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Mesoporous SBA-15 material was used as support of binary Co-Mo hydrodesulfurization (HDS) cat-
alysts prepared using a novel approach based on the use of already sulfided precursors (ammonium
tetrathiomolybdate and cobalt diethyldithiocarbamate). The effects of atmosphere and activation tem-
perature were studied to optimize the preparation of highly active CoMo/SBA-15 hydrodesulfurization
catalysts. Two sets of catalysts were synthesized using either a N, /H; (10% H; ) or aH, /H2S (15% H,S) atmo-
sphere at three different temperatures of activation (723, 773 and 823 K). The catalysts were tested in the

Keywords: o HDS of dibenzothiophene (DBT) and the catalysts were characterized by N, physisorption, X-ray diffrac-
Hydrodesulfurization . . . . . L .

SBA-15 tion (XRD), scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
Activation (HRTEM). The use of already sulfided precursors leads to a homogeneous dispersion of the active phase

ATM inside the SBA-15 channels. Moreover, the N, /H, activation procedure at 723 K allows obtaining opti-
Dithiocarbamate mized HDS active catalysts. Finally, a confinement effect of MoS; slabs inside the SBA-15 channels leads

Confinement effect

to a high selectivity along the direct desulfurization pathway.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the processing of “more dirty” feeds containing
larger amounts of sulfur has become more and more urgently
needed and a new generation of transition metal sulfide-based
catalysts with higher activities, greater selectivity, and bet-
ter resistance to poisoning is required. Using high-performance
hydrodesulfurization (HDS) catalysts is then necessary to achieve
lower sulfur concentration levels satisfying environmental restric-
tions [1].

Typically, hydrotreatment (HDT) reactions are catalyzed by
sulfided Co(Ni)Mo(W) catalysts supported on alumina [2]. The ori-
gin of the almost exclusive use of alumina as support has been
ascribed to its outstanding textural and mechanical properties and
its relatively low cost [3]. However, the presence of undesirable
strong metal-support interaction when using alumina has trig-
gered research devoted to the development of new supports for
HDT applications [4-13]. Thus, more recently, research concerning
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the development of highly dispersed active phase on zeolites or
mesoporous materials has been very intense in order to respect the
stringent regulations concerning the maximum amount of sulfur
admitted in fuels. Some results have been presented before in pub-
lications concerning the effect of support in hydrotreating catalysts
for ultra clean fuels [12,14].

On the other hand, the catalyst activation is also a crucial step
for the physicochemical properties (nature, composition and dis-
persion of the active phase) and consequently for activity and
selectivity properties. In this respect, the temperature of treatment
used during this step can affect the degree of reduction and sulfida-
tion as well as the dispersion of the active phase. The influence of
activation over the HDS of dibenzothiophene (DBT) on CoMo/Al, O3,
NiMo/Al,03, Ru/MgF, materials has been investigated extensively
[15-23].

The influence of atmosphere during the decomposition of
ammonium tetrathiomolybdate for the activation of unpromoted
and cobalt-promoted alumina-supported MoS, catalysts was also
investigated by Pawelec et al. [24]. This study showed a strong
influence of the activation procedure. For the unpromoted cata-
lyst, the most efficient treatment was related to the use of a 10%
H,S/H, atmosphere while the cobalt-promoted catalyst needed
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a more complex activation combining first a calcination treat-
ment followed by successive H,S/H; and H; treatments. However,
in the case of CoMo/SBA-15 catalytic systems, the influence of
atmosphere and temperature used during the activation of this
type of catalysts has not been reported in the literature. More-
over, the control of the dispersion of the active phase inside the
SBA-15 channels remains challenging [25]. The classical wetness
impregnation based on the use of ammonium heptamolybdate and
cobalt nitrate was not found to be successful in order to locate
MoS; slabs inside the SBA-15 mesopores [26,27]. An alternative
solution was then envisaged by Vradman et al. [28] leading to
a good dispersion of WS, slabs but using a complicated proce-
dure based on the sonication of a W(CO)g-sulfur-diphenylmethane
solution with SBA-15. Another interesting approach is based on
the use of already-sulfided precursors. This kind of precursors
is well-known and was envisaged extensively in previous stud-
ies [29-36]. Recent results have also shown that the use of an
already-sulfided precursor,ammonium tetrathiomolybdate (ATM),
was an interesting simple solution to achieve a better dispersion
of MoS; slabs inside the SBA-15 channels [10] even if progress
is still needed in this respect. Indeed, in this study, ATM was
stirred in aqueous solution with CoSyx/SBA-15 solids obtained
by impregnation of cobalt acetate on the SBA-15 support fol-
lowed by sulfidation. This approach led to a limited intimate
mixing between cobalt and molybdenum and therefore to a
non-ideal homogeneous dispersion inside the mesopores. One
possible solution is the use of both already sulfided precursors
of cobalt and molybdenum through a successive mixing of the
SBA-15 support with two different solutions of ATM and cobalt
diethyldithiocarbamate.

The objective of the present study will then be to determine
the optimized conditions for the activation of CoMo/SBA-15 cat-
alysts prepared through a novel approach based on the use of
already-sulfided Co and Mo precursors. After contacting SBA-15
with cobalt diethyldithiocarbamate and ATM, two sets of catalysts
were then activated varying atmosphere and temperature. These
catalysts were characterized by N, -physisorption, X-ray Diffraction
(XRD), scanning electron microscopy with field emission (FESEM)
and high-resolution transmission electron microscopy (HRTEM).
the sulfide catalysts were tested in the hydrodesulfurization of
DBT. This reaction was selected for catalyst screening purposes
because (1) DBT is a typical sulfur-containing hydrocarbon present
in the petroleum fraction of high-boiling oil or coal derived liquids
[2] and (2) because of the absence of any diffusion limitation for
DBT molecule to entry into the porous structure of the SBA-15-
supported catalysts [28].

2. Experimental
2.1. Support and catalyst preparation

The SBA-15 support material was prepared following the
synthesis route reported in reference [18]. The metal based com-
position for each catalyst was set to 12 wt% of Mo and 3 wt% of
Co. 2 g of SBA-15 powder (sieved between 80 and 120 m) was
first stirred for 4h in 100 mL of a saturated chloroform solution of
cobalt diethyldithiocarbamate, CoS;CN(CyHs); (CoDETC). The sol-
vent was then removed by filtration and the obtained product was
dried under vacuum overnight.

The dried product was then stirred in 150 mL of a saturated
aqueous solution of ammonium tetrathiomolybdate at 298 K. After
4h of stirring, the product was filtered without washing and then
activated. The precursor ATM was synthesized according to the syn-
thesis method reported in [10] and the CoDETC was obtained from
Aldrich.

Table 1
List of catalysts synthesized with different activation atmospheres.

Atmosphere Temperature (K)
723 773 823
Set 1 N3 /H, (Hy =10%) S1A S1B S1C
Set 2 H,S/H, (H2S=10%) S2A S2B S2C

2.2. Activation of Co-Mo/SBA-15

Activation was performed by heating ex situ the as-obtained
solids under a Ny/H; (10% (v/v) Hy) mixture (set 1) or under
a HyS/Hy (15% (v/v) H,S) mixture (set 2) from 298K to T°sulf
(Tesulf=723, 773 or 823 K) at a heating rate of 4 K/min. Once the
desired value of T°sulf was reached, the temperature was held con-
stant for 4 h under the flow of the activating gas mixture. After this
period, the gas was switched from the H,S/H, (15% (v/v) H,S) or
N, /H, (10% (v/v) Hy) mixture to pure N, flow while the tempera-
ture was decreased to 298 K. The as-obtained catalysts were then
kept under nitrogen atmosphere to prevent oxidation before being
transferred to the batch reactor for HDS reaction. The catalysts are
labeled according to Table 1.

2.3. Sample characterization

Nitrogen adsorption-desorption measurements were carried
out at 77K on a Quantachrom Autosorb. Samples were degassed
under flowing argon at 573K for 4h before nitrogen adsorp-
tion. The surface area measurements were performed according
to the Brunauer-Emmett-Teller (BET) method. XRD patterns were
collected on a Philips X Pert MPD diffractometer at room temper-
ature using monochromatized Cu Ko radiation (A =1.54056A) in
a 10-70° 26 range. FESEM was used to observe any morphologi-
cal variation in catalysts due to the applied gas flow used during
the activation procedure. Scanning electron micrographs were
obtained with a JSM-7401F microscope (cold FE, 30 kV). The trans-
mission electron microscopy (TEM) used was a JEOL JEM 2200FS
microscope (200 kV). The samples for FESEM and TEM analysis were
prepared by dispersing the powder products as a slurry in acetone
before drying it on a Cu grid.

2.4. Catalytic activity and selectivity

HDS of DBT was carried out in a Parr model 4520 high-pressure
batch reactor. 1.0 g of the catalyst and 150 mL of the freshly pre-
pared solution of DBT in decalin (5%, w/w) were introduced into
the reactor. The reactor was then purged and pressurized to 3.4 MPa
(490 psi) with hydrogen and then heated up to 623 K with contin-
uous stirring at 600 rpm. The reaction was followed during 5 h by
analyzing samples every 30 min using a PerkinElmer XL gas chro-
matograph equipped with an OV-17 packed column.

The main reaction products for the HDS of DBT are biphenyl
(BP) formed by direct C—S bond cleavage of DBT (the so-called
direct desulfurization pathway, DDS) and cyclohexylbenzene (CHB)
formed by an initial hydrogenation of one of the aromatic rings of
tetrahydrodibenzothiophene (THDBT) followed by C—S bond rup-
ture (the hydrogenating pathway, HYD). The HYD/DDS selectivity
ratio is based on the product concentration ratio according to Eq.

(1).
HYD/DDS = (THDBT + CHB)/BP (1)

The rate constant was determined from the DBT conversion as
function of time assuming DBT conversion as a pseudo zero-order
reaction [37].
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Fig. 1. Nitrogen adsorption-desorption isotherms of the SBA-15 support and of N,/H, activated CoMo/SBA-15 catalysts (set 1) (a) and of H,/H,S activated CoMo/SBA-15

catalysts (set 2) (b).

3. Results and discussion
3.1. Structural characterization of the CoMo/SBA-15 catalysts

3.1.1. Textural properties

Nitrogen adsorption-desorption isotherms of the SBA-15 sup-
port and of the two sets of catalysts activated under N,/H; (set 1)
or Hy/H,S (set 2) are shown in Fig. 1. All samples exhibit the typical
type-1V isotherms for mesoporous materials with cylindrical pores.
The SBA-15 support shows a typical type H1 adsorption-desorption
hysteresis loop characteristic for cylindrical pore channels. The loop
seems particularly developed in this case indicating the presence
of a large amount of mesopores [38].

The N, adsorption-desorption isotherms of the CoMo/SBA-15
catalysts are substantially different from the ones observed for the
SBA-15 support alone even if type IV isotherms are still obtained
showing that the mesoporosity was preserved after introduction of
Co and Mo. This was observed for both N, /H, and H,/H,S activated
samples. In both cases, the shape of the hysteresis loop changes and
corresponds to the formation of ink-bottle pores. This effect is char-
acteristic of a percolation phenomenon caused by small Co/MoS;
particles settling within the mesopores [39]. Moreover, a shift to
smaller P/Py values for the onset of the hysteresis loop is observed
indicating the presence of smaller pore diameters reflecting the
filling of pores by sulfide particles. Table 2 reports the specific sur-
face areas, pore volumes and pore diameter values of the SBA-15
support alone and of the different activated samples. Surface areas
normalized per weight of silica and the normalized pore values are
also reported in Table 2.

Table 2

Specific surface areas (SSA), pore volumes (Vp) and pore diameter (D) values of the
SBA-15 support and of N, /H; activated (set 1) and H,/H,S activated (set 2) SBA-15-
supported CoMo catalysts. The values given into parentheses for the surface areas
are the values per gram of support instead of per gram of catalyst.

Catalyst  SSA Vp (cm?/g) D (A)
(m?/g) Normalized (cm3/g) Normalized
SBA-15 992 1.0 1.2 1.0 71
S1A 432 (573) 0.58 0.52 0.57 37
S1B 472 (624) 0.63 0.54 0.60 42
S1C 457 (604) 0.61 0.52 0.57 37
S2A 408 (540) 0.54 0.46 0.51 40
S2B 466 (616) 0.62 0.49 0.54 38
S2C 405 (536) 0.54 0.47 0.52 40

The surface area of the SBA-15 support reaches a very high
value of 992 m2/g. After introduction of Co and Mo, the surface
area decreases showing that porosity was partly blocked by the
filling of the mesopores by Co/MoS, particles. However, specific
surface areas remain high ranging between 400 and 470 m?2/g. This
effect can also be more clearly observed if considering surface areas
per gram of support. In this case, values ranging between 540 and
624 mz/gsupport are obtained showing a decrease of about 40-45%
of the surface area of the support due to pore filling. The decrease
in surface area also seems slightly more important for Hy/H,S
activated samples leading to lower normalized values. This was
confirmed when analyzing the evolution of pore volumes and pore
diameters. While the SBA-15 support presents average pore diam-
eter of about 7 nm, a shift to smaller pore diameters was observed
for both H,/N, or Hy/H>S activated samples with similar values
around 4 nm. This result confirms the location of Co/MoS, particles
inside the mesopores of the SBA-15 support in both cases. Simi-
larly, the use of the N, /H, atmosphere leads to slightly higher pore
volumes for a given temperature of treatment. Considering these
data, it can be observed that by using the N,/H, atmosphere dur-
ing activation, similar or even slightly better textural properties of
CoMo/SBA-15 catalysts could be obtained than using the traditional
H,/H,S atmosphere.

3.1.2. X-ray diffraction

Fig. 2 shows the XRD patterns for set 1 (Fig. 2A) and for set 2
(Fig. 2B). All the XRD patterns present broad peaks corresponding
to the poorly crystalline 2H-MoS, phase with signals at 26 values
of 14°, 33°, 40° and 58° corresponding to the (002), (100),(103)
and (11 0) diffraction peaks. The amorphous silica leads to a broad
peak at 20=22°. The different sets of catalysts exhibit relatively
similar crystallinity whatever the atmosphere used during activa-
tion. Only a moderate increase in peak intensities can be observed
with increasing temperature of treatment. However, this increase
seems similar either after activation under H, /H,S or under N, /H,.
This point was confirmed through the determination of the stack-
ing degree of MoS; slabs using the Scherrer equation applied to
the (002) diffraction peak. Results are reported in Table 3. Stack-
ing degree values vary in a narrow range between 4.6 and 5.1
for all the studied samples. A very moderate increase of the slab
stacking with the temperature of treatment is observed whatever
the mode of activation. However, this increase is more marked for
N, /H; activated samples leading to slightly higher stacking degrees
after treatment at 773 and 823 K. It should also be noted that this



98 G. Alonso-Nrifiez et al. / Applied Catalysis A: General 419-420 (2012) 95-101
A * 2H-MoS C: S1A
2 * - (o] COQS8
* 2H-Mos,
(002) M\] %
] A f o
s '\L/\ - M“le,‘ o *
F fsic om0 : e
c 103 B
£ \\\ﬁ (129) g Wl After HDS
(110) § h
S1B ‘N"'\% * MMMW%
M %
S1A M Before HDS
T T T T T T T T T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 20 30 40 50 60 70
2-Theta (°) 2-Theta (°)
B D: S2A
* 2H-Mos, 0 Co.S5,
* 2H-MOSZ
3 | .
3 (002) > M ° I
© * ..? \ |
z IR |
o L/ (100) % Hw o
9 S2C y * (103) =
g o MN‘\W (110)
SZBWW‘\\/\\‘\\ \“‘w‘.\q\\
S2A N Before HDS
T ) T ) T ) T ) T ) T T~ T T T T "~ T "~ T "~ T "~ T "~ T ° T T
10 20 30 40 50 60 70 15 20 25 30 35 40 45 50 55 60 65 70 75
2-Theta (°) 2-Theta (°)

Fig. 2. XRD patterns (acquired before HDS) of the CoMo/SBA-15 samples obtained after activation under N, /H; (set 1) (A) or under H, /H,S (set 2) (B). Comparison of the XRD
patterns before and after HDS for the S1A sample activated under N, /H; at 723 K (C) and for the S2A sample activated under H,/H,S at 723 K (D).

Table 3

Average stacking degrees of MoS; slabs (determined from XRD patterns) and slab
length (determined by TEM) of the N, /H, activated (set 1) and the H,/H,S activated
(set 2) SBA-15-supported CoMo catalysts. The average stacking is determined by
applying the Scherrer equation to the (002) MoS, diffraction peak and considering
avalue of 6.17 A for the interlayer distance.

Catalyst Average stacking degree (XRD) Average slab length (nm, TEM)
S1A 4.6 52
S1B 4.9 10.3
S1C 5.1 20.1
S2A 4.7 9.5
S2B 4.7 10.0
S2C 4.9 7.3

increase in stacking remains weak taking into account the rela-
tively high temperature of treatment used herein. This would be
in agreement with a localization of the MoS, slabs inside the SBA-
15 mesoporous material restraining their growth along the [001]
direction. Finally, the absence of diffraction peaks due to cobalt
sulfide suggests that the promoter atoms are well dispersed for the
different sets of catalysts.

Fig. 2C and D shows respectively a comparison of the XRD
patterns for CoMo/SBA-15 catalysts activated at the lowest tem-
perature (723 K) using either the N, /H, (S1A; Fig. 2C) or the Hy /H,S
atmosphere (S2A, Fig. 2D) before and after HDS reaction. In both

cases, diffraction peaks of the CogSg phase can be detected after
HDS reaction. However, the crystallinity of the cobalt sulfide phase
appears much more marked for the S2A sample activated under
H,/H,S. This suggests that a higher proportion of cobalt was not
initially in interaction with the edges of MoS, slabs leading after
HDS to a higher tendency to sintering. Therefore, the activation
under H,/H,S seems to lead to CoMo catalytic systems less stable
under HDS reaction conditions.

3.1.3. Scanning electron microscopy

The morphology of the activated catalysts was also character-
ized by FE-SEM. The morphology of the CoMo/SBA-15 catalysts
appears agglomerated (Fig. 3). Compared to the SBA-15 support
alone, this could be in line with the decrease of surface area
observed by N, physisorption measurements (Table 2). However,
some differences can also be noticed when comparing the 723 K-
activated S1A and S2A samples obtained respectively from a N, /H,
or a Hy/H,S treatment. For the S1A sample (Fig. 3A), the charac-
teristic well-ordered hexagonal arrays of honeycomb-like SBA-15
mesopores can be clearly observed. On the opposite, a denser mor-
phology was found for the S2A sample (Fig. 3B) while the support
porosity is not detected anymore. This result suggests that the
N, /H; treatment was less harmful for preserving an ordered poros-
ity of the CoMo/SBA-15 catalysts than the H,/H;S activation.
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Fig. 3. Scanning electron micrographs of (A) the S1A sample activated under N,/H, at 723 K and (B) the S2A sample activated under H,/H,S at 723 K.

3.1.4. Transmission electron microscopy

The CoMo/SBA-15 catalysts activated using either N,/H, or
H,/H,S atmosphere have also been characterized by transmission
electron microscopy. Fig. 4a and b presents TEM pictures acquired
respectively for the 723 K activated samples obtained under N, /H,
(S1A) or under Hy/H;S (S2A). The SBA-15 channels with a diam-
eter of about 5nm can be clearly discerned on TEM pictures. The
distance between two consecutive centers of hexagonal opening
of channels, as estimated from TEM images, is close to the average
pore size obtained by N, adsorption measurements. The MoS, slabs
are in their vast majority located in an homogeneous way inside
the channels of the SBA-15 support whatever the post-treatment
atmosphere suggesting that the use of successive impregnations
of the cobalt diethyldithiocarbamate precursor and of ATM are an
efficient way to distribute the Co/MoS, particles inside the SBA-15
mesoporosity. Only few slabs can be detected outside the SBA-15
channels (Fig. 4a).

This result is interesting since it shows the ability to obtain
homogeneously cobalt-promoted MoS, nanoparticles inside the
SBA-15 channels. Compared to previous studies [10,25], this shows
the interest of using ATM solution to disperse homogeneously
MoS; nanoparticles inside SBA-15 channels if an appropriate
post-treatment is used contrary to the classical heptamolybdate
impregnation approach [26]. This also represents an improvement
compared to our previous study [10] for which cobalt acetate was
used leading to an inhomogeneous dispersion inside this meso-
porous material. Apparently, the use of an already-sulfided cobalt
precursor is able to enhance the final dispersion of the active phase.

Statistics about the slab length were carried out for each
CoMo/SBA-15 catalyst activated at 723K, 773K or 823K using
either a N, /H; or H/H,S atmosphere. It should be noted here that
only slab length estimation was performed directly on TEM pictures
and not the evaluation of the stacking degree. Indeed, in previous
studies [6,40], synchrotron XRD (SR-XRD) techniques were found
by some of us to be the most efficient method to determine the com-
plete morphology (slab length, stacking degree) of supported MoS;
nanoparticles. Moreover, comparison performed between SR-XRD
results and estimation of particle size from TEM images led us to
conclude that direct measurements on micrographs are a reliable
approach for evaluating slab length along the basal direction. How-
ever, this comparison also emphasized a strong overestimation of
the stacking degree when using only TEM statistics. This is related
to the ability of TEM to detect about only 10% of the MoS, particles
present on a support leading to a selective detection of the most
stacked slabs [41].

Results show that after activation at 723K, the Co/MoS,
nanoparticles obtained after treatment under N,/H, present

Table 4

Activity, selectivity (HYD/DDS ratios), and turnover frequency values in the
hydrodesulfurization of dibenzothiophene for the N»/H, activated (set 1) and the
Ha/H,S activated (set 2) SBA-15-supported CoMo catalysts.

Catalyst k (specific) HYD/DDS ratio TOF (1025 1)
(1x107mols'g1)
S1A 19.2 0.25 2.6
S1B 16.8 0.25 4.2
S1cC 15.0 0.23 7.1
S2A 123 0.18 2.8
S2B 139 0.21 3.4
S2C 16.4 0.23 3.0

smaller average slab length than those obtained under H,/H,S
(5.2nm vs 9.5nm) (Table 3). After activation at 773 K, similar slab
lengths are obtained whatever the atmosphere used to activate
the CoMo/SBA-15 catalysts. While after activation under N;/Ho,
the size doubled when increasing the temperature of treatment by
50K for 723-773 K, the slab dimensions of H,/H>S activated sam-
ples remain relatively constant. Similar conclusions can be reached
after activation at 823 K. While the slab length of the CoMo/SBA-
15 catalyst activated under Ny /H, still doubled compared to the
similar solid but activated at 773 K, the slab length of the H,/H,S
activated samples even slightly decreased. However, it should be
kept in mind that, except for the S1C sample (N,/H,; 823 K), the
slab lengths measured in the present study appear smaller than
those reported previously using ATM but with cobalt acetate [10].
A propensity to a better dispersion (particularly if activated under
H,/H,S) is therefore observed if using the already sulfided cobalt
diethyldithiocarbamate. When activated under N,/H, the sinter-
ing of the MoS, slabs then occurs only along the slab direction while
preceding XRD results did not show any significant increase of the
stacking degree. This 1D sintering process indirectly confirms the
localization of the MoS, slabs inside the SBA-15 channels.

3.2. Catalytic activity in HDS reaction

Table 4 reports the DBT HDS activity of the different CoMo/SBA-
15 catalysts obtained by activation under N,/H, or Hy/H,S at the
different temperatures of treatment (723, 773, and 823 K). The
N, /H; activated catalysts exhibit higher activities than their Hy /H,S
activated counterparts at low temperatures of treatment (723 and
773K). This is particularly the case for the S1A sample obtained
by activation under N, /H, at 723K (19.2 x 10~7 mols~! g~1) with
an activity 56% higher than for the same catalyst but activated
under Hy/H,S. Comparison to XRD results suggests that this higher
activity is partly due to a higher stability of the cobalt-promoted
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Fig. 4. Transmission electron micrographs of (A) the S1A sample activated under N, /H; at 723 K and (B) the S2A sample activated under H,/H,S at 723 K.

phase under HDS conditions after the N, /H, treatment leading to a
smaller segregation effect. However, with the increase of the tem-
perature of treatment, the activity tends to decrease moderately for
the N, /H; activated solids. On the opposite, a 30% increase in activ-
ity is observed for the H,/H,S activated catalysts when increasing
the temperature from 723 K to 823 K. Therefore, after activation at
773K, the Ny /H, activated solid is only 20% more active than the
H,/H,S activated catalyst while after activation at 823 K, the H, /H, S
activated CoMo/SBA-15 becomes more active.

With the increasing temperature of treatment, the decrease in
activity of the N, /H; activated CoMo/SBA-15 catalysts reflects the
progressive formation of bigger MoS, slabs resulting in a lower
proportion of Mo edge active sites. Similarly, the higher activ-
ity of the S2C sample activated at 823K in comparison with the
same H,/H,S activated catalysts but treated at lower tempera-
tures mainly reflects a smaller average slab length and therefore
a higher percentage of edge active sites. This point can be more
clearly emphasized if calculating turnover frequency values tak-
ing into account the number of Mo edge active sites as determined
from the MoS; hexagonal model developed by Kasztelan et al. [42].
In this case, relatively similar TOF values were obtained for the set
of H/H,S activated CoMo/SBA-15 catalysts. This would be in agree-
ment with the fact that the increase in activity only results from a
higher number of edge active sites and not to any improvement of
the intrinsic activity per site, i.e. the quality of these sites. Interest-
ingly, the determination of the TOF values for the N, /H, activated
catalysts shows an opposite evolution to the H,/H;S activation case.
A strong increase in TOF values can be observed when increasing
the temperature of treatment from 723K to 773K and finally to
823 K with values respectively 0f 2.6,4.2,and 7.1 x 10-2 s~ 1, There-
fore, while active sites are not more intrinsically active for the
N, /H; activated catalyst after treatment at 723 K compared to the
H,/H,S activation case, the use of an N,/H, atmosphere at higher
temperatures of treatment to activate our CoMo/SBA-15 catalysts
can substantially improve the intrinsic activity per site allowing to
partly compensate the lower percentage of edge active sites due
to sintering of the active phase. These combined effects lead to a
lower loss in activity than expected if considering only the increase
of the MoS, particle size.

These results are also interesting if compared to our previous
attempts to prepare CoMo/SBA-15 catalysts. In this respect, Nava
et al. [26] tried initially to prepare CoMo/SBA-15 starting from
ammonium heptamolybdate and cobalt nitrate. The DBT HDS activ-
ity obtained (10.8 x 107 mols~1 g~1) (similar Co and Mo loadings)
appears significantly lower than in the present case even if com-
pared to the less active S2A catalyst. One possible reason was due

to the formation of Co/MoS, particles outside the SBA-15 channels
or to a poor dispersion of the active phase due to a restrained filling
of the mesopores when using Mo oxide precursors and/or cobalt
nitrate. The replacement of ammonium heptamolybdate by ATM
led to the synthesis of CoMo/SBA-15 catalysts better dispersed into
the SBA-15 channels but still inhomogeneously [10]. As a result,
the activity of CoMo/SBA-15 catalysts (with 10 wt% Mo and 2 wt%
Co) increases up to 13.1 and 13.7 x 10~7 mols~! g~! using SBA-15
with respectively pore diameters of 6 and 9 nm, therefore present-
ing activities similar to the H;/H,S activated S2A and S2B samples.
Combination of two already sulfided Mo and Co precursors (ATM
and cobalt diethyldithiocarbamate) in the present study led to a
substantially higher HDS activity if an optimized N, /H; activation
procedure is used. This could be related to the better dispersion of
the active phase inside SBA-15 channels using these sulfided pre-
cursors allowing to take benefitin a larger extent of the high surface
mesoporous SBA-15 material.

The analysis of selectivity results expressed as HYD/DDS ratios
shows relatively similar values whatever the samples ranging
between 0.18 and 0.25 (Table 4). These results are in agreement
with those obtained by Huang et al. [10] on CoMo/SBA-15 cata-
lysts obtained by using ATM and cobalt acetate but differ from
those acquired by Nava et al. [26] on similar CoMo/SBA-15 cata-
lysts but prepared using ammonium heptamolybdate and cobalt
nitrate (HYD/DDS =0.40). Therefore, in the present case, the as-
obtained CoMo/SBA-15 catalysts exhibit a depleted HYD activity.
These results could be first analyzed taking into account the Rim-
Edge model [43]. According to this model, the DBT HDS selectivity
along the DDS route leading to biphenyl or along the HYD route
leading to cyclohexylbenzene is controlled by the stacking degree
of the MoS, nanoparticles, the more the nanoparticles are stacked,
the less the resulting catalyst will be hydrogenating. The reason
for such a selectivity variation would be related to the accessi-
bility of edge sites to the DBT molecule. The pre-requisite for the
hydrogenation of the phenyl ring of the DBT molecule would be
a sterically demanding m® flat adsorption mode possible only on
external layers of MoS; particles (called rim sites) while the steric
hindrance of internal layers would lead to an absence of hydro-
genation on these sites (called edge sites). On the opposite, the
pre-requisite for the C—S bond rupture step would be the m!(S)
adsorption mode possible on both rim and edge sites.

In the present case, the similar HYD/DDS ratios obtained what-
ever the samples would be in agreement with the absence of
significant variation of the stacking degree. However, a deeper anal-
ysis of these results can also be made. Indeed, whatever the sample
considered, a depleted HYD selectivity is obtained which appeared
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particularly marked if compared to results previously acquired on
industrial CoMo/Al, 03 catalysts (0.49) [26]. As already observed by
Huang et al. [10] and Nava et al. [26], this depleted HYD character
is in fact related to a confinement effect of Co/MoS, nanoparti-
cles inside the mesoporosity of the SBA-15 support. Indeed, the
localization of the particles inside the mesopores hinders the pos-
sibility for the DBT molecule to adsorb in a sterically demanding
m® flat adsorption and therefore to be hydrogenated leading to an
enhancement of the DDS selectivity. This effect observed for SBA-
15 supported catalysts was also observed systematically for MoS,
[44,45], Co/MoS; [36,46] and Ni/MoS; [47] nanoparticles loaded in
carbon mesopores. The development of a carbon mesoporous orga-
nization led to depleted HYD selectivity whatever the MoS,-based
catalysts to be formed.

In this respect, it is interesting to observe that similar HYD/DDS
ratios were obtained by Huang et al. [10] for which cobalt-
promoted MoS, nanoparticles were mainly located inside the
SBA-15 channels even ifinhomogeneously dispersed. Similarly, the
presence of Co-promoted MoS, nanoparticles outside the SBA-15
channels [26] could explain the higher hydrogenating character
observed for CoMo/SBA-15 catalysts prepared using Mo oxide pre-
cursors and cobalt nitrate.

4. Conclusions

The synthesis of CoMo/SBA-15 catalysts was herein per-
formed using a novel approach using already-sulfided Mo
and Co precursors, ammonium tetrathiomolybdate and cobalt
diethyldithiocarbamate allowing to homogeneously disperse a
high proportion of cobalt-promoted MoS, nanoparticles inside
SBA-15 channels. Optimization of the activation parameters (tem-
perature of treatment, atmosphere) was subsequently carried out
in order to enhance catalytic properties. Compared to the classical
H,/H,S atmosphere, the use of a N, /H, atmosphere allows to obtain
better stabilized Co/MoS, nanoparticles for which cobalt segrega-
tion under hydrodesulfurization conditions is limited. Moreover,
depending on the atmosphere used, the temperature of activation
differently influences the morphology of the active phase leading
to a rapid monodimensional sintering at high temperature under
N, /H, while its influence is hardly noticed under H,/H,S. The
combination of using already sulfided Co and Mo precursors with
the optimization of the activation procedure led to highly active
CoMo/SBA-15 catalysts. Finally, the localization of cobalt-promoted
MoS, nanoparticles inside the mesopores of the SBA-15 support led
to confinement effects and to more direct desulfurization selective
catalytic systems.
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