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A series of mesoporous aluminas of different morphologies was prepared using synthesis methods
recently described in the literature. These aluminas were used as supports for CoMo HDS catalysts that
were fully characterized. Their performances were evaluated using an atmospheric thiophene HDS catalytic
test. The properties of the mesostructured alumina-based catalysts were compared with those of a
conventional alumina-based CoMo catalyst and of a previously optimized sol—gel alumina-based catalyst
(reference aluminas). The highest conversion was observed when using the alumina prepared from Al-
sec-butoxide with P123 as a templating agent, which exhibited the largest mesopores and a fine fibrillar
morphology, with a result ca. 25% larger than that observed on both reference aluminas. According to
their catalytic behavior, the samples were divided into two groups, the first one comprising the low
conversion catalysts, and the second one comprising the high conversion catalysts. Among all the
considered parameters (physical properties of the solids, oxidic phase nature, sulfidic phase morphology),
only the difference in the state of the oxo-molybdate phase gave a reliable correlation with catalytic
performances. In the oxidic form, the low activity samples presented monomolybate species, whereas
the high activity samples presented polymolybdate species.

1. Introduction

The sulfur-containing compounds present in transportation
fuels are responsible for a substantial degradation extent of
the air quality.! They are also strong poisons of the catalysts
used in vehicles’ exhaust gas converters.” To clear these
issues, legal limitations on the sulfur content are more and
more stringent. The maximum sulfur content in gas oil in
the US has been decreased to 15 ppm in 2006.% Japan has
already imposed a maximal sulfur concentration of 10 ppm
since 2007% and the same regulation will take place in the
EU by 2009.* To comply with the forthcoming regulations,
enhancement of the efficiency of the hydrodesulfurization
(HDS) processes is needed. Improvement of the catalytic
formulations is the most straightforward solution.

The active phase of conventional HDS catalysts consist
of well dispersed nanometric MoS, crystallites dispersed on
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a y-Al,O; support® and promoted with cobalt atoms (CoMoS
phase) or nickel atoms (NiMoS phase). These promotor
atoms that are located at the edges and corners of the disulfide
slabs, are responsible forenhanced HDS catalytic performances.®’
The most convenient and thus widespread method for
obtaining these active phases is the sulfidation of an oxidic
precursor obtained by incipient wetness impregnation of a
support with an ammonium heptamolybdate (AHM) based
solution.®'° Note that more sophisticated methods such as
impregnation of heteropolycompounds''™™* and chemical
vapor deposition (CVD)!>!® generally lead to higher HDS
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activities. The HDS performances strongly depend on the
nature of the support.'’ 72! A large variety of “conventional”
supports such as Si0,,% Ti0,,2726 Zr0,,2"? zeolites*® and
mixed oxides, 73 has already been used for HDS catalysts.
The recent developments in the field of the synthesis of
mesostructured oxides offer further perspectives for catalytic
applications. Since the first reports on the synthesis of silica
based mesoporous molecular sieves of the M41S family in
19923738 considerable efforts have been devoted to the
development of new routes for optimizing the synthesis of
pure or modified (by grafting or substitution) mesostructured
Si0,. Some reviews concerning the synthesis and the use in
catalysis of this kind of materials can be found.** * Since
the middle of the 1990s, these new mesostructuration
methodologies were adapted to enable the synthesis of other
oxides like Al,O3,** 7% Ti0,* % Zr0,,°? and Ce0,.>*
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Mesostructured materials exhibit various advantages for
catalytic applications such as a particularly high surface area
with a pore size in the mesopore range, which can be easily
tailored (typically between 2 and 15 nm). However, only
the mesostructured silica-based materials, which were first
discovered, were extensively studied as HDS catalysts
supports; pure mesoporous silica was used by Sorensen et
al. and Sampieri et al.’® The effect of the incorporation of
Al atoms in the mesostructured silica network using different
Si/Al ratios was also studied”’®° Some elements like Ti,°'~¢*
Zr,%* and Nb® were also grafted on the surface or incorpo-
rated into the walls of the silica before formation of the HDS
active phase; Recently, Guttierez et al.®® prepared NiMo
catalysts using SBA-15 material covered with ZrO, mono-
layer as a support, with an important increase in the catalytic
activity in deep HDS. In contrast, the literature concerning
the use of nonsiliceous mesostructured oxides for HDS
reactions is scarce. From our knowledge, only Hicks et al.®’
and Kaluza et al.®® have reported the use of mesostructured
alumina as a support for the HDS of dibenzothiophene and
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Table 1. Main Parameters Used for the Synthesis of the Alumina Supports

sample name Al precursor templating agent solvent Tynthesis (°C) procedure Tea (°C)
Al-Ref Al-sec-butoxide none not known alkoxyde hydrolysis 550
Al-SolGel Al-sec-butoxide none Butanol 85 Alkoxyde hydrolysis 550
Al -S+ Al-sec-butoxide CTABr butanol 40 alkoxyde hydrolysis 550
Al,i-SO hydrated Al nitrate P123 H,O 40 salt neutralization 600
Al -SO Al-sec-butoxide P123 butanol 40 alkoxyde hydrolysis 550
Al ncer-SO Al-ter-butoxide P123 ethanol (+ HCI) 40 alkoxyde hydrolysis 550

thiophene, respectively. Nevertheless, complementary char-
acterization seems necessary to conclude on the effect of
the mesostructuration of the alumina support on the properties
of the active phase. Further, recent developments in the
synthesis methods for yielding mesostructured alumina
enable the preparation of new samples with different mor-
phologies and physical properties,® 8 giving new opportuni-
ties for further catalytic developments.

In this work, a variety of mesoporous alumina samples
were synthesized following procedures recently described
in the literature. The obtained supports were characterized
by X-ray diffraction (XRD), N, porosimetry and transmission
electron microscopy (TEM). The CoMo catalysts prepared
using these supports were fully characterized; TEM was used
to obtain important information on the length and the stacking
of the MoS, active phase. Catalytic performances of the
samples were evaluated using the thiophene HDS model
reaction. All the results were compared with those obtained
for a commercial y-Al,Os and a laboratory-optimized sol—gel
Al,O5 taken as references.

2. Experimental Section

2.1. Supports Synthesis. The synthesis of mesoporous alumina
described in the literature is generally achieved by controlled
hydrolysis of alkoxide precursors,*#>70737 dissolved in an alcohol
but in some cases precipitation of inorganic alumina precursors is
preferred.®>7 In the present work, a reference alumina was
synthesized by a sol—gel method using a complexing agent for
better control of the hydrolysis step. Three other samples were also
synthesized by hydrolysis of an alkoxide precursor, one in the
presence of a cationic surfactant and two in the presence of a
nonionic templating agent. A last sample was prepared by nitrate
salt precipitation in the presence of the same nonionic templating
agent. The synthesis methods are detailed in the following
paragraphs. The main synthesis parameters are gathered in Table
1. A commercially available y-alumina support was also selected
as a basis of comparison.

2.1.1. Reference Commercial Alumina (Al-Ref). The Al-Ref
sample is a commercially available y-Al,O;. Prior to use, surface
of the solid was cleaned at 550 °C (temperature increase rate = 5
°C min~', isothermal time = 6 h) under air.

2.1.2. Sol—gel Alumina (Al-SolGel). The synthesis conditions
of the AIl-SolGel sample have been previously optimized to
maximize the HDS catalytic activity, as described elsewhere.”%
The selected hydrolysis ratio (H,O/aluminum trisec-butoxide = 10)
leads to a solid with a large pore volume and a high specific surface
area (SSA).¥ In this procedure, aluminum tri-sec-butoxide (50 mL)
was dissolved in 2-butanol (150 mL) under stirring at 85 °C. A
complexing agent (35 mL of butan-1,3-diol) was added to the

(79) Zhang, Z.; Hicks, R. W.; Pauly, T. R.; Pinnavaia, T. J. J. Am. Chem.
Soc. 2002, 124, 1592.

(80) Dumeignil, F.; Sato, K.; Imamura, M.; Matsubayashi, N.; Payen, E.;
Shimida, H. Appl. Catal., A 2003, 241, 319.

solution. Then, the aluminum alkoxide hydrolysis was performed
by addition of water under vigorous stirring (35 mL of water). After
being aged for 1 h at 85 °C under stirring, the solution was kept
for one more hour under static conditions at room temperature. The
powder obtained after evaporation under a primary vacuum at 40
°C was dried overnight at 100 °C before subsequent calcination at
550 °C under air for 6 h (temperature increase rate = 1 °C min ).

2.1.3. Synthesis with Cationic Surfactant (Al,;—S=+). The use
of cationic directing agent for the synthesis of mesostructured
alumina has been reported by others.®! ™83 The synthesis procedure
of Alx—S+ is essentially similar to this reported by Lee et al.
using controlled hydrolysis of an aluminum alkoxide precursor in
the presence of cetyl-trimethylammonium bromide (CTABr), except
that ethanol is used as a solvent instead of 1-butanol, and calcination
conditions slightly differ from those used by Lee et al. Unlike Al-
SolGel, no complexing agent was used. Aluminum-tri-sec-butoxide
(48.3 g) was initially dissolved in ethanol (EtOH; 45 g) placed under
stirring at 40 °C. Then, the solution containing the surfactant (35.7
g of CTABr dissolved in 45 g of ethanol) was slowly added under
vigorous stirring. After 1 h, water (7 mL) was added. The obtained
compact vitreous gel (molar composition: 1 Al:0.5 CTABr:10
EtOH:2 H,0) was aged 3 h at 40 °C before autoclaving for 20 h at
100 °C in the mother liquor. The solid was collected by filtration
and dried at 110 °C overnight. Calcination was performed under
the same conditions as for the Al-SolGel sample.

2.1.4. Synthesis with Nonionic Surfactant EQp-PO7-EO
(‘Pluronic P123’). Several references concerning the synthesis of
mesoporous alumina using different nonionic directing agents can
be found.®®707375.77.84=86  Eiprillar,**’° whormhole-like,**7° or
hexagonal’7> morphologies are observed. We chose P123 as a
nonionic surfactant as this copolymer is widely used for the
synthesis of mesoporous silica. Moreover, it presents many
advantages such as low cost, biodegrability, and ability to be used
in a wide range of pH, temperature, and concentration in solution.

(a) Nitrate Precursor (Al;-S0). The synthesis procedure,
which is similar to the synthesis of MSU-type Al,Oj; solids,
is inspired from the work of Zhang and Pinnavaia.®’
Nonahydrated aluminum nitrate (73.5 g) was dissolved in
water (34 g) at 40 °C under stirring. After a clear solution
was obtained, triblock copolymer (P123; 12.5 g) was added.
The stirring was maintained for 36 h. The white precipitate
(molar composition: 1 Al:0.017 P123:22 H,0:2.6 NH,OH)
obtained by quick addition of concentrated NH,OH (until
pH 8.5) was aged at ambient temperature for 48 h, filtered,

(81) Cabrera, S.; El Haskouri, J.; Alamo, J.; Beltran, A.; Beltran, D.;
Mendioroz, S.; Dolores Marcos, M.; Amoros, P. Adv. Mater. 1999,
11, 379.

(82) Zhang, X.; Zhang, F.; Chan, K. -Y. Mater. Lett. 2004, 58, 2872.

(83) Aguado, J.; Escola, J. M.; Castro, M. C.; Paredes, B. Appl. Catal., A
2005, 284, 47.

(84) Zhang, Z.; Hicks, R. W.; Pauly, T. R.; Pinnavaia, T. J. J. Am. Chem.
Soc. 2002, 124 (8), 1592.

(85) Deng, W.; Bodart, P.; Pruski, M.; Shanks, B. H. Microporous
Mesoporous Mater. 2002, 52, 169.
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CoMo HDS Catalysts Supported on Mesoporous Aluminas

Chem. Mater., Vol. 21, No. 3, 2009 525

Table 2. Structural Properties of the Calcined Alumina Supports

sample SBET pore pore volume* water pore distribution crystal

name m? g™ size”/ nm (cm? g™ volume(cm? g™1) type? phase® morphology”
Al-Ref 250¢ 10.4 0.68 1.3 L Y Aggregates
Al-SolGel 349 10.7 0.81 1.6 F Y Aggregates, fibrillar
Aly-S+ 423 6.2 0.85 1.5 F y Fibrillar
Al-SO 358 5.3 0.60 1.1 F y Fibrillar
Al-SO 343 11.6 20.5 2.00 3.1 L-bimodal y Fine fibrillar
Alycnc-SO 393 6.7 0.77 1.2 F Amorphous 2D hexagonal

“ Maker specification. ” Determined as shown in Figure 2 for Al-Ref (pore diameter taken at the middle of the segment defined by the width at half
the height of the peak). © Evaluated for P/P, > 0.995. “F = fine, L = large. ¢ Determined by comparison of the XRD patterns with the JCPDS files.

7 As observed by TEM.

washed with distilled water, and dried at 110 °C overnight.
Calcination was performed at 600 °C for 6 h (temperature
increase rate = 1 °C min™').

(b) Alkoxide Precursor (Aly-S0). The Al,-SO sample was
synthesized following the procedure described by Zhang et
al.¥” P123 (23 g) was first dissolved in butanol (130 g) at 40
°C under stirring continuously maintained overnight. Then,
aluminum-trisec-butoxide (44.8 g) was slowly added to the
solution. After 1/2 h of stirring, hydrolysis was performed
by slow addition of a solution of water (10.6 g) and butanol
(10 g). The obtained gel (molar composition: 1 Al:0.02 P123:
10.3 ButOH:3.2 H,0) was then aged at 40 °C under static
conditions for 30 h, filtered, washed with distilled water, and
dried at 100 °C overnight. The solid was finally obtained by
calcination at 550 °C under air for 6 h (temperature increase
rate = 1 °C min™ ).

(c) Alkoxide Precursor in Acidified Medium (Al,j.yc-S0).
The Al,x.nc-SO sample was obtained following the procedure
described by Niesz et al.”* Similarly to the synthesis of SBA-
15 type silica based materials, slow hydrolysis and condensa-
tion of the aluminum precursor occurs in the presence of
the templating agent in acidified medium. A solution of 37
wt.% HCI (33.6 g) in EtOH (90 g) was slowly added under
vigorous stirring to a solution of P123 structuring agent (19.3
g) previously dissolved in dried EtOH (181 g) at 40 °C.
Aluminum-tritert-butoxide (48.3 g) was then slowly added
to this solution under vigorous stirring. The above parameters
give a molar composition of 1 Al:0.017 P123:30 EtOH:6
H,0:1.74 HCIL. After half an hour, the stirring speed was
slowed down, and the solvent was evaporated under dry N,
flowing. After 4 days at 40 °C under dry N, the obtained
viscous liquid was dried at 100 °C for 2 days. The white-
yellowish powder was calcined at 550 °C under pure oxygen
for 6 h (temperature increase rate = 1 °C min!).

2.2. Catalyst Preparation. After determination of the water pore
volume of each carrier (Table 2), the catalysts were prepared by
simultaneous incipient wetness impregnation of cobalt nitrate
(Co(NO3)3+9H,0, Fluka 99%) and AHM ((NH4)¢M070,4°4H,0,
Fluka 98%) as described elsewhere.”!® The formulation was
adjusted to yield 10 wt % of molybdenum and a Co/(Co+Mo) ratio
of 0.4 on the calcined oxide precursor. These values correspond to
the limit on Al,-SO that exhibits the lower water pore volume
(Table 2; 1.1 cm® g™1), which is a decisive parameter that imposes
the maximal quantity of active phase that can be loaded while
achieving a good dispersion. After impregnation and maturation
for 2 h, the obtained solids were dried overnight in an oven at 110
°C and calcined at 500 °C during 3 h with a temperature increase
rate of 1 °C min~" under air flow.

(87) Zhang, W.; Pinnavaia, T. J. Chem. Commun. 1998, 1185.

For comparison purposes, all the catalysts were similarly
activated by sulfidation under atmospheric pressure of the oxidic
precursors during 2 h at 400 °C (temperature increase rate = 6 °C
min~") under a flow of 10 vol % of H,S in H, (60 mL min™").

2.3. Physical Characterization. 2.3.1. Texture. N, adsorption—
desorption isotherms were recorded at —196 °C using an automated
ASAP2010 instrument from MICROMERITICS. Before each run,
a known mass of sample (around 0.200 g) was heated at 350 °C
under vacuum for 3 h. SSAs were calculated from the linear part
of the Brunauer—Emmett—Teller line.®® Pore size distributions were
obtained applying the Barrett—Joyner—Halenda (BJH) equation to
the desorption branch of the isotherm.® Total pore volume was
estimated from the N, uptake at a P/P, value of 0.995.

2.3.2. Structure. Powder X-ray diffraction patterns of the supports
were collected on a SIEMENS D5000 diffractometer equipped with
a Cu Ko anticathode (1 = 1.5406 A). The diffractograms were
recorded for 26 values comprised between 10 and 70° using a 0.1°
step with an integration time of 4 s. Phase identification was carried
out by comparison with the JCPDS database.

Transmission electronic microscopy (TEM) was used to deter-
mine the initial morphologies of the supports and the morphology
of the supports after the impregnation/sulfidation procedure, as well
as to evaluate the repartition in size and stacking of the MoS; slabs
present on the sulfided catalysts. The TEM pictures were taken on
a TECNALI electron microscope operating at an accelerating voltage
of 200 kV. Before analysis, the powders were ultrasonically
dispersed in ethanol. Two drops of ethanol containing the solid
were then deposited on a carbon—copper grid.

To check the good dispersion of the molybdate phase, we
recorded the Raman spectra of the oxidic precursors at room
temperature using an Infinity Raman microprobe from Jobin-Yvon,
equipped with a photodiode array detector. The exciting laser source
was the 532 nm line of a Nd:YAG laser.

2.4. Thiophene HDS Catalytic Test. Thiophene was chosen as
a model molecule to evaluate the catalytic performances of the
catalysts, as usually found in the literature.>!0-13715.19-22

The tests were performed at atmospheric pressure in a flow-
type reactor packed with 0.2 g of catalyst. Before reaction, the oxidic
precursor was sulfided as described in Experimental Section. The
reactor was then naturally cooled to the reaction temperature of
300 °C under the sulfidation mixture. Thiophene, which was
previously purified by two successive vacuum distillations, was
introduced in the reactor at a constant pressure of 6.65 kPa in a
flow of hydrogen (total flow rate = 10 mL min~'). Reactants and
products (butane, but-1-ene, trans-but-2-ene, cis-but-2-ene) were
analyzed using a gas chromatograph equipped with a flame
ionization detector and a Plot-alumina column. Taking into account
the relative response factor for each compound, o, the conversion,
was calculated using the following equation:

(88) Gregg, S. J.; Sing, K. S. W. Adsorption, Surface Area and Porosity;
Academic Press: London, 1967.
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where ¢; is the peak area corresponding to the i product and auy, is
the area of the peak of thiophene.

3. Results and Discussion

3.1. Support Characterization. The physical properties
of the calcined alumina supports are summarized in Table 2
and partly in Table 3. Al-Ref presents the lowest SSA (250
m? g~ 1). Larger SSAs of about 350 m2.g~! are observed for
Al-SolGel, Aly;-SO and Al-SO. The largest SSAs are
obtained for Aly.uc-SO (393 m? g !) and Aly-S+ (423 m?
g 1. The N, adsorption desorption isotherms are presented
in Figure 1. Except for Al,-SO, type IV isotherms with H2
type hystereses loop (IUPAC classification®®) are observed,

08
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which is characteristic of mesoporous solids. Well-defined
plateaus are observed on the N, adsorption—desorption
isotherms at high P/P,. They are characteristic of the N,
capillary condensation into the mesopores. In contrast, Al -
SO exhibits a type II isotherm, which indicates an open
surface or a macroporous structure. In addition to this
particularity, compared to the other samples, which exhibit
a pore volume comprising between 0.60 and 0.85 cm® g~ !,
Al,;-SO presents a much larger pore volume of 2 cm® g™
(Table 2).

The pore size distributions are presented in Figure 2.
Mean pore diameters are reported in Table 2. All the
distributions are monomodal except for Al,-SO, which
shows a bimodal distribution with two ranges of pores, one
with a mean pore diameter estimated at around 12 nm and
the other one around 20 nm. A broad pore size distribution
is observed for Al-Ref, with a mean pore diameter of 10.4
nm but the broadest distribution is observed for Al,-S0O. In
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Figure 1. N, adsorption—desorption isotherms obtained on the calcined supports (open symbols) and the sulfided catalysts (full symbols).
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Figure 2. BJH pore size distribution obtained on the calcined supports (open symbols) and the sulfided catalysts (full symbols).

Table 3. Physical Properties and Catalytic Activities of the Sulfided Catalysts

Sper (m> g7V SSA mean pore mean pore V, (em® g7 v,
sample  Sger (m® g7') Sger (m® g7') (catalyst after variation® diameter, D, diameter D, V, (cm® g7 Ve (cm® g7') (catalyst after variation”
name (support) (catalyst) correction®) (%) (nm) (support) (nm) (catalyst)  (support) (catalyst) correction?) (%)

Al-Ref 250 196 254 +2 10.4 11.5 0.68 0.55 0.71 +4
Al-SolGel 349 243 315 —-10 10.7 7.8 0.81 0.52 0.67 —-17
Al -S+ 423 324 421 —0.5 6.2 7.0 0.85 0.6 0.78 —8
Aly-SO 358 266 345 -3.5 53 6.2 0.60 0.44 0.57 -5
Al -SO 343 215 279 —19 11.6/20.5 13.4 2.00 0.81 1.05 —47
Alyncr-SO 393 196 254 —35 6.7 4.5 0.77 0.27 0.35 —54

“ Correction is performed by removing the contribution of the weight gain consecutive to the introduction of the active phase (i.e., 23 wt % when
considering the CoS and MoS, stoechiometries). ” Relative to the value obtained on the bare support and the corrected value of the corresponding

catalyst.

contrast, very sharp pore size distributions are obtained for
Aly-S+, Aly-SO and Al pyo-SO, the mean pore diameter
varying between 5 and 7 nm. The observation of a sharp
pore distribution is also characteristic of mesoporous solids.
Almost similar pore size distribution is obtained for Al-
SolGel, showing that the hydrolysis rate-controlled sol—gel
method can give a solid with a fine pore distribution in the

range of the mesopores. A slightly higher pore size (~11
nm) is however obtained on this sample. Such sharp pore
size distribution is not observed for Al,;-S0, which exhibits
again very different features (Figure 2). For this sample, the
larger pore size explains the larger pore volume developed
by this sample, compared to all the other mesostructured
aluminas.
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Figure 3. TEM pictures of the calcined supports.

The morphology of the different aluminas was observed
by TEM. Representative pictures are shown in Figure 3.
Except for Alyk.pc-SO, disordered structures are obtained:
aggregates for Al-Ref (not shown), fibrillar structures for
Al -S4+, Aly-S0, Aly-S0, and a mixed structure (aggregates
+ fibrillar) for Al-SolGel. The fibrillar morphology obtained
by Zhang and Pinnavaia® on their MSU S/B samples is
clearly observed for Al,-SO (Figure 3). The morphology
reported by Zhang and Pinnavaia®’ is also directly compa-
rable to that obtained on the Al-SO sample. Fibrillar
morphologies were also reported by Lee et al.”” but from
larger hydrolysis ratios (R = [H,O]/[Al] of 10 and 20) than
that used in the present work (R = 1; Al,x-S+). Using dry
ethanol instead of 1-butanol as a solvent allowed us to obtain
fibrillar morphologies at a much lower hydrolysis ratio. For
this Al,-S+ sample, we obtained substantially higher pore
volume and a fine pore size distribution (with still a type IV
isotherm, Figure 1) keeping similar specific surface area,
which makes this new modified procedure interesting for
catalytic applications. Al nci-SO shows a very particular

Bejenaru et al.

structure, the so-called <2D-hexagonal> structure, which
is honeycomb-like, constituted of straight parallel pores with
an hexagonal section, as already reported by Niesz et al.”®
When measured on the pictures, the thickness of the pore
walls for this sample is around 2.5 nm and the pore diameter
around 5.5 nm, to be compared with 6.7 nm obtained by N,
adsorption. Note that less ordered structures could also be
distinguished on some TEM pictures of this sample, which
can explain this discrepancy.

The crystallographic structure of each sample was deter-
mined by XRD (Figure 4). Except for Alyk.pc-S0, which
was completely amorphous, features corresponding to more
or less crystallized y-alumina (Table 2) were observed (main
diffraction peak at 260 = 67°). Note that in the case of Al
Hel-S0, the organized pore network is maintained only if the
alumina can keep its amorphous character. Indeed, Royer et
al.”* showed that crystallization of the walls and subsequent
destruction of the 2D hexagonal structure were only observed
after calcination at 1000 °C. On the basis of the peak
intensity/sharpness, for the other supports the largest crystal-
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Figure 4. XRD diffractograms of the calcined supports. The diffractogram
given for y-alumina corresponds to JCPDS 16—0394.

lization extent was obtained for Al-Ref, whereas the lowest
was obtained for Al,-S+. This latter exhibited the largest
specific surface area among all the synthesized solids.

It is interesting to note that compounds with similar
physical properties can exhibit very different morphologies.
This is the case of Aly.uci-S0, which showed a SSA of 393
m? g~! and a mean pore diameter of 6.7 nm, and Al -S+,
which shows a SSA of 423 m? g¢~! and a mean pore diameter
of 6.2 nm (Table 2). Although the former had a 2D-
hexagonal structure, the latter exhibited a fibrillar morphol-
ogy. In contrast, similar morphologies do not necessarily
imply comparable physical properties. For example, Alp;-
SO and Al,,-S0O both showed fibrillar morphologies but their
pore volumes (0.60 and 2.00 cm® g™, respectively) as well
as their mean pore diameter (5.3 nm monomodal and 11.6
nm/20.5 nm bimodal, respectively) were very different (Table
2). It appears then that a complete set of characterizations
for each sample is mandatory to enable full knowledge of
its physical and morphological properties.

Thus, an amorphous solid and more or less crystallized
solids with high specific surface areas and large pore volumes
were obtained. Alumina crystallization was accompanied
with the formation of fibrillar structures (Figure 3). Only
Al nc-SO, which was found to be completely amorphous
from a crystallographic point of view, exhibited an organized
structure (hexagonal 2D structure), thus with amorphous
walls.

3.2. Catalyst Characterization. 3.2.1. Characterization
of the Oxidic Precursors. Raman spectra were recorded to
check the state of dispersion of the supported oxo-molybdate
phase. No undesirable MoO; or CoMoO, phases were
observed. This ensured that a good dispersion of the active
phase precursor was achieved, irrespective of the sample.
Thus, this parameter can be ruled out when comparing
catalytic activities. However, the samples can be divided into
two groups according to the type of oxo-molybdate species.
For the first group constituted of Aly.pc-SO and Aly-SO,
mainly monomolybdate species with characteristic lines®® at
920 and 320 cm™! were observed, whereas for the second

(89) Payen, E.; Grimblot, J.; Lavalley, J.-C.; Daturi, M.; Maugé, F.
Handbook of Vibrational Spectroscopy; Wiley & Sons: New York,
2001; Vol. 4, p 3005.
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Figure 5. Typical Raman spectra of the oxidic precursors.

group constituted of Al-Ref, Al-SolGel, Al,-S+, and Al,-
S0, polymolybdate species with characteristic lines® at 950,
860, 560, 360, and 220 cm ! were detected (examples in
Figure 5). Monomolybdate entities were observed on the
supports presenting the lowest pore volumes (Al;-SO and
Al nc-S0) suggesting that physical properties such as the
specific surface area or the pore size are not at the origin of
the nature of the oxo-molybdate species. Thus, specific
chemical surface properties could be responsible for the
difference in oxo-molybdenum phase formation over meso-
structured alumina.

3.2.2. Characterization of Sulfided Solids.

(a) Support Morphology. On the sulfided solids, i.e., on
the activated catalysts, complete characterization was also
performed. The properties of the sulfided samples are
reported in Table 3.

No significant difference is observed on the TEM pictures
between the supports (Figure 3) and the corresponding
catalysts (Figure 6), except for Al uc-S0. The hexagonal
structure of this sample is not preserved upon the impregnation—
calcination—sulfidation process. However, even if the hex-
agonal pore network is destroyed, a particular structure is
still observed, with a kind of mosaic distribution of the pore
mouths, as a footprint of the original 2D-hexagonal structure
(Figure 6).

The SSA and pore volume of the catalysts must be
corrected to enable direct comparison with the supports
due to the contribution of the weight gain consecutive to
the introduction of the active phase (i.e., 23 wt % when
considering the CoS and MoS, stoechiometries). We can
distinguish three groups of samples, corresponding to three
behaviors. In the first group, represented by Al-Ref, Al,-
S+ and Al,;-S0, no significant variation of the intrinsic
SSA and pore volume of the support was observed. This
suggests that these samples are very stable and only
slightly modified by the impregnation/sulfidation process.
The second kind of behavior is observed for Al-SolGel
with a slight decrease in both the SSA and the pore volume
after catalyst preparation/activation. This sol—gel alumina
seems then slightly less stable than the aforementioned
samples, possibly due to the collapse of y-Al,O; crystal-
lites during the impregnation and sulfidation process. For
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Figure 6. TEM images of the sulfided catalysts (the dashed ellipses indicate examples of slabs).

these two first groups of materials, the isotherm shape
remains almost unchanged after the impregnation/sulfi-
dation sequence, and only a slight decrease in pore volume
and SSA is observed. This suggests a good distribution
of the active metals through the pores network. In the third
group containing Al,-SO and Al uc-SO, significant
decreases in the surface area (respectively 19 and 35%)
and in the pore volume (47 and 54%) are observed. The
decrease in SSA observed for Al pci-SO might be linked
with the structural modifications observed by TEM. A
collapse of y-Al,Oj; crystallites during the impregnation/
sulfidation process can explain this result but such drastic
modifications might also originate in the segregation of a
part of the active phase to the periphery of the alumina
crystallite aggregates. But we note the presence of small
MoS,; slabs (average length of 1.89 nm; Table 4) sizes,
as well as the absence of bulk Mo oxides as deduced from
LRS results (Figure 5), suggesting a good distribution of
the active phase on the whole available surface. In any
case, the observed surface areas (larger than 200 m?/g)

Table 4. Average Length and Average Stacking of the MoS, Slabs
in the Sulfided Catalysts

sample name average length (nm) average stacking

Al-Ref 2.07 1.11
Al-SolGel 227 1.18
Aly-S+ 1.85 1.17
Ali-SO 1.91 1.16
Aly-S0 1.89 1.07
Alena-S0 1.76 1.33

and pore volumes of the catalysts (larger than ~0.6 cm?/
g) remain relatively important and compatible with further
catalytic use.

Except for Al,-S0, no significant change in the pore
size distribution was observed between the supports and
the corresponding catalysts. For Al,-S+, Al,;-SO and
Al yo-SO, the distribution remained sharp with a mean
pore diameter in the same range as before impregnation.
An important change was however observed for the Al,-
SO0 solid, where only the smallest pores (~13 nm) remain
on the catalyst. It seems that the steps of impregnation,
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calcination, and sulfidation lead to the vanishing of the
larger pores (~20 nm).

(b) Active Phase Morphology. TEM studies of the catalysts
revealed the presence of structures typical of the layered
MoS, phase, with a spacing of about 0.6 nm between the
lattice fringes (Figure 6). Irrespective of the catalyst, the
presence of large MoS, nodules was not observed, which
shows that the good dispersion of the molybdenum observed
at the oxidic state is still preserved at the sulfided state.”
Note that although microscopy does not provide any direct
evidence of the location of the MoS, slabs, there is a strong
presomption of a good dispersion within the mesopore
network. Indeed, LRS (Figure 5) showed that no MoOj; or
CoMoO, bulk species were formed and the outer surface of
the particles would be insufficient to yield the good disper-
sion of the MoS, slabs that we actually evidenced.

Statistics were performed on ca. 1000 slabs comprising
one or more layers. This enables reliable determination of
the distribution of size and stacking for each sample (Figures
7 and 8). The average length of the slabs as well as the
average number of layers in the slabs are presented in Table
4. These parameters play an important role on the HDS
performances. It is now well admitted that the active sites

(90) Payen, E.; Hubaut, R.; Kasztelan, S.; Poulet, O.; Grimblot, J. J. Catal.
1994, 147, 123.
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are located on the edges of the MoS, slabs. The average
slab length is correlated with the number of active sites (thus
located at their periphery), and then with the HDS catalytic
activity.”! Consequently, a decrease in average slab length
induces an increase in catalytic activity. Further, it has been
claimed that selectivity can be tuned by modifying the
stacking of the slabs.”> However, the influence of this
parameter might be more pronounced for S-containing
aromatic molecules larger than thiophene, i.e., diben-
zothiophene and substituted dibenzothiophenes.

The distribution of MoS, slabs lengths on each sample is
shown in Figure 7. The samples prepared using P123 show
a bimodal-like distribution, especially evident for Al poi-
S0. The other samples show a monomodal distribution, with
a large profile for Al-SolGel. The samples prepared with a
templating agent exhibit an average slab length (ASL) lower
than ca. 1.9 nm (Table 4). In contrast, the ASL of Al-Ref
and Al-SolGel were 2.1 and 2.3 nm, respectively. Among
the templating agent-prepared catalysts, Alyxpnc-SO had a
significantly lower average slab length of 1.8 nm.

The MoS, slabs stacking distribution on each sample is
shown in Figure 8. On Al-Ref and Al,;-SO, more than 90%
of the MoS; slabs are monolayered. Al-SolGel, Al,-S+ and
Al,;-SO show equivalent distribution with ca. 84% of
monolayered slabs and ca. 15% of bilayered slabs. Aly-
HCI-S0 is distinguished by a lower percentage of monolay-
ered slabs (ca. 71%), to the benefit of bilayered slabs (ca.
26%) with even more a slightly larger percentage of
trilayered slabs of ca. 3% compared to that observed on all
the other samples (around 1% or less). Accordingly, the
average stacking values in Table 4 reflect the presence of
three groups. Al-Ref and Al,-S0O gives a value of ca. 1.09,
Al-SolGel, Al -S+ and Al,;-SO gives a value of ca. 1.17
while Al pc-SO shows a significantly higher average
stacking of 1.33. When visually comparing the TEM pictures
(Figure 6), this specific multilayer-oriented structure can be
distinguished at a glance.

These results point out the specificity of Al,x.pc-SO sample
among all the prepared catalysts. This sample exhibits a large
stacking together with smaller slabs. This is indicative of
the atypical behavior of this solid when used as a catalyst
support as already presumed when considering its particular
structure.

3.3. Catalytic Activity. The samples prepared in this work
were tested in the thiophene HDS reaction after subsequent
sulfidation. As previously mentioned, the thiophene is the
simplest molecule representative of the aromatic sulfur
compounds present in the feeds to be treated. Consequently,
this test is commonly admitted as a reference HDS catalytic
test,13-15.19-22

The thiophene HDS conversion of all the catalysts is
reported in Table 5. Although the composition of the catalysts
is identical, significantly different catalytic activities were
observed. The lowest conversions were found for Al nci-
SO (13%) and Al,-SO (18%). Al-Ref (29%), Al-SolGel
(31%), and Al -S+ (32%) exhibited good performances.

(91) Kasztelan, S.; Toulhoat, H.; Grimblot, J.; Bonnelle, J.-P. Appl. Catal.
1984, 13, 127.
(92) Daage, M.; Chianelli, R. E. J. Catal. 1994, 149, 414.
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Table 5. Thiophene HDS Conversion of the Catalysts

sample name conversion a (%)

Al-Ref 29
Al-SolGel 31
Aly-S+ 32
Al;-SO 18
Al -SO 38
Alyencr-S0 13

The highest conversion was found over Al,,-S0 (38%). Most
of the physicochemical properties (SSA, pore size, etc., Table
3) vary according to the synthesis procedure. Nevertheless,
no correlation between these physical properties and the
catalytic activity can be evidenced. Moreover, Raman
spectroscopy showed that the oxidic active phase is well-
dispersed regardless of the support and thus activity differ-
ences cannot be related to the presence of some non-
sulfidable species such as bulk MoO; or CoM0O,. Similarly,
the differences in morphology of the active phase (difference
in slab size and stacking) as determined by TEM cannot
explain the differences in thiophene conversion. Indeed, the
less active solid (Alxpcr-SO) exhibits the lowest MoS, slabs
length as well as the highest stacking, which should confer
good performances as previously proposed.”>~ %

However, Raman analysis showed that the nature of the
oxo-species on the oxidic precursors depends on the support
used. Although the presence of monomolybdate species was
clearly identified over Al ci-SO and Al,;-SO, all the other
samples showed Raman features characteristic of the poly-
molybdate phase. The presence of monomolybdate species
may be in some extent at the origin of the low activities of
the corresponding catalysts. Indeed, it is well-known that
monomolybdate entities are not well sulfidable.”® This can
be explained considering that the transformation of the
oxomolybdate species into the MoS, phase implies O—S
exchanges as well as successive reductions of the Mo
atoms.”” Because of the very low reducibility of the isolated
monomolybdate entities, as shown by Hamraoui et al. using
DFT calculations,”® we may suggest that these monomeric
entities evolve differently during the activation step, com-
pared to the polymolybdate phase, thus leading to a “non-
well-sulfided” phase. Consequently, the amount of MoS,
nanocrystallites on the catalysts in which monomeric entities
have been detected as major species should be lower than
that on the catalysts containing polymolybdates. This further
yields the presence of a lower number of sites that can accept
Co as a promoter atom. At this point, we must also mention
that, in this preliminary study, we did not check about the
actual promotion effect of Co, which might be an important
parameter. Indeed, the used Co/(Co+Mo) ratio is the classical
one determined for conventional alumina supports consider-

(93) Sun, M.; Nicosa, D.; Prins, R. Catal. Today 2003, 86, 173.

(94) van Veen, J. A. R.; Gerkema, E.; van der Kraan, A. M.; Knoester, A.
J. Chem. Soc., Chem. Commun. 1987, 1684.

(95) Frizi, N.; Blanchard, P; Payen, E.; Baranek, P.; Lancelot, C.;
Rebeilleau, M.; Dupuy, C.; Dath, J.-P. Catal. Today 2008, 130, 32—
40.

(96) Grimblot, J.; Dufresne, P.; Gengembre, L.; Bonnelle, J. P. Bull. Soc.
Chim. Belge 1980, 20 (12), 1261.

(97) Weber, T.; Muijsers, J. C.; van Wolput, J.H.M.C.; Verhagen, C. P. J.;
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Figure 9. Correlation between the pore volume of the catalysts and their
thiophene HDS conversion.

ing that a large fraction of Co atoms (about 50 atomic %)
are not sulfided because of the formation during the
impregnation—drying—calcination sequence of a pseudo
CoAl,O, phase, which is not sulfidable. In the present work,
we used new alumina supports that can have more or less
affinity for the cobalt atoms. This should have an effect on
the total amount of cobalt atoms that are in decoration
position of the disulfide slabs. This point will be further
investigated using series of catalysts with various atomic
ratios Co/(Co+Mo).

Moreover, a correlation between the pore volume and the
conversion is observed (Figure 9). In a first approach, we
classified the samples into two groups, the first one with
monomolybdate species on lower pore volume supports (with
lower activities) and the second one with polymolybdate
species on larger pore volume supports (with larger activi-
ties). While clearly enlightening a boundary between the
behaviors of these two groups, Figure 9 further suggests that
a finer correlation exists within each group, with a manifest
dependency of the conversion with the pore volume.
However, with the available elements at this point, we cannot
reliably interpret such an observation. But a very interesting
point is that the most active solid was prepared using the
alumina support (Al,-S0), which exhibited a fine fibrillar
morphology and the largest water pore volume (i.e., 3.1 cm?
g™ 1). As it has been shown for Mo-based catalysts, the Mo
dispersion, i.e., the absence of MoO; or CoMoO; entities, is
mainly governed by the pore volume of the support.” Thus,
we can suppose that the Al,;-SO alumina might enable the
preparation of HDS catalysts with well-dispersed active
phases at higher amounts of supported Mo and Co species
and consequently exhibiting higher activities.

4. Conclusions

The aim of this work was to evaluate the potential of
mesoporous alumina solids as catalyst supports. A series of
mesoporous aluminas was prepared using procedures recently
described in the literature. The prepared powders were
subsequently used as supports for CoMoS HDS catalysts,
which were compared in terms of catalytic activity with two

(99) Lamonier, C.; Blanchard, P.; Guillaume, D.; Payen, E. Stud. Surf. Sci.
2006, 162, 713.
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reference catalysts prepared from a commercial y-Al,O5 and
an optimized sol—gel alumina.

The mesoporous synthesis procedures used in this work
were selected to obtain a set of different morphologies and
physical properties. Thus, different aluminum sources and
templating agent (cationic or nonionic) were used. Large
specific surface areas were obtained for the mesoporous
supports, with SSA exceeding 400 m? g~! when using a
cationic surfactant. Mesostructured supports mainly exhibited
a well-defined fibrillar morphology. Only one support showed
a 2D hexagonal pore structure. Nevertheless, this sample was
the only one that remained amorphous, from a crystal-
lographic point of view, after calcination. All the other
samples were constituted of a more or less crystallized
y-Al,O5 phase.

Different behaviors were observed concerning the physical
and textural properties evolution during the impregnation-
calcination-sulfidation cycle for yielding the final supported
CoMoS active phase. Some solids underwent drastic textural
changes. The best example is the support presenting a 2D
hexagonal pore organization, for which the active phase
preparation procedure resulted in some disruption of this
hexagonal organization and in drastic decreases in both SSA
and pore volume.

Slightly higher catalytic activities for the thiophene HDS
were obtained using high surface area and high pore volume
supports. The catalytic activity did not vary in parallel with
the morphological parameters of the active phase. Finally,
the catalysts could be divided into two groups. The first one
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including low conversion solids presented monomolybdate
species before sulfidation. These monomolybdate entities,
the formation of which being assigned to the surface chemical
properties of these new carriers, are supposed to be respon-
sible for the low activities of the corresponding catalysts.
The second one, including high conversion solids, presented
only polymolybdate species before sulfidation. Their activi-
ties seem to be correlated with the pore volume developed
by the corresponding supports.

The most active solid was prepared using the alumina
support (Al,-S0), which exhibited a fine fibrillar morphology
and the largest water pore volume (i.e., 3.1 cm® g!).
Moreover, as the limit for the achievement of a good Mo
dispersion is mainly governed by the pore volume of the
support, some of the prepared new supports especially
constitute an interesting way for the preparation of very active
HDS catalysts with larger metal loadings.

Thus, the mesostructured aluminas prove their potential
in the simple thiophene HDS test; as a next step, we plan to
specifically optimize the most promising ones for 4,6-
DMDBT HDS.
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