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The influence of the Si/Al ratio of the support of (Co)Mo/saponite
catalysts on the performance in the hydrodesulfurisation of thio-
phene and hydrocracking of n-decane has been studied. The ini-
tial thiophene HDS activity of the sulfided Co catalysts increased
with increasing support acidity, while with the CoMo catalysts the
opposite effect was observed. The large drop in activity at lower
Si/Al ratios is ascribed to the occurrence of two separate cobalt and
molybdenum sulfide phases instead of the “Co–Mo–S” phase. In
the hydrocracking of n-decane both the Co and the CoMo catalysts
displayed an almost linear relationship between the first-order rate
constant and the number of Brønsted acid sites. As with zeolite
catalysts the Si/Al ratio was also found to affect the product selec-
tivity. At low Si/Al ratios the relative amount of secondary cracking
products increased due to a changing balance between the number
of cracking and hydrogenation sites. Remarkably, it was found that
in the presence of H2S between 423 and 573 K the n-decane con-
version passes through a maximum. The observed relation between
this “low-temperature” activity and the number of Brønsted acid
sites seem to indicate the involvement of both H2S and the acid sites
on the support. c© 1999 Academic Press
INTRODUCTION

Over the past years clay minerals have attracted increas-
ing attention due to their activity in acid catalyzed reac-
tions (1–4). An interesting application is their use as sup-
port in (mild) hydrocracking catalysts (5). Hydrocracking
catalysts are bifunctional catalysts consisting of a hydro-
genation component such as a noble metal or metal sulfide,
supported on an acidic carrier (6). Typically, hydrocracking
catalysts contain zeolites of the faujasite topology (zeolite-
Y), which posses favorable acidic properties (7–11). How-
ever, the limited poresize of zeolites can lead to mass trans-
port limitations of the feed molecules or even exclusion
effects in cases of heavy crudes. The “house-of-cards” struc-
ture of clay minerals might avoid these transport limitations,
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which, combined with their acidic properties, makes clays
an interesting alternative next to zeolites.

Several studies report on the use of smectite clays in hy-
drocracking or hydrotreating applications. Kloprogge et al.
(12), Sharma et al. (13), and Sychev et al. (14, 15) reported on
the use of pillared montmorillonites in the hydrodesulfur-
ization of thiophene. Noble metal catalysts on clay supports
displayed a promising performance in hydroisomerization
and hydrocracking of model compounds such as n-hexane
or n-decane (16–19). Further, tests with gas oil feedstocks
were reported by several authors including Occult et al.
(20), Monnier et al. (21), and Min (22).

In most of the above-mentioned studies natural clays
or clays synthesized under hydrothermal conditions were
used. Recently, our group reported on a novel route of syn-
thesis under nonhydrothermal conditions of a class of 2 : 1
trioctahedral clays called saponites (23). Saponites are lay-
ered silicates that are built from octahedral and tetrahedral
sheets. The tetrahedral sheets consist of a hexagonal net-
work of primarily (SiO4)4− tetrahedra that are interlinked
by sharing all three oxygen corners. Substitution of Si by Al
creates Brønsted acid sites similar to zeolites. The octahe-
dral layer is sandwiched between the tetrahedral layers and
consists of divalent cations octahedrally coordinated by the
apical oxygens of the tetrahedral layer and extra hydroxyl
groups. In a former study we explored the use of saponites
as supports in hydroprocessing catalysts (24). It was found
that the lattice of Co, Ni, and Zn saponites collapses on
exposure to H2S due to sulfidation of the octahedral layer.
Clays containing Mg ions in the octahedral layer are not
liable to sulfidation.

In this study the influence of surface acidity of the
saponite support on the catalytic performance of sulfided
(Co)Mo catalysts is reported. The surface acidity is varied
by changing the Si/Al ratio of the tetrahedral layers. Since in
many hydrocracking operations hydrodesulfurization also
is important two model reactions were employed: hydro-
cracking of n-decane and HDS of thiophene. Although
the process conditions of these model tests do not resem-
ble commercial operation, the results help to gain a better
insight in the effect of a varying Si/Al ratio of the support on
3
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the catalytic properties. As already well known with zeolite
catalysts (25) it will be demonstrated that in hydrocrack-
ing the balance between the number of hydrogenation and
acid sites has a pronounced effect on the product selectivity.
Additionally, in both thiophene HDS and n-decane hydro-
cracking the activity is affected by the Si/Al ratio. With hy-
drocracking an almost linear relationship is found between
the number of Brønsted acid sites and the conversion of
n-decane.

METHODS

Preparation

Saponites with Mg as the octahedral ion and with vary-
ing Si/Al ratios were synthesized at atmospheric pressure
as described by Vogels et al. (23). Si/Al gels were pre-
pared from an aqueous solution containing the required
amounts of sodium silicate (Merck p.a., 27 wt% SiO2) and
Al(NO3)3 · 9H2O and aged at room temperature for 1 h.
The gels were diluted with demineralized water and the re-
quired amounts of urea and Mg(NO3)2 · 6H2O were added.
After synthesis at 363 K for 24 h the saponites were washed
with water and ion-exchanged with a 1 M NH4NO3 solution.
The exchanged samples were dried at 393 K and calcined
in air at 723 K. For reasons of comparison stevensites (no
substitution of Si by Al) were also prepared as described
above, but starting from a Si gel only.

After calcination the products were characterized with
X-ray diffraction to check that trioctahedral clays had been
synthesized. Nitrogen physisorption experiments were car-
ried out to determine the specific surface areas and pore vol-
umes. Typically, Mg saponites have surface areas between
500 and 600 m2/g and pore volumes between 0.3 and 0.5 cc/g.

Co (4 wt% CoO) and CoMo (4 wt% CoO and 11 wt%
MoO3) catalysts supported on saponites with Si/Al ratios
of 6, 26, and 39 and on stevensites were prepared by in-
cipient wetness (co)impregnation of the various Mg clays
with aqueous solutions containing the required amounts
of Co(NO3)3 · 6H2O and (NH4)6Mo7O24 · 6H2O (the con-
centration of the impregnation solutions was varied due
to varying pore volumes). The impregnated catalysts were
subsequently dried in an air flow at 298 K, dried in stagnant
air at 393 K, and calcined at 723 K.

Characterization with EXAFS

The Co and CoMo impregnated Mg stevensites and
saponites with a Si/Al ratio of 26 and 6 were characterized
with EXAFS at the Co–K and Mo–K edges, respectively.
The measurements were performed at EXAFS station 9.2
of the SRS at Daresbury (U.K.). The catalyst samples were

pressed into self-supporting wafers and mounted in an
in situ EXAFS cell (26). After sulfidation for 30 min at
673 K (298–673 K, 10 K/min) in a flow of H2S/H2 (10/90),
D ET AL.

spectra were recorded at liquid nitrogen temperature. The
Si(220) double crystal monochromator was detuned to 50%
intensity to minimize the presence of higher harmonics. The
measurements were all carried out in transmission mode
using optimized ion chambers as detectors.

Standard procedures were used to extract the EXAFS
data from the measured absorption spectrum. Normaliza-
tion was done by dividing the data by the height of the
absorption edge and the background was subtracted using
cubic spline routines (27). Phase shifts and backscattering
amplitudes for calculating the EXAFS contributions were
obtained from reference compounds: CoS2 for the Co–S,
CoO for the Co–Co, and MoS2 for the Mo–S and Mo–Mo
absorber–backscatterer pair (28, 29). Multiple shell fitting
of the EXAFS data was done in R space. The difference
file technique was applied together with phase-corrected
Fourier transforms to resolve the different contributions
(30). A full optimization of the fits was performed by allow-
ing all parameters of all contributions to vary. Coordination
numbers were corrected for the difference in absorber–
backscatterer distance between reference compound and
unknown assuming an electron mean free path of 5 Å (31).
The XDAP data analysis software program was used (32).

TGA–TPD of Adsorbed n-Propylamine

TGA and TPD measurements were performed simulta-
neously using a Perkin Elmer TGS-2 microbalance con-
nected to a Fison Instruments quadrupole mass spectrom-
eter. Adsorption was carried out by equilibrating the clay
products with n-propylamine vapor at room temperature
for 24 h. A weighed amount of sample between 8 and 10 mg
was placed in the microbalance and exposed to a 60 ml/min
flow of N2/Ar (10/50). After 30 min the temperature was
raised from room temperature to 1173 K with a linear heat-
ing rate of 10 K/min.

Catalytic Testing

Catalytic experiments were performed using an auto-
mated microflow apparatus. For each experiment 0.25–
1.0 ml of catalyst precursor (sieve fraction 150–425µm) was
placed in a quartz lab reactor (8 mm Ø). Prior to the HDS
measurements the catalyst was sulfided in a 100 ml/min flow
of H2S/H2/Ar (10/40/50) while the temperature was linearly
raised from 298 to 673 K (5 K/min) and kept at this temper-
ature for 30 min. Then the flow was switched to 50 ml/min
of 2.4 vol% thiophene in H2/Ar (45/5) at atmospheric pres-
sure. Analysis of the reactor effluent was done using a gas
chromatograph equipped with a Chrompack CP-Sil-5 CB
column and a FID. The conversion after 2 min on stream
was measured and used to calculate a pseudo-first reaction
rate constant (k) according to the relation (33)
k = 1
τ · ρ ln

1
1− x

, [1]
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in which τ is contact time (s), ρ packing density (kg/dm3),
and x conversion. In order to calculate a meaningful rate
constant in a second series of experiments the conversion
was kept below 90% by changing the space velocity with the
different samples. To prevent slip, the weighed amount of
catalyst was diluted with quartz powder (Merck p.a., sieve
fraction 200–800 µm) to a total volume of 1.0 ml. It was
checked that the choice of taking the conversion at 2 min
on stream led to reproducible results.

In order to study deactivation, one of the catalysts was
given an oxidative treatment after 6 h HDS at 673 K. The
catalyst was heated in O2/Ar (10/90, 100 ml/min) with a rate
of 5 K/min from RT to 773 K. After cooling down the sample
was again sulfided and exposed to thiophene at 673 K.
The catalytic performance in hydrocracking was tested in
the conversion of n-decane at atmospheric pressure. After

(thin line), and sulfided Co/saponites with Si/Al ratios of 26 (dashed line) a
fit of Co/saponite with Si/Al= 6. (C) Fourier transforms (k3, 1k= 3.2–12.0
sulfided CoMo/stevensite (thin line), and sulfided CoMo/saponites with Si/A
(k2, 1k= 3.70–14.0 Å) and best fit of CoMo/saponite with Si/Al= 6.
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2.7 vol% n-decane in H2/H2S/Ar (44.5/0.5/5). The feed con-
tained 1000 ppm H2S to ensure that the catalyst stayed in its
sulfided state. The conversion was measured during 12 h on
stream at 673 K and a pseudo-first-order reaction rate con-
stant was calculated according Eq. [1] after 2 min on stream.
The selectivity of the catalysts at 673 K was studied at an
intended conversion of 40% (at 2 min on stream) accom-
plished by changing the contact time. In other experiments
the catalysts were cooled down to 423 K after sulfidation
and the conversion curve was measured at every 15 K at
temperatures between 423 and 673 K.

RESULTS
Characterization

The sulfided Co and CoMo catalysts were characterized

sulfidation at 673 K the flow was switched to 50 ml/min of

FIG. 1. (A) Fourier transforms (k3, 1k= 2.90–8.60 Å) of the EXAFS data obtained at the Co–K edge of Co9S8 (solid line), sulfided Co/stevensite
3 ˚

with EXAFS. Figure 1A shows the k3 weighted Fourier
nd 6 (dotted line). (B) Fourier transform (k , 1k= 2.90–8.60 A) and best
Å) of the EXAFS data obtained at the Mo–K edge of MoS2 (solid line),
l ratios of 26 (solid-dotted line) and 6 (dotted line). (D) Fourier transform
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TABLE 1

Data Analysis Results of Co–K and Mo–K EXAFS of Sulfided
Clay Supported Co (4 wt%) and CoMo (4 and 11 wt%, Respecti-
vely) Catalysts

Scatterer N 1σ 2 (10−4 Å2) R (Å) 1E0 (eV)a

Co/stevensite
Co–S 2.8 27 2.21 4.7
Co–Co 1.0 −55 2.51 2.2

Co/saponite Si/Al= 26
Co–S 3.0 25 2.21 3.2
Co–Co 1.0 −52 2.51 1.8

Co/saponite Si/Al= 6
Co–S 4.0 24 2.21 3.0
Co–Co 0.6 −49 2.51 3.3

CoMo/stevensite
Mo–S 5.9 31 2.41 4.0
Mo–Mo 0.3 20 2.70 0.0
Mo–Mo 2.3 15 3.16 1.9

CoMo/saponite Si/Al= 26
Mo–S 5.8 30 2.41 3.6
Mo–Mo 0.3 19 2.70 0.4
Mo–Mo 2.3 19 3.16 1.8

CoMo/saponite Si/Al= 6
Mo–S 5.8 51 2.42 0.9
Mo–Mo 0.4 19 2.68 1.7
Mo–Mo 2.1 15 3.14 6.1

a The estimated accuracy of the fit parameters is 20% for N and 1σ 2

and 1% for R and 1E0.

transform of the Co impregnated stevensite and saponites
with Si/Al ratios of 6 and 26. For reasons of comparison
the graph also contains the Fourier transform of crystalline
Co9S8. In Co9S8 the peak between 1 and 3 Å consists of
both five sulfur neighbors at 2.21 Å and three Co atoms at
2.51 Å. A second Co–Co contribution of three Co neigh-
bors is present at 3.54 Å (28). As shown in Fig. 1A the
amplitude of the Fourier transform of the catalyst samples,
notably at the right-hand side (Co–Co), was reduced com-
pared to the bulk sulfide. This is partly due to a decrease
of the Co–Co contribution at 2.51 Å (Table 1). The low
value of 1.0 of the Co–Co coordination number indicates a
highly dispersed cobalt sulfide species in accordance with
the almost absence of a second peak in the Fourier trans-
form between 3 and 4 Å. When it is assumed that no bulk
sulfide had been formed the average metal sulfide parti-
cles contain about 2 Co atoms. The low number of sulfur
neighbors, between three and four, suggests that at least
part of the Co atoms remains coordinatively unsaturated.
It was not possible to incorporate a Co–O contribution in
the fit. The quality of the fits is demonstrated in Fig. 1B,
which presents the Fourier transform of measured data of
the saponite sample with Si/Al= 6 together with the best fit.
In Fig. 1C the Fourier transforms are shown of the data
obtained at the Mo–K edge of the sulfided CoMo catalysts
together with that of crystalline MoS2. The second shell
ET AL.

peak between 2.5 and 3.2 Å is due to Mo backscatterers at
3.16 Å and its amplitude is a direct indication of the MoS2

dispersion (34). The low Mo–Mo coordination number of
about 2 (Table 1) points to molybdenum sulfide slabs con-
taining on average about three or four molybdenum atoms
per particle. According to a simple hexagonal model, as re-
cently reported by Shido and Prins, neglect of distortions
at the edges of small MoS2 slabs can lead to an underesti-
mating of the particle size (35). In analogy with an earlier
study on highly dispersed MoS2/alumina catalysts (34), it
was tried to include a Mo–O contribution at 2.0 Å in the
fit. Although the quality of the fit improved, the Mo–O
contribution was statistically not significant. Data analysis
did reveal a second Mo–Mo contribution at 2.7 Å. The lat-
ter was also found in a former study on the sulfidation of
MoO3 catalysts supported on alumina and was ascribed to
the presence of molybdenum sulfide dimers (36).

Hydrodesulfurization of Thiophene

Figure 2A shows the conversion of thiophene over the
Co catalysts during 6 h on stream at 673 K measured at a
gas space velocity of 3000 h−1. The initial activity slightly in-
creased with decreasing Si/Al ratios. Except for the weakly
acidic stevensite all catalysts suffered from deactivation and
reached similar levels of conversion (60–70%) after 6 h of
reaction. After an oxidative treatment the conversion could
be restored to near its initial value, pointing to deactivation
due to oligomerization and/or coke formation over the acid
sites. Similar observations were made with the CoMo cata-
lysts.

Figure 2B presents the rate constant kHDS after 2 min on
stream of the Co and CoMo catalysts versus the number
of acid sites determined with TPD–TGA of n-propylamine
adsorbed on the unloaded supports. Note that to calculate
the first-order rate constant kHDS using Eq. [1], a second
series of experiments was performed in which the conver-
sion was lowered by measuring with a higher space velocity
(12,000 h−1). The amount of n-propylamine desorbing from
saponites between 615 and 725 K can be used to quantify the
number of catalytically active Brønsted acid sites as demon-
strated by Gorte and coworkers (37, 38). The application
of this technique to the determination of the surface acid-
ity of synthetic saponites is discussed elsewhere (39). As
Fig. 2B displays with the Co catalysts a small beneficial ef-
fect of the support acidity on the HDS acidity was observed.
The saponites all displayed a significant higher activity than
the stevensite (kHDS increases from 2.3 dm3/kg · s for the
stevensite to 3.5 dm3/kg · s for the saponite with Si/Al= 6;
estimated accuracy in k±7%). Remarkably, with the CoMo
catalysts just the opposite behavior was observed and the

activity decreased with an increasing number of acid sites.

The product selectivity was also affected by the presence
of acid sites. Besides such usual HDS products as cis- and
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FIG. 2. (A) Thiophene conversion of the sulfided Co catalysts versus time on stream: stevensite (thin solid line) and saponites with Si/Al ratios of
−1
39 (lower — -), 26 (upper — -), 12 (– – –), and 6 (thick solid line) (space velocity 3000 h ). (B) First-order reaction rate constant kHDS for thio-

phene HDS at 673 K of the Co (closed circles) and CoMo clays (crosses) versus number of acid sites determined by TPD–TGA of n-propylamine.
s
(C) Selectivity toward iso-butane and (<C3, C3, C5) of sulfided Co catalyst

C3, C5) of sulfided CoMo catalysts at 100% thiophene conversion.

trans-butene and butane, iso-butane and <C3, C3, and C5
products were also observed. These latter compounds can
be formed through acid catalyzed reactions. Due to their
similar retention times the GC peaks of 1-butene and iso-
butene could not be separated and the individual presence
of the two compounds could not be determined. As demon-
strated in Figs. 2c and 2d the selectivity after 2 min time on
stream toward iso-butane and <C3, C3, and C5, measured
at conversions between 90 and 100%, was on the whole
found to increase with increasing support acidity. However,
since the conversion level was above 90% it is not permit-
ted to draw any conclusions from this. To study whether
the observed iso-butane was produced by hydrogenation
of iso-butene or by isomerization of butane an experiment
was performed under exactly the same conditions with a

feed of 1% butane in Ar. No conversion was observed, indi-
cating that iso-butane in the HDS of thiophene is produced
by hydrogenation of iso-butene.
at 90% thiophene conversion. (D) Selectivity toward iso-butane and (<C3,

Hydrocracking of n-Decane

The performance in the hydrocracking of n-decane of the
clay catalysts was found to be related to both the Si/Al ratio
of the support and the hydrogenation capacity of the metal
sulfide. Figure 3 represents the first-order rate constant
kHYC (calculated according to Eq. [1]) versus the number
of acid sites determined with TPD–TGA of n-propylamine.
The activity of the catalysts generally increased with an in-
creasing degree of substitution of Si by Al. Remarkably,
the stevensite samples, with no substitution of Si by Al,
displayed a considerable activity. The CoMo catalysts were
more active than the Co catalysts with comparable Si/Al
ratios. As with thiophene HDS the catalysts suffered from
deactivation and reached similar levels of conversion after

12 h on stream. The impregnated Co catalysts all deacti-
vated to conversions of about 20% (stevensite at around
10%). The CoMo samples reached conversion levels of



D
518 LELIVEL

FIG. 3. First-order reaction rate constant for n-decane hydrocracking
kHYC at 673 K of the Co (squares) and CoMo catalysts (open circles) versus
number of acid sites determined by TPD–TGA of n-propylamine.

about 30% (stevensite 20%). The space velocity in these
experiments was 3000 h−1.

To compare the selectivity of the different catalysts the
effect of the conversion and the temperature on the se-
lectivity was investigated. Figures 4A and 4B compare the
selectivity of the CoMo catalyst with a Si/Al ratio of 6 at two

different levels of conversion (45 and 90%). With rising con- a function of the Si/Al ratio. The Co saponite samples all

version the selectivity toward C3 hydrocarbons increased.
However, although the conversion differs by a factor 2 the

exhibited a product selectivity similar to that of the CoMo
sample with a Si/Al ratio of 6 (Fig. 5A). The stevensite Co
FIG. 4. Selectivity towards C1–C10 hydrocarbons of CoMo/saponite S
(A) 45% and (B) 90%. Selectivity of CoMo/saponite Si/Al= 6 in n-decane
(D) at 673 K (12% conversion).
ET AL.

selectivity only rises about 2.5%. The effect of the conver-
sion on the selectivity toward unsaturated products is more
pronounced. A sharp decrease is observed with increas-
ing conversion or longer contact times. The effect of the
temperature on the selectivity is demonstrated in Figs. 4B
and 5C for the same sample after 12 h of stabilization at
673 K. Decreasing the reaction temperature from 673 to
633 K changes the selectivity pattern drastically. The se-
lectivity toward C3 decreases from 31 to 22%, balanced
by a higher selectivity toward the heavier hydrocarbons
(>C3). Also less unsaturated compounds are observed at
633 K.

The influence of the support acidity on the selectivity is
shown in Fig. 5 with the CoMo catalysts. The selectivity to-
ward C3 gradually drops from 37 to 22% on changing the
Si/Al ratio from 6 to 39. As was demonstrated above, these
changes are not likely to be caused by the different levels
of conversion (46 vs 30%), since such a change in conver-
sion only causes variations in selectivity of 2–3%. The se-
lectivity pattern of the stevensite sample is quite different
from that of the saponite samples; it has a much more even
distribution over the number of carbon atoms and a rea-
sonable production of isomerized C10 compounds. With
the Co saponites no changes in selectivity were observed as
i/Al= 6 in n-decane conversion after 2 min on stream at conversions of
conversion after stabilization at 673 K (C) at 633 K (11% conversion) and
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i
e

FIG. 5. Selectivity toward C1–C10 hydrocarbons of the CoMo clays
conversion), (B) 12 (38%), (C) 26 (35%), (D) 39 (30%), and (E) stevensit

catalyst revealed a product selectivity resembling that of
the CoMo stevensite.

Finally, the activity of the unloaded saponites was tested.
The activity increased with increasing support acidity. The
first-order rate constant kHYC of the saponite with a Si/Al
ratio 6 amounted to 0.2 dm3/kg · s, considerably lower than
that of the impregnated samples. It was observed that
removal of H2 from the feed (50 ml Ar instead) had no

effect on the conversion. This indicates that over the un-
loaded supports cracking takes place instead of hydro-
cracking.
n n-decane conversion after 2 min on stream; Si/Al ratios of (A) 6 (46%
(30%).

Temperature Programmed Hydrocracking

Surprisingly, when the activity was measured as a func-
tion of decreasing reaction temperature a maximum in the
conversion was found in the temperature region around
523 K. In order to study this phenomenon with catalysts
that had not suffered from deactivation, conversion curves
were recorded at ascending temperatures between 393 and

673 K with freshly sulfided samples. As displayed in Fig. 6A
for the CoMo catalysts the conversion reached an optimum
at about 523 K, the maximum value rising with an increasing
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FIG. 6. (A) Conversion of n-decane (space velocity 3000 h−1) of the
various sulfided CoMo catalysts measured at ascending temperatures.
(B) Conversion of n-decane (space velocity 3000 h−1) measured at as-
cending and descending temperatures of the CoMo/saponite Si/Al= 12
with H2S in the feed. (C) As Fig. 7b without H2S in the feed.

degree of substitution of Si by Al. Beyond 573 K the conver-
sion increased again, but did not follow a first-order conver-
sion curve. This concave shape of the curves is ascribed to

deactivation of the catalysts at higher temperatures due to
coke formation. With the HDS experiments it was observed
that the catalyst activity could be restored by an oxidative
ET AL.

regeneration, indicating the occurrence of coking. Hence,
it is reasonably assumed that a similar mechanism of deac-
tivation takes in the hydrocracking of n-decane at elevated
temperatures.

Since the stevensite sample did not show any activity at
low temperatures the maxima in the conversion curves must
be related to the presence of the acid sites on the saponite
supports. Since it is well known that dehydroxylation of
the support can lead to the loss of Brønsted sites the con-
version was also measured at descending temperatures to
study whether the conversion drop between 523 and 573 K
was reversible. To ensure that the feed contained no water
that could readsorb during cooling down, the gas stream
was dried over Sicapent (Merck). As shown in Fig. 6B the
maximum in the conversion curve was almost completely
restored on cooling down, indicating that dehydroxylation
was not likely to cause the optimum in the conversion. In
contrast to this, it turned out that omission of H2S from the
feed strongly affected the course of the activity (Fig. 6C). At
ascending temperatures the maximum conversion attained
a value of only 14%, while at descending temperatures the
activity reached a maximum of only 5% conversion. The ob-
served activity between 423 and 573 K is obviously brought
about by a combination of the acid sites on the support and
the presence of H2S in the feed. Finally, when the sulfided
catalyst was exposed to water vapor before reaction the ac-
tivity in the region of 523 K was completely lost, indicating
poisoning of the acid sites by water adsorption.

DISCUSSION

Dispersion and Location of Metal Sulfide Particles

In the Co and CoMo catalysts a high dispersion of both
the supported cobalt sulfide and the molybdenum sulfide
phase independent of the Si/Al ratio of the support was
found. Unfortunately, the cobalt sulfide phase in the CoMo
catalyst was not characterized with EXAFS at the time and
no data are available on its dispersion.

It is known that Mo hydrolyzes in aqueous solutions to
form (Mo7O24)6− and (MoO4)2− ions while Co occurs as
CoOH+ or Co2OH3+ in aqueous solutions (40). Appar-
ently, since both the cobalt sulfide and the molybdenum
sulfide dispersion are quite high, a good interaction exists
between the surface of the saponite sheets and both posi-
tively and negatively charged ions. This dual behavior might
be explained by the existence of a positive electrical double
layer on the edges of the clay particles and a negative dou-
ble layer on the faces (top and bottom planes) of the clay
platelets (41). In this model the positively charged cobalt
ions are thus assumed to adsorb preferentially on the faces

of the clay platelets while the negatively charged molybde-
num ions interact with the positively charged edges of the
clay platelets.
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HDS Activity and Product Selectivity

The thiophene HDS test results show that the initial HDS
activity of the Co catalysts considerably increases when
saponite is used as support instead of stevensite. Since the
dispersion of the cobalt sulfide phase is similar this must
be related to the acidic nature of the saponite. A positive
correlation between the acidity of the support and the HDS
activity was also reported by Welters et al. (42) in a study
of the HDS performance of metal sulfides supported on
H(x)NaY, ZSM-5, and H-USY zeolites. Several possibilities
were discussed as an enhanced adsorption of thiophene in
the zeolite pores, acceleration of the rate determining step
through involvement of protons, and formation of a higher
number of SH groups on the metal sulfide phase. Although
we cannot present any evidence another possibility is that
the acidity of the support affects the catalytic properties of
the supported metal sulfide particles through small changes
of the electronic structure of the metal sulfides.

Remarkably, the initial activity of the CoMo catalysts
clearly decreases with increasing support acidity, in contrast
with the work of Welters et al. (42) and the findings with the
Co catalysts. In the CoMo catalyst the promoter atoms can
either be present on the faces of the clay platelets or be as-
sociated with Mo in the very active “Co–Mo–S” phase. De-
creasing the Si/Al ratio of the support will increase the neg-
ative charge on the clay platelets, enhancing the adsorption
of the positively charged Co ions on the clay faces away from
the Mo. Since Co–Mo–S is known to be more active than the
sum of separate Mo and Co sulfides, this might explain the
decrease in activity with a higher support acidity. Interest-
ingly, in the hydrocracking experiments the opposite behav-
ior is observed, i.e., the activity of the CoMo catalysts in-
creases with increasing support acidity. This can be ascribed
to either an increased activity of the hydrogenation sites (as-
sumed that for hydrogenation the effect of synergy between
Co and Mo in a Co–Mo–S structure is low) or to a larger
number of acid sites. The latter explanation is supported
by the linear relationship between the number of acid sites
and the rate of the hydrocracking reaction (vide infra).

The detection of <C3, C3, and C5 as reaction products
is in accordance with the results of Houzvicka et al. (43)
in which the authors demonstrated that Brønsted acid sites
are the active sites in the skeletal isomerization of n-butene.
n-Butene formed in the HDS of thiophene is isomerized to
iso-butene over the acid sites of the support. Subsequently,
the iso-butene is hydrogenated to iso-butane. The forma-
tion of <C3, C3, and C5 proceeds through dimerization
of C4 followed by cracking (44). The dimerization of C4
also gives rise to oligomerization, resulting in coking of the
catalysts and the observed initial deactivation.
Balance between Hydrogenation and Acid Sites

The activity in the hydrocracking of n-decane rises with
decreasing Si/Al ratios. With the CoMo samples an almost
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linear relationship is observed between the number of acid
sites and the pseudo-first-order rate constant kHYC. In the
classical mechanism of bifunctional hydrocracking dehy-
drogenation of n-decane takes place over the hydrogena-
tion sites followed by one or more skeletal rearrangements
over the acid sites and subsequent hydrogenation of the
product alkenes by the sulfide sites (45, 46). Provided that
the (de)hydrogenation capacity is sufficiently high the re-
arrangements will be the rate limiting step (47). As ob-
served an increasing number of acid sites will thus increase
the activity. However, since the activity also increases when
CoMoS is used instead of only CoS, in the Co catalysts the
(de)hydrogenation activity is also limited.

The poor hydrogenation character of the Co catalysts and
even of the CoMo catalysts is reflected in the product selec-
tivity. Apart from the stevensite samples none of the cata-
lysts are able to isomerize n-decane to a significant extent.
After rearrangement of C10 olefines the carbenium ions are
not hydrogenated but instead β-scission of the di- and tri-
branched isomers occurs to yield cracked products (48, 49).
The primary C6/C7 primary products can undergo consec-
utive cracking as is shown by the relatively high amounts of
propane. With the Co catalysts the hydrogenation function
is even so poor that the Si/Al ratio of the support does not
have any significant effect on the product selectivity. With
the CoMo catalysts, containing a stronger hydrogenation
function, the Si/Al ratio does influence the product selec-
tivity. The catalysts with high Si/Al ratios produce signifi-
cantly less propane than the ones with low Si/Al ratios. Ap-
parently, the primary cracking products are hydrogenated
and leave the catalyst surface before they are cracked fur-
ther. The CoMo catalyst with a Si/Al ratio of 39 displays the
best balance between the hydrogenation and acid function
although the amount of isomerized C10 is still low (<5%).

Remarkably, the stevensite samples show a reasonable
activity coupled with a rather high degree of isomeriza-
tion. The high selectivity toward isomerization might be
caused by the lower number of acid sites or by their weaker
acid strength. In stevensites there is no substitution of Si by
Al and the acid sites are terminal hydroxyl groups at the
edges of the clay platelets. These terminal hydroxyl groups
are generally thought to be less acidic than the protonated
Si–O–Al bridges. Alternatively, the high isomerisation ac-
tivity can be associated with the metal sulfide phase. It is
known that metal sulfide particles contain –SH groups that
can act as Brønsted acid sites and are able to participate in
hydrocracking reactions (50).

As illustrated in Figs. 4C and 4D the temperature also has
a significant effect on the product selectivity. Lower temper-
atures suppress secondary cracking reactions demonstrated
by the lower amounts of propane formed. However, a lower
reaction temperature does not greatly enhance the selec-

tivity toward hydroisomerization. To achieve that goal, a
stronger hydrogenation function is needed, for example a
higher metal sulfide loading or a noble metal.
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Generation of Acidity by H2S

The observed maximum at low temperatures in the hy-
drocracking activity seems to be due to a combination of
Si–OH–Al sites with H2S. The results clearly demonstrate a
relation between activity and Si/Al ratio and the influence
of the partial pressure of H2S. Additionally, the involvement
of Si–OH–Al sites is also suggested by the loss of activity
after prior exposure to water vapor. Water can act as a poi-
son by irreversible adsorption on the acid sites (at least at
low temperature).

The formation of Brønsted acid sites by reversible ad-
sorption of H2S has previously been reported by Sugioka
et al. (51) for various alkali metal zeolites. These authors
proposed that the generation of these acid sites is caused
by nondissociative adsorption of H2S as H–S–H groups
exhibiting Brønsted acidity. Alternatively, dissociative ad-
sorption of H2S was proposed over Na+ ions, leading to
excess protons forming new acidic –OH groups. (52). A
(reversible) adsorption of H2S creating Brønsted activity
may also occur in saponites. However, that the created acid
sites are stronger than the original acid sites seems not logi-
cal and cannot be explained. Interestingly, in a recent paper
by Stumbo et al. (53) on physical mixtures of CoMo/SiO2

and silica–aluminas, the creation of acid Brønsted sites was
proposed to occur by migration of spillover species from
the CoMo catalyst to the silica–aluminas. This process was
accelerated in the presence of both H2O and H2S. Such a
migration of spillover species might also take place in the
saponite catalysts.

Altogether, the current experimental results do not allow
to find a satisfying explanation for the hydrocracking activ-
ity at low temperature. However, the results are intriguing
and indicate the complexity of hydrocracking induced by
the presence of a variety of gaseous and solid components.

CONCLUSIONS

In this study the relation between the performance of clay
supported (Co)Mo sulfides and the acidity of the support,
varied through means of the Si/Al ratio, was investigated. In
the hydrodesulfurization of thiophene an increasing num-
ber of Brønsted acid sites affects both the activity and se-
lectivity. With Co catalyst a small increase in the initial ac-
tivity is observed when Si is substituted for Al. However,
with CoMo catalysts a decrease of the initial HDS activity
with decreasing Si/Al ratios is observed. This observation is
ascribed to a lower relative amount of Co–Mo–S due to pre-
ferred adsorption of Co ions on the faces of the saponite
platelets and adsorption of Mo on their edges. The acid
sites on the support are able to isomerize n-butene into iso-
butene with high yields. Further, a clear relationship was

found between the number of acid sites and the selectivity
toward cracking products formed through acid catalyzed
reactions.
ET AL.

In the hydrocracking of n-decane the activity of the cata-
lysts rises with an increasing degree of substitution of Si by
Al in the support. With CoMo impregnated samples a linear
relationship is observed between the number of Brønsted
sites and the first-order reaction rate constant. All cobalt
sulfide catalysts and the CoMo catalysts with low Si/Al ra-
tios are deficient in their hydrogenation capacity, leading to
a rather high selectivity toward secondary cracking prod-
ucts. Further, the ratio between the number of hydrogena-
tion sites and the number (and possibly strength) of acid
sites determines the degree of hydroisomerization versus
hydrocracking.

Finally, it was observed that interaction of H2S with the
support leads to extra activity at low temperature in the hy-
drocracking of n-decane. The positive relation between the
degree of Si for Al substitution and the “low-temperature”
activity points to the involvement of the Si–OH–Al groups
on the surface of the saponite support.
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