yAl,O,
support contains some hydrogen species. These species are there-
fore provided by spillover from the MoS; phase which possesses
the active sites able to dissociate molecular hydrogen. However,
no cooperative effect of mechanical mixtures on toluene hydrogena-
tion activities obtained in typical hydrotreating conditions, i.e., 6
MPa and 350°C, both in the presence and in the absence of a H,S

partial pressure, has been found. © 1994 Academic Press, Inc.

INTRODUCTION

Alumina supported molybdenum disulfide-based cata-
lysts have demonstrated superior catalytic properties for
so-called hydrotreating reactions such as hydrodesulfur-
ization (HDS), hydrodenitrogenation (HDN), and hydro-
genation of olefins and aromatics (HYD) performed under
hydrogen pressure and in the presence of H,S (1, 2). Such
catalysts can be considered to be a two-phase system
composed of MoS, particles in interaction with an alumina
support (3-5).

Among the various properties of an oxide support that
may influence the catalytic properties of the particles of
active phase, its ability to host surface hydrogen species,
generated by spillover from an active phase dissociating
molecular hydrogen, has attracted a great deal of attention
(6-10). The presence of a reactive hydrogen species and
its transport on the surface fromone phase to anotheris well
documented, in particular for metal-based catalysts (6-25).

The presence of a hydrogen species on alumina and
its catalytic effect have been demonstrated in particular
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by studies of Pt/Al,O, + AlLO,, Pt/Al,O; + oxide, or
Pd/AlLO; + AlLO; mechanical mixtures (15-25). The
use of mechanical mixtures appears to be of particular
interest as it allows one to monitor the amount of
surface hydrogen relative to the amount of catalytic
phase without modification of the latter. Such an ap-
proach has been used by Ceckiewicz and Delmon (15)
to show that mechanical mixtures of Pt/Al,O; + Al,O,
were more active in the benzene hydrogenation reaction
at 100-200°C and atmospheric pressure than the geomet-
ric sum of the activities of each partner taken separately.
These results confirmed earlier observations made by
several groups (16-25).

In the case of sulfide catalysts, it is now well established
that bulk MoS, (26-36) and alumina supported MoS,
(37-40) contain hydrogen species on the surface after
pretreatment under hydrogen. A study of the hydrogen
content of MoS,/yALO; + yAlLO; mixtures using the
hydrogenation of a diene under an inert gas has also shown
that hydrogen species generated by the MoS, active phase
migrate onto the yAl,O, support (40). On the carbon sup-
port, direct observation of hydrogen spillover from MoS,
or iron sulfides by electron microscopy has been recently
reported (41).

The use of mechanical mixtures of a MoS,/AlLO,
catalyst and its alumina support appears to be a fruit-
ful means to investigate the potential role of surface
hydrogen species that have spilled over onto the
support surface from an activating source in reactions
involving catalytic hydrotreating. In this work, the hy-
drogen content of MoS,/yAlLO; + yAl,O; mechanical
mixtures has been determined by temperature pro-
grammed desorption of hydrogen (H,-TPD) in order to
verify the presence of hydrogen species on the alumina
surface. The effect of these species on the activity for
toluene hydrogenation performed at operating conditions
typical of hydrotreating reactions, i.e., at high hydrogen
pressure, reaction temperature higher than 300°C, and
both in the presence and in the absence of H,S, was
then investigated.
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MoS,/yALO; AND yAl,O; MECHANICAL MIXTURES

EXPERIMENTAL

Catalyst

The M0O,/yAl,O, catalyst was prepared by pore-filling
impregnation of a yAl,O, support (Rhone-Poulenc, cylin
drical pellets, 1.2 mm in diameter, specific surface area
240 m?/g, pore volume 0.57 cm®/g) with an ammonium
heptamolybdate solution ((NH)Mo,0,, - 4H,0, Merck).
The impregnated solid was then dried at 120°C overnight
and calcined at 500°C for 4 h. The Mo loading measured
by X-ray fluorescence was 10.2 wt% Mo. The MoO,/
vALO; + yALO; mechanical mixtures were generally
made using the catalyst and the yAl,O, support in pellet
form. Some experiments were, however, performed using
a mixture of ground catalyst and ground yAl,O, support
in the particle size range 0.1-0.25 mm.

All catalyst and support samples were calcined at 500°C
for 2 h prior to preparing the mechanical mixture and
carrying out the catalytic tests. Each mixture was ob-
tained by mixing the components in a flask and shaking
them until the catalyst particles appeared to be uniformly
distributed in the alumina and vice versa.

Hydrogen Thermodesorption

The hydrogen thermodesorption (H,-TPD) experiments
were carried out using a x-SORB semiautomatic solid
catalyst characterization unit from GIRA. All catalyst
sulfidation and pretreatments were performed in situ using
a bypass gas handling circuit which circumvented the in-
line traps and detector.

For each experiment, 1 g of catalyst or mechanical
mixture of catalyst + alumina support in pellet form was
sulfided at 400°C using a H,/H,S (85/15 v/v) mixture, from
Air Liquide, at atmospheric pressure for 2 h. Then the
samples were cooled in the sulfiding mixture and purged
in argon for 1 h before switching the flow to the H,/Ar
(5/95 v/v) reduction mixture. The reductive pretreatment
was then carried out in the H,/Ar mixture, using a temper-
ature ramp of 15°C/min, to the desired temperature for 1
h. The samples were then cooled to 50°C before the gas
flow was switched to pure argon and the temperature was
maintained for 1 h. The H,-TPD experiments were carried
out between 50 and 1000°C using a heating rate of
30°C/min.

The analysis of the sulfided catalyst cooled under H,/
H,S and then purged under He at 50°C gave 9.4 wt% Mo
and 6 wt% S.

Oxygen Chemisorption

The oxygen chemisorption experiments were carried
out using the same apparatus employed for the H,-TPD
experiments. Similar quantities and sulfiding procedures
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were also used. After sulfiding at 400°C for 2 h, the catalyst
was cooled under He to reach the temperature of 60°C
used for the oxygen chemisorption (42). In another set of
experiments, the catalyst was cooled under H,/Ar after
sulfiding to the 300°C reduction temperature and, after
standing for 1 h at that temperature, cooled under pure
He to 60°C. After purging in pure He, the amount of O,
chemisorbed by the sample at 60°C was determined by
injecting from 30 to 50 pulses of 0.5 ml O, onto the catalyst.

Toluene Hydrogenation Tests

Toluene hydrogenation tests were performed in a high
pressure continuous flow ‘‘catatest’” unit from Vinci
Technologies, France. For each test, 40 ¢cm® of catalyst
or catalyst + alumina support mechanical mixture in pel-
let form or ground in the particle size range 0.1-0.25 mm
has been used. Prior to the catalytic tests, the samples
were sulfided in situ by passing a feed containing 2 wt%
dimethyl-disulfide in cyclohexane over the catalyst at 6
MPa, liquid hourly space velocity (LHSV) of 2 h~! from
room temperature to 350°C with a ramp of 2°C/min, fol-
lowed by standing 4 h at 350°C.

All catalytic tests have been performed at a total pres-
sure of 6 MPa, a reaction temperature of 350°C, and a
liquid hourly space velocity (LHSV) of 2 h~!. For the
tests performed in the presence of H,S, a liquid feed
composed of 20 wt% toluene, 2 wt% thiophene, and 78
wt% cyclohexane was used. For the tests with no H,S,
the following procedure was implemented. After sulfiding,
pure cyclohexane was passed over the catalyst for 2 h at
350°C and for 16 h at 150°C. Then the temperature was
raised to 350°C under pure hydrogen and maintained 2 h
before injection of a liquid feed composed of 20 wt%
toluene and 80 wt% cyclohexane. Steady-state activities
were determined after 4 h time on stream.

The reaction products were analyzed by gas chromatog-
raphy using a 50-m PONA column at 60°C and a flame
ionization detector.

A first order kinetic law was used to compute the hydro-
genation rate coefficient £ in mol/kg/h from the conver-
sion of toluene in hydrogenated products.

RESULTS

Hydrogen Content of Mechanical Mixtures

Hydrogen desorption profiles were measured for a
series of MoO;/yAlL,O; catalyst and yAl,O, support me-
chanical mixtures which had been sulfided at 400°C and
had undergone reductive treatment in hydrogen at 300
or 500°C. Desorption profiles for the sulfided catalysts,
the sulfided alumina support, and various mechanical
mixtures (in wt% of catalyst in mixture) are shown in
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H,-TPD profiles of sulfided mechanical mixtures of MoO;/yAl,O, catalyst and yAl,O, support (in wt% support/wt% catalyst) pretreated

under H, at 300°C (left) or 500°C (right) after sulfidation at 400°C and before TPD.

Fig. 1. In this figure, it can be seen that the alumina
sample had an almost featureless H,-TPD profile com-
pared to the samples containing a portion of the MoS,/
Al O, catalyst. All samples containing some MoS,/Al,0,
catalyst show features similar to the MoS,/Al,O; cata-
lyst alone.

The H,-TPD desorption profiles for mixtures reduced
at 300 and 500°C are characterized by a low temperature
and a high temperature peak. In Fig. 1, the low tempera-
ture peak dominates for the samples reduced at 300°C,
whereas the high temperature peak dominates for the
samples reduced at 500°C. The relative intensities of
these two peaks have been found to depend strongly
on the reduction temperature with the low temperature
peak centered at approximately 400°C decreasing in
intensity and the high temperature peak at about 500°C
increasing in intensity as the reduction temperature
increases (38).

In Fig. 2, plots of the amount of H, desorbed per gram
of sample versus the weight percent of catalyst in the
sample for the two reduction temperatures reveal two
linear relationships. Pure alumina does not desorb a de-
tectable amount of H, for either reduction temperature.
Extrapolation of the straight lines of Fig. 2 to the pure
alumina sample leads to a value of 40 umol H,/g (0.2

H/nm?) and 55 umol H,/g (0.27 H/nm?) of hydrogen pres-
ent on the Mo—free-alumina support in the presence of
the catalyst after reduction at 300 and 500°C, respectively.

The presence of hydrogen species on the alumina sur-
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face in the presence of the active phase must be taken
into account to estimate the amount of hydrogen on the
MoS, phase. In Table 1, two cases have been considered
in computing a H/Mo ratio. In the first case (H/Mo?), it
is assumed that no hydrogen is present on the alumina
surface of the catalyst. In the second case (H/Mo"), it is
assumed that the alumina surface of the catalyst contains
the same amount of hydrogen per nm? as the Mo—free-
alumina support. As the mechanical mixtures have always
been pretreated and analyzed by H,-TPD using the same
conditions, the MoS, phase should always contain the
same amount of hydrogen, which is well verified in Table
1 in the two cases. The differences in terms of H/Mo ratio
between the two modes of calculation are not negligible
and indicate that the H/Mo ratio can be overestimated if
the presence of hydrogen species on the support surface
is not taken into account.

Oxygen Chemisorption

The results obtained from oxygen chemisorption are
qualitatively very similar to the H,-TPD results. The plots
of the amount of oxygen chemisorbed versus the composi-
tion of the mechanical mixture are reported in Fig. 3.
Straight lines are obtained which, by extrapolation, allow
us to determine that in the presence of the catalytic phase,
the free-alumina support is able to chemisorb about 17
umol O,/g after cooling under He and 22 umol O,/g after
reduction at 300°C and cooling under He. Clearly, not

TABLE 1

Amount of H, Desorbed in H,-TPD Experiments by Mechanical
Mixtures of MoS,/yALO; + yAl,O; Pretreated under H, at (A)
300°C and (B) 500°C

Amount of hydrogen desorbed

Weight of mot mol
catalyst H,/kg H,/kg
(%) mixt. cat. H/Mo?® H/Mo*
(A) 0 0 —_ — —
(0.04)°
25 0.072 0.168 0.34 0.27
50 0.099 0.158 0.32 0.25
75 0.120 0.147 0.30 0.23
100 0.158 0.158 0.32 0.25
(B) 0 0 —_ — .
(0.055)°
25 0.094 0.211 0.44 0.34
50 0.128 0.201 0.42 0.32
75 0.169 0.207 0.43 0.33
100 0.204 0.204 0.42 0.32

¢ Extrapolated from Fig. 2.
¢ No H on alumina surface of catalyst.
¢ H on alumina surface of catalyst.
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FIG. 3. Variation of the amount of O, chemisorbed at 60°C versus

the composition of the MoO;/yAl,O; and yALQO; mechanical mixture
sulfided at 400°C and (M) cooled under He, (A) reduced under H, at
300°C and cooled under He.

much difference in the amount of O, chemisorbed is in-
duced by the reduction pretreatment at 300°C. The alu-
mina alone led only to traces of chemisorbed oxygen for
both types of pretreatment.

These results suggest that the hydrogen species present
on the alumina support surface generated by spillover
plays a role in the oxygen chemisorption, a possibility
that has seldom been emphasized in the literature. In this
respect, an interesting, although qualitative, observation
must be reported, namely, the detection of water conden-
sation on the wall of the cell containing the catalyst follow-
ing O, chemisorption, whereas before O, chemisorption
or in the presence of the alumina support alone, the wall
showed no evidence of water condensation. This suggests
that a portion of the chemisorbed oxygen molecules has
reacted with some adsorbed hydrogen species to form
water.

Using the amount of O, chemisorbed on the alumina
support extrapolated from the straight lines of Fig. 3, it
is possible to verify in Table 2 that an approximately
constant amount of oxygen is adsorbed by the MoS, phase
in the various mechanical mixtures. In this quantity of O,
chemisorbed by MoS,, there will, however, be a fraction
consumed by reaction with the MoS, hydrogen surface
species.

Toluene Hydrogenation Activity of Mechanical
Mixtures

The catalytic properties of the mechanical mixtures
have been determined for toluene hydrogenation, i.e., a
demanding reaction for sulfide catalyst, using experimen-



480

TABLE 2

Amount of O, Chemisorbed at 60°C by Mechanical Mixtures of
MoS,/yAlL,O; + yAl,O; Sulfided at 400°C and (A) Cooled under
He, (B) Reduced at 300°C and Cooled under He

Weight of Amount of O, adsorbed
catalyst
(%) mol O,/kg mixt. mol O,/kg cat. o/
Mo
(A) 0 Trace — —
0.017)¢
10 0.034 0.19 0.35
25 0.056 0.17 0.32
50 0.085 0.15 0.35
75 0.13 0.16 0.305
100 0.17 0.17 0.32
(B) 0 Trace — —
(0.022)¢
10 0.039 0.19 0.35
25 0.067 0.20 0.37
50 0.107 0.19 0.35
75 0.150 0.19 0.35
100 0.195 0.195 0.36

¢ Extrapolated from Fig. 3.

tal conditions close to those used in hydrotreating. The
toluene hydrogenation activities obtained at 6 MPa and
350°C in the presence of H,S generated by the decomposi-
tion of thiophene or in the absence of H,S versus the
composition of the mechanical mixture are shown in Fig.
4, Linear relationships are clearly obtained for the tests
in the presence or in the absence of H,S which pass
through the zero activity determined for the alumina sup-
port alone. Mixtures of ground catalyst and ground alu-
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FIG. 4. Variation of toluene hydrogenation activity of 6 MPa and
350°C versus the composition of sulfided MoQO,/yAl,O; and yAl,O; me-
chanical mixtures tested in the presence of H,S ((CJ) pellets, () powder)
or tested in the absence of H,S ((A) pellets).
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mina have also been tested in the presence of H,S and no
differences with the mixture of pellets have been detected.
The computation of the hydrogenation rate coefficient for
the catalyst is reported in Table 3 and gives a constant
value, indicating that only the MoS, phase is responsible
for the catalytic activity in toluene hydrogenation under
these conditions.

DISCUSSION

Of initial interest in the present discussion is the obser-
vation that both H,-TPD and O, chemisorption results
lead to the same conclusion, i.e., the presence of hydrogen
species on the Mo—free-alumina support when it has been
mechanically mixed with a MoS,/AlLO, catalyst. This is
indicated by the fact that the reduced alumina support
alone led to traces of H, desorption and traces of O,
adsorption when compared to the MoS,/Al,O, catalyst,
whereas the reduced mechanical mixtures desorbed more
hydrogen than would be expected if only the MoS, phase
were considered.

These results are in good agreement with those reported
by Jalowiecki et al. (40) for MoS,/Al,O; + Al,O; mechani-
cal mixtures using a different technique, namely, hydro-
gen titration by 2-methyl-1,3-butadiene hydrogenation in
He and with those for noble-metal-based mechanical mix-
tures reported by several authors (14-22).

Oxygen chemisorption has been employed previously
to investigate the number of active sites on MoS,-based
catalysts (42-44). One drawback of the technique has

TABLE 3

Toluene Hydrogenation Activity in (A) the Presence of H,S and
in (B) the absence of H,S, at 6 MPa, 350°C, LHSV = 2 h™! of
Mechanical Mixtures of MoS,/yAl,O; + vAl,O; Support

k hydrogenation

Weight of catalyst

(%) mol tol/kg mixt./h mol tol/kg cat./h

(A) Q4 0 —_—
10¢ 0.026 0.26

25¢ 0.070 0.28

25% 0.066 0.26

504 0.14 0.27

75¢ 0.19 0.25

1004 0.26 0.26

100% 0.26 0.26

(B) 0¢ 0 —
10¢ 0.055 0.55

254 0.11 0.46

50¢ 0.25 0.50

75¢ 0.35 0.47

1004 0.50 0.50

4 Pellets, 1.2 mm in diameter.
b Particle size, 0.1-0.25 mm.
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been the fact that it is a rather nonspecific technique and
hence, discriminating between different sites based on
the O, adsorption data has proven to be difficult. This is
particularly evident for two-phase systems such as sup-
ported catalysts, where contributions from both the sul-
fide and the support phases are difficult to separate. O,
chemisorption on the pure alumina was negligible, sug-
gesting that no active O, chemisorption sites were present
on the alumina surface. The excess of O, chemisorbed
can be related to the presence of hydrogen species on the
alumina surface and it can be concluded that the contribu-
tion of the support to the total quantity of O, chemisorp-
tion by the mixture is a result of the reaction of oxygen
with spilled over hydrogen to form water.

It is interesting to note that the intercepts of Figs. 2
and 3 yield the values of 40 umol H,/g and 22 umol O,/
g, respectively, when the sulfided sample was reduced at
300°C. The H,/O, ratio of 1.9 confirms that water forma-
tion does occur on the alumina support from the interac-
tion of oxygen with spilled over hydrogen. It is also sig-
nificant to note that as the quantity of the catalytic phase
increases, the quantity of desorbed hydrogen and ad-
sorbed oxygen does not increase in a parallel manner.
Rather, the slope of the O, chemisorption plot increases
more rapidly (1.53 umol O,/wt% cat.) than the corre-
sponding slope for the quantity of desorbed hydrogen
(versus 1.18 umol H./wt% cat.). The ratio H,/O, = 0.75
is found for the pure MoS,/Al,O, catalyst. This ratio indi-
cates that there is more O, chemisorbed than is required
to react with MoS, surface hydrogen. Thus, after the
reaction of O, with the surface hydrogen, MoS, surface
sites are left free for O, adsorption.

In the H,-TPD and O, chemisorption experiments de-
scribed in this work, pellets of a large size (1.2-mm diame-
ter and about 5-mm length) have been used. The presence
of hydrogen species on the Mo-free alumina shows that
long range migration of hydrogen has occurred from the
MoS, active phase to the alumina and vice versa during
the H, desorption.

The techniques used to probe the hydrogen content of
the mechanical mixtures provide complementary informa-
tion on the location of sites for the hydrogen activation.
Both alumina sites or MoS, sites could dissociate molecu-
lar hydrogen, but the lack of noticeable hydrogen desorp-
tion from Mo—free-alumina pretreated at 300°C rules out
the ability of alumina to dissociate hydrogen for these H,
pretreating conditions. H, dissociation on alumina has,
however, been proposed in the literature (45) and may
occur at higher reduction temperatures. Nevertheless,
when hydrogen species are supplied by the hydrogen acti-
vating phase, MoS,, or a noble metal, it might be possible
that alumina sites allow hydrogen desorption. The lack
of change of the shape of the H,-TPD profiles of mixtures
suggests that this is not the case unless hydrogen desorbed
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in the same temperature range. It is worth recalling, how-
ever, that H, pretreated alumina (usually at temperatures
higher than 300°C) and also calcined alumina have been
found to be able to isomerize olefins, a reaction associated
with the presence of Lewis acid sites (46, 47). In addition,
alumina and silica activated by spillover hydrogen are
known to hydrogenate various hydrocarbons (6, 48), indi-
cating that these supports can possess catalytic hydroge-
nation sites.

The hydrogenation activity of the MoS, phase deter-
mined in experimental conditions to be typical of hydro-
treating reactions, and in particular in the presence of
H,S, has not been perturbed by the presence of various
amounts of alumina, as shown in Fig. 4 and Table 3. It
is puzzling that no cooperative effect is found in this work
when a cooperative effect has been found for benzene
hydrogenation at less than 200°C over Pt/Al,O, + AlO,
by Ceckewicz and Delmon (15). It can be argued that the
presence of H,S could offset the effect because of the
strong adsorption of this reactant on the alumina and
MoS, surface sites. Indeed, the results of Ceckewicz and
Delmon (15) indicate that the cooperative effect occurs
only in very clean conditions, which is usually not the
case for hydrotreating reactions. The test performed with-
out any sulfur in the feed also showed no cooperative
effect, suggesting that H,S is not the cause of the lack of
cooperative effect, although trace impurities of sulfur may
not have permitted the detection of the effect if any
were present.

In this work, tests with ground particles in the range
100-250 um, i.e., the same size as used by Ceckiewicz and
Delmon (15), also showed no cooperative effect. Thus,
differences in particle size cannot be advocated. In addi-
tion, both the TPD and O, chemisorption were performed
with extrudates and showed the effect.

Impurities on the alumina or the catalysts are also a
possible factor of discrepancy. Fe impurities on the alu
mina cannot really be suspected, as it has been shown
that a large amount of Fe has a limited effect (15). The
amount of carbon on the used catalysts has been found
to be small at 0.5 wt%. This might be a cause for the lack
of effect as reported in Ref. (15), but one has to remember
that coke deposits are always present on hydrotreating
catalysts.

The 350°C reduction temperature used in this work
may not have been high enough to efficiently activate
the alumina surface compared to the 450°C used in Ref.
(15) and 430°C in Ref. (48). However, this may be
compensated by the high hydrogen pressure employed.
This high hydrogen pressure is the major experimental
difference with the work of Ceckiewicz and Delmon
(15). It is not certain that in such conditions the spillover
hydrogen is provided to the alumina support with a
rate sufficient to allow an increase of the hydrogenation
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activity compared to the high intrinsic activity of the
MoS, phase.

The existence of a cooperative effect in MoS,/ALO,; +
AlLO; mechanical mixtures for aromatic hydrogenation
cannot be completely ruled out on the ground of the exper-
iments reported in this work. However, as far as a typical
reaction of hydrotreating catalysis is concerned, no coop-
erative effect is detectable. In these conditions, either
there is no hydrogen species on the Mo—free-alumina sur-
face and therefore no hydrogenating sites (48), or the
presence of hydrogen species on the alumina surface has
no direct effect on the hydrogenation activity of the MoS,
active phase.

MoS,/alumina catalysts are usually promoted by cobalt
or nickel. The promoter may produce or accept spillover
hydrogen (41) and possibly modify the observations made
for the MoS, alone. Work is in progress to address the
effect of the presence of a promoter on the hydrogen
content and hydrogenation activity in hydrotreating con-
ditions of mechanical mixtures.

CONCLUSION

Both the H,-TPD and O, chemisorption experiments
performed on mechanical mixtures of a MoS,/alumina
catalyst and its alumina support demonstrate that in the
presence of the catalyst, some hydrogen has spilled over
to the alumina support surface. The presence of such
surface hydrogen species influences the amount of oxygen
chemisorbed at 60°C, as some reaction between adsorbed
oxygen and surface hydrogen species to form water seems
to occur.

No detectable cooperative effect of the mechanical mix-
ture on the toluene hydrogenation activity at high pressure
was found, whether the feed contained sulfur or not. Al-
though the experiments do not rule out the existence of
such an effect under very clean conditions, this suggests
that under typical hydrotreating conditions, either there
are no hydrogen species present on the alumina surface
or the presence of hydrogen species on the alumina sur-
face has no direct effect on the catalytic activity of the
MoS, phase.
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