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Abstract

Hydrogenating catalysts were prepared by inserting Ru into the pores of mesoporous Al-MCM-41 materials by

selective adsorption of [Ru(NH3)6]
3þ. Ru/support catalysts were obtained after reduction with H2. The activities of

these catalysts in hydrogenation reactions were compared to those of Ru/HY and Ru/SiO2. The catalytic properties in

the absence of sulfur were tested in benzene hydrogenation, and the intrinsic activities of all the catalysts (either

supported on mesoporous materials or on zeolites) were identical. It was concluded from this result that the dispersion

of the Ru metallic phase was similar for all these catalysts. These samples were tested in the tetralin hydrogenation in

pure H2 and in the presence of H2S (330 ppm of H2S in H2). They were found to be much less active than the zeolite-

supported catalysts in the presence of H2S. It is proposed that the lower activity of the catalysts supported on meso-

porous materials is either due to their milder acidity, as evidenced by NH3-TPD, cumene cracking and pyridine

desorption experiments, or to the localization of the Ru nanoparticles on alumina islands.

� 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The hydrogenation of aromatics in diesel fuel is

important for both environmental protection and

fuel quality. New regulations in Europe and the

United States require a reduction of the content of

aromatics. At the present time, much research fo-
cuses on developing new catalysts and hydro-

treating processes in order to meet the gradually

stricter diesel fuel specifications. Conventional

hydrotreating catalysts containing sulfided mixed

oxides (NiMo, NiW and CoMo) can only reach a

moderate level of aromatics saturation under

typical hydrotreating conditions in a single-state

operation [1,2]. Increasing the operation severity
does not result in deep levels of aromatics
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saturation because of thermodynamic limitations.

On supported noble metal catalysts, aromatics

hydrogenation can be performed at relatively low

temperature, i.e. far from the thermodynamic

equilibrium. This is the reason why these catalysts

perform so well in deep aromatics saturation. The
main drawback of these catalysts is that they can

be poisoned by small amounts of organic sulfur

and nitrogen compounds present in the feed [3,4].

When the noble metal is supported on an acidic

zeolite, its sulfur and nitrogen tolerance is greatly

improved [5]. According to Dalla Betta and Bou-

dart [6], these variations can be explained by an

electron deficiency induced by the interaction be-
tween small metal particles and protons of the

zeolite. Recent work on Ru metal and sulfide

supported on acidic zeolites has evidenced the

attractiveness of these catalysts for the hydro-

genation of aromatics in the presence of sulfur

compounds [7]. However, the use of these catalysts

is limited to the conversion of small aromatic

molecules due to the pore size of the zeolitic sup-
port.

The mesoporous material MCM-41 possesses a

hexagonal array of uniform mesopores and a large

surface area. Compared to zeolites, only weak and/

or medium acid sites exist in Al-MCM-41 [8]. It

has been shown that MCM-41 could be a suitable

support for preparing noble metal-based catalysts.

Song et al. reported that Pt supported on Al-
MCM-41 is an active catalyst for the hydrogena-

tion of aromatics in a batch reactor [9]. Corma

et al. claimed that platinum-containing MCM-41

can act as a catalyst for the hydrogenation of

naphthalene [10]. The authors attributed its ex-

cellent activity and sulfur tolerance to the high

dispersion of Pt and the interaction of the small Pt

clusters with the mildly acidic sites in Al-MCM-41.
Therefore, mesoporous silica–alumina materials

can be used as an alternative to zeolitic supports

for metallic phases.

In this work well dispersed Ru catalysts sup-

ported on pure-silica MCM-41 and Al-MCM-41

were prepared and characterized. The acidity

strength and the number of Brønsted acid sites

were evaluated using 27Al NMR, IR spectroscopy
of adsorbed pyridine, temperature-programmed

desorption of NH3 and cumene cracking. The

hydrogenating properties of these catalysts were

determined in the hydrogenation of tetralin under

pure H2 and under a mixture of H2 and H2S

(partial pressure of H2S ¼ 1:5 kPa) and compared
to the activity of Ru/SiO2 and Ru/HYd used as

reference catalysts.

2. Experimental

2.1. Preparation of mesoporous materials

The parent pure-silica MCM-41 material was

synthesized according to the procedure described
by Ryoo et al. [11,12], which includes three pH

adjustments at pH¼ 10 and the addition of NaCl
(molar ratio: NaCl/SiO2¼ 0.75) during the period
of hydrothermal treatment (14 days). A 0.1 M

NH4NO3 solution in ethanol was used to extract

the surfactant from the as-synthesized MCM-41.

The ratio of solid/liquid was 1 g/50 cm3. After a

reflux at 358 K for 2 h, the product was filtered,
washed, dried at 373 K overnight and then calc-

ined in air (heating from room temperature to 823

K with a rate of 1 K/min followed by 4 h at 823

K).

Al-MCM-41 was prepared by post-synthesis

alumination of pure-silica MCM-41 using a

method derived from Mokaya and Jones [13]. 25 g

AlCl3 � 6H2O (99 wt.%, Aldrich) were added to 125
cm3 distilled water. This solution was heated to

353 K under stirring. 80 cm3 TMAOH (tetra-

methyl ammonium hydroxide 10 wt.% in water,

Fluka) and 80 cm3 distilled water were mixed and

added to the above solution. After a clear solution

was obtained (circa 1 h), 6 g of calcined MCM-41

were added at room temperature under stirring.

This mixture was heated to 353 K and kept at this
temperature for 2 h. After filtration, washing and

drying at 373 K, the product was calcined in air

from room temperature to 803 K (1 K/min, 4 h at

803 K).

2.2. Catalyst preparation

The compound used as Ru precursor was
Ru(NH3)6Cl3 (99.9 wt.%, Johnson & Matthey).

Ru supported on MCM-41, Al-MCM-41 and SiO2
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(Aerosil 300 Degussa) were prepared as follows: 1

g of solid was mixed with 40 cm3 of an aqueous

solution of Ru(NH3)6Cl3. The pH of the mixture

was adjusted using NH4OH. After equilibration of

the solution/silica mixtures under stirring, the solid

phase was separated by filtration and washed
several times with distilled water to eliminate re-

versibly adsorbed complexes. This procedure is

sometimes called ‘‘selective adsorption’’ in the

catalysis literature [14]. Ru supported on HYd

(dealuminated zeolite Y, PQ company) was ob-

tained by ion-exchange as described in [15]. All

resulting catalysts were filtered, washed and dried

in vacuum at 298 K. Calcination was avoided to
prevent the agglomeration of the Ru particles in

the presence of O2, which occurs at relatively low

temperature (about 150 �C). The samples were
then reduced according to procedures described

below.

2.3. Characterization

The contents (wt.%) of Si, Al and Ru in the

dried samples were measured by atomic absorp-

tion (Central Analysis Service of the CNRS,

France).
27Al NMR experiments were run on an MSL300

spectrometer at 78.2 MHz, with a pulse width of

0.7 ls (p/18), a pulse delay of 0.3 s, a spinning rate
of 10 kHz and about 3600 scans.

XRD measurements were carried out using a

Siemens type D 500 diffractometer with CuKa
radiation (wavelength¼ 1.54 �AA). For the meso-
porous materials, the scanning range was set be-
tween 1.7� and 8� with a step size of 0.02 s.

N2 adsorption–desorption isotherms were ob-

tained on a Micromeritics ASAP 2010 system at 77

K. Before analysis the supports and catalysts were

degassed at 423 and 573 K, respectively, under a

pressure of 0.1 Pa for 5 h. The pore sizes were

evaluated from the desorption branch of the iso-

therm using the BJH model.
Transmission FT-IR spectra of adsorbed pyridine

were obtained on a Bruker Vector 22 (resolution 2

cm�1, 32 scans/spectrum) spectrometer. A self-

supporting wafer of about 4 mg/cm2 was first

calcined under N2 (100 cm
3/min) in situ in an IR

cell at 723 K (0.8 K/min, about 6 h at 723 K) and

then evacuated (10�4–10�5 mbar) at 723 K for 1 h.

Pyridine was admitted to the cell at 298 K, and

after 10 min equilibrium, pyridine was desorbed at

298, 423 and 573 K under vacuum (10�4–10�5

mbar) during 1 h. All the spectra were recorded at

298 K.
The temperature-programmed desorption of am-

monia (NH3-TPD) was carried out with an Auto-

win 2910 equipment (Micromeritics). The released

NH3 was detected by a mass spectrometer (Om-

nistar) using the data collected at e=m ¼ 16. Am-

monia was injected in order to saturate the sample

surface at 423 K. Prior to the injection, the sample

(100 mg) was activated at 873 K for 40 min (10 K/
min) under He (20 cm3/min). The measurement of

the desorbed NH3 was performed from 423 to 873

K (10 K/min) under He (40 cm3/min). Because

NH3 decomposes to N2 and H2 (at about 573 K)

on Ru catalysts, the TPD experiments were only

performed on the supports.

2.4. Catalytic activity measurements

Cumene cracking was carried out in a tubular

quartz fixed-bed reactor (internal diameter 8 mm)

at 573 K in a 25 cm3/min carrier gas flow of N2.
The catalyst (100 mg) was first activated at 773 K

for 2 h (2 K/min) under 25 cm3/min N2. Cumene

(Aldrich, 99%) vapor was introduced into the re-

actor by bubbling N2 through a saturator con-

taining liquid cumene. The cumene flow rate was

11.2 lmolmin�1 (partial pressure of cumene 103

Pa, WHSV of 3.8 h�1). The products, i.e., benzene

and propene were analyzed using an on-line Var-
ian 3800 gas chromatograph with a capillary col-

umn.

Benzene hydrogenation was carried out in a

fixed-bed microreactor under atmospheric pres-

sure at 323 K. The partial pressure of benzene

(99.8%, Merck KGaA, Germany) was kept con-

stant at 6.9 · 103 Pa. The flow rate of H2 was 100

cm3/min. The amount of catalyst (circa 50 mg),
was chosen such as to obtain a conversion below

10%, where the reaction rate can be calculated

using the equation for a differential reaction. The

reaction products were separated and identified

using an on-line HP 5890 series II gas chromato-

graph equipped with a capillary column. The only
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observed product was cyclohexane. Prior to the

activity measurement, each catalyst was pretreated

in situ in H2 (100 cm
3/min) at 773 K for 2 h (3 K/

min).

As the catalysts underwent deactivation during

the tests, the initial conversion was determined
according to a second-order deactivation law [16]:

the reciprocal value of the conversion s versus time
t of the run was used to determine the initial

conversion s0 by extrapolation to zero time:

1=s ¼ 1=s0 þ kt

ðk is an empirical deactivation constantÞ:

Tetralin hydrogenation was performed in an

open high-pressure microreactor working in the

gas phase (PH2 ¼ 4:5 MPa and Ptetralin ¼ 2:7 KPa)
at 523 K. The total flow rate was 333 cm3/min.

Pure tetralin was introduced into the reactor by

means of a gas phase saturator. The products were
analyzed by an on-line HP5890 gas chromato-

graph equipped with a capillary column (HP5.5%

phenyl-methyl-silicone, 30 m · 0.53 mm). Because
of the slow deactivation of the catalysts, the spe-

cific rates were measured after a pseudo-steady-

state was reached (around 14 h on stream). High

selectivities (>90%) towards hydrogenation prod-
ucts were observed. Small quantities of isomer-
ization products were also detected which were

probably methylindanes formed by isomerization

of tetralin. The metal catalysts were obtained by

reduction in situ under H2 at 653 K (5 K/min, 5 h

at 653 K). After 14 h, 330 ppm H2S were intro-

duced into the feed in order to investigate the

sulfur tolerance of the metal catalyst.

3. Results and discussion

3.1. Catalysts preparation and characterization

Post-synthesis alumination, which allows the

insertion of a large amount of Al without collapse

of the mesophase, was applied to tune the amount

of inserted Al. An Si/Al ratio of 6.3 was obtained
in the Al-MCM-41 sample, when a 0.5 mol l�1 Al

solution was used (Table 1), in agreement with the

work of Mokaya and Jones [13].
27Al NMR allows to discriminate between

framework tetrahedral (Td) Al (d ¼ 50 ppm) and

extra-framework octahedral (Oh) Al (d ¼ �1
ppm). The spectra of the Al-MCM-41 sample

shown in Fig. 1 do not only display these two peaks
but also a third one, located at approximately

30 ppm, which is usually assigned to penta-coor-

dinated Al [17]. 27Al NMR is a semi-quantitative

technique, in the sense that part of the Oh Al is

NMR-silent due to the high anisotropy of these

sites. It is therefore only possible to roughly eval-

uate the amount of Td Al. By doing so we have

found that about 25% of the Al atoms are in tet-
rahedral positions, i.e. inserted into the silica walls.

This rather low value is due to the fact that the

number of silanol groups is limited (about 5 Si–

OH per nm2) and part of the aluminum is not

Table 1

Physical properties of different supports and catalysts

Catalyst Si/Ala Ru (wt.%)a SBET (m
2/g)b APDc (�AA) Pore volume (cm3/g)

MCM-41 – – 1067 33.9 1.10

Al-MCM-41 6.28 (25) – 849 32.3 0.86

SiO2 – – 223 – –

HYd 13.6 (18.5) – 802 (199) – 0.24

Ru/MCM-41 – 1.91 507 67.5 0.77

Ru/Al-MCM-41 – 2.07 854 32.4 0.73

Ru/SiO2 – 1.44 186 – –

Ru/HYd – 1.56 – – –

aChemical analysis, the value in the parentheses stands for Si/Al determined by 29Si NMR (HYd) or estimated from
27Al NMR (Al-

MCM-41).
b The value in the parentheses stands for the mesopore and external surface area.
c APD, average pore diameter (determined using BJH analysis).
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inserted into the silica walls and remains octa-

hedrally coordinated at the surface. The frame-

work Si/Al ratio of this sample is higher than that

of the reference zeolite (see Table 1). This will re-
sult in a lower amount of acid sites and in a lower

ion-exchange capacity.

Ruthenium was introduced into the pores using

selective adsorption in basic solution. It is well

known that the surface charge distribution of ox-

ides is a strong function of the pH of the solution.

For silica, the surface is negatively charged above

pH 2.5, but the surface charge becomes significant
only above 5.0. When the pH exceeds about 10,

dissolution of silica occurs [18]. Between pH¼ 5
and pH¼ 10 the silanol groups are partly deproto-
nated, and an ion-exchange reaction between Hþ

and the [Ru(NH3)6]
3þ complex occurs. This prep-

aration method permits a high dispersion of the

ruthenium phase, due to the strong interaction

between the metal complex and the oxide surface.
The conditions, depending on the support, are

given in Table 2. The amounts of Ru inserted by

selective adsorption are reported in Table 2.

XRD and N2 sorption were used in order to

check that the integrity of the support was pre-

served upon successive addition of Al and Ru. The

powder XRD pattern and textural characteristics

of the mesoporous MCM-41 support are displayed
in Fig. 2a and Table 1. In agreement with Kresge

et al. [19], the hexagonal symmetry of the lattice is

evidenced by the strong (1 0 0) peak at very low

angle and the three weak peaks [(1 1 0), (2 0 0) and
(2 1 0)] at comparatively higher angles. The large

surface area also agrees with previous works. The

evolution of the XRD pattern along the prepara-

tion steps is illustrated in Fig. 2 by the diffracto-

grams of MCM-41, Al-MCM-41, Ru/MCM-41

and Ru/Al-MCM-41. The diffraction peaks of the

hexagonal structure are still well identified after

the introduction of Al, although a minor decrease
in the intensities of the high-order peaks can be

observed (Fig. 2b). The decrease is intensified for

the Ru/Al-MCM-41 samples for which the (2 1 0)

diffraction peak is not visible anymore (Fig. 2d).

Fig. 1. 27Al MAS NMR spectrum of Al-MCM-41.

Table 2

Preparation conditions for the supported ruthenium catalysts

Catalyst Preparation

pH Ru/support ratio in

solution (mmol/g)

Contact

time (h)

Ru/MCM-41 7.5 0.4 3

Ru/Al-MCM-41 7.5 0.28 3

Ru/SiO2 9.0 0.4 16.5

Ru/HYd – 0.45 24

2

d

c

b

a

2θ (degrees)

In
te

ns
ity

 (
a.

u.
)

3 4 5 6 7 8

Fig. 2. XRD patterns of mesoporous supports and catalysts.

(a) MCM-41; (b) Al-MCM-41; (c) Ru/MCM-41; (d) Ru/Al-

MCM-41.
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The most pronounced effect is observed for Ru/

MCM-41, for which only the intense peak at low

angle is observed (Fig. 2c). This reveals a pro-

gressive distortion of the long-range ordering of

the hexagonal structure. The latter is associated to

a progressive decrease of both the total surface
area and pore volume, as shown by the corre-

sponding N2 physisorption data (Table 1). The

increased pore size observed for the Ru/MCM-41

sample is also an indication of the collapse of the

pore walls.

Besides the deterioration of structure integrity,

the loss of porosity after insertion of Al could be

due to increased weights of the samples associated
to Al incorporation [13]. When Ru is supported on

mesoporous materials, the textural properties of

Ru/Al-MCM-41 are only slightly modified,

whereas for Ru/MCM-41 its isotherm plot and

pore size distribution indicate a loss of its struc-

tural integrity (loss of about 50% of the surface

area). In accordance with the work of Mokaya and

Jone [13], the stability of MCM-41 toward water is
enhanced after post-synthesis alumination. Two

reasons can be proposed to explain this higher

stability. Either a healing of the surface defects of

the silica walls due to the consumption of the

surface silanol during the alumination step (the

incorporation of Al in tetrahedral positions pro-

ceeds in solution via the condensation reaction

between silanol groups and aluminum), or the
formation of a layer of amorphous alumina at the

surface of the mesoporous material: due to its

higher isoelectric point compared to that of sil-

ica, the alumina layer will increase the stability

of MCM-41 in mildly basic solutions. For non-

porous SiO2, only a moderate decrease of the

surface area is observed after chemical anchoring

of ruthenium under more severe pH conditions
(see Table 2). The high surface area of ultrastable

Y zeolite is also only moderetely decreased by the

ion-exchange procedure.

Benzene hydrogenation has been used in order

to characterize the dispersion of the Ru phase.

This is a structure-insensitive reaction, which

means that the activity is proportional to the ex-

posed metallic surface [20,21]. In order to use this
reaction to characterize the metallic dispersion, it

is necessary to determine the turnover frequency

on a catalyst of known dispersion. The dispersion

of the Ru phase was determined on Ru/HYd using

TEM. Particle sizes of 1.5–2.5 nm were observed,

in agreement with previous work [22]. The mean

particle size was 1.8 nm, which corresponds to a

metal dispersion of 56%, assuming a cubic shape
for the metal particles.

The specific and intrinsic activities of the Ru

catalysts are reported in Table 3. The turnover

frequency calculated for the Ru/HYd sample is in

agreement with previously published results [23].

However, as proposed by Lin and Vannice [24],

the presence of acid sites on this sample might

result in a higher hydrogenation activity and
therefore a higher TOF than for the catalysts

supported on non-acidic (SiO2 and MCM-41) or

mildly acidic (Al-MCM-41) materials. The dis-

persion of the three other catalysts being evaluated

using this value of TOF (see Table 3), one should

keep in mind that these values might be underes-

timated. The dispersions of the metallic phase are

similar for all the catalysts (between 46% and 62%)
and in agreement with the dispersions reported by

Gonzalez et al. [25,26] for Ru dispersed on pure

silica using a comparable preparation procedure

(see Table 2).The high dispersion of the Ru phase

confirms that the preparation method we used is

appropriate for the preparation of finely dispersed

Ru nanoparticles.

3.2. Acid properties

The acid–base properties of the supports and

catalysts were characterized using IR spectroscopy

of adsorbed pyridine, cumene cracking and NH3-

TPD.

Table 3

Hydrogenation of benzene at 323 K

Catalyst Vs · 106
(mol g�1cat s

�1)

Vi · 102
(molec s�1

atom�1
Ru)

Dispersion

(%)

Ru/HYd 3.2 2.10 56

Ru/MCM-41 4.4 2.32 62

Ru/Al-MCM-41 3.5 1.72 46

Ru/SiO2 3.1 2.17 58

Note: Test: Ptot ¼ 0:1 MPa, Pbenz ¼ 6:9 kPa.
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Cumene cracking is a well-known probe reaction
for Brønsted acidity. Under the conditions used,

the reaction proceeded via catalytic cracking (on

Brønsted acid sites) to propene and benzene. The

cumene conversions obtained by supports and

catalysts are given in Table 4. The conversion of

Al-MCM-41 is about two times lower than that of

HYd, confirming the presence of acidic sites on this

support but also indicating a milder acidity and/or
a lower amount of Brønsted sites for the meso-

porous support. High conversions are observed for

all samples, meaning that the real difference of ac-

tivity between Al-MCM-41 and HYd supports

might be even higher than the measured one.

Moreover, the introduction of ruthenium into the

two supports does not significantly modify the

distribution of acid sites. Even a slight decrease of
cumene conversion is observed. This latter could be

explained by the localization and the type of the Ru

nanoparticles.

NH3-TPD was used in order to characterize the

strength of the acid sites of the supports (see Fig.

3). Two peaks are expected in the 400–800 K

range, namely one at low temperature assigned to

the desorption of weakly held ammonia (physi-
sorbed ammonia and ammonia adsorbed on weak

Lewis sites) and a second one at higher tempera-

ture corresponding to ammonia adsorbed on

Brønsted sites. These two peaks overlapped on the

desorption curve of Al-MCM-41, giving rise to a

broad asymmetric peak centered at 500 K. They

are better resolved in the desorption curve of the

HYd zeolite. The overlapping of the two peaks in
the curve of Al-MCM-41 is due to the low tem-

perature of ammonia desorption from the Brøns-

ted sites (nearly all the Brønsted sites of this
support are free from ammonia at about 550 K)

and confirms the milder Brønsted acidity of meso-

porous materials compared to zeolites. Due to the

presence of weakly bonded ammonia it is not

possible to quantify the number of Brønsted sites

for the mesoporous support.

The IR spectra of pyridine adsorbed on the

supports after desorption at 423 and 573 K are
shown in Fig. 4. All samples exhibited bands due

to the vibration of pyridinium ions adsorbed on

Brønsted acid sites (1545 cm�1), coordinated

pyridine on Lewis acid sites (1450 cm�1) and

pyridine associated with both Brønsted and Lewis

sites (1490 cm�1). The ratio Brønsted/Lewis can be

estimated using the relative surfaces of the

Brønsted and Lewis bands and the molar absorp-
tion coefficients of these two sites given by Guisnet

et al. [27] (�B ¼ 1:13, �L ¼ 1:28 cm lmol�1). The
B=L ratio for the supports and the catalysts are
displayed in Table 4. After desorption at 423 K,

Al-MCM-41 presents a smaller proportion of

Brønsted acid sites than the zeolite. The presence

of a large amount of Oh Al is responsible of the

high intensity of the Lewis band. When the tem-
perature was increased to 573 K, pyridine was

desorbed from nearly all the Brønsted acid sites,

whereas it remained adsorbed on most Lewis acid

sites. For the dealuminated HYd zeolite, it is ob-

vious that the amount of Brønsted acid sites was

higher than that of the Lewis acid sites at 423 K

Table 4

B/L acid sites ratio on different supports and catalysts and

cumene conversion

Sample Brønsted/Lewisa Cumene

conversionb (%)423 K 573 K

Al-MCM-41 0.51 0 45

Ru/Al-MCM-41 0.54 0 36

HYd 6.67 4.35 92

Ru/HYd 6.74 4.46 80

aUsing extinction coefficients by Guisnet et al. [27].
bAfter 2 h time on stream.

500 600 700 800

(b)

(a)

N
H

3
re

le
as

ed
(a

.u
.)

T (K)

Fig. 3. NH3-TPD of (a) Al-MCM-41 and (b) HYd.
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from Fig. 3. On the other hand, for the zeolite, the

distribution of acid sites at 573 K is not signifi-

cantly modified, except for a slight decrease of the

peak intensities. The comparison of the desorption
behavior of pyridine on Al-MCM-41 and HYd

confirms the milder acidity of Al-MCM-41 com-

pared to the zeolite. It also confirms, as already

noticed in the 27Al NMR and NH3-TPD studies,

that the Al-MCM-41 sample contains a lower

amount of Brønsted acid sites. A similar trend was

observed for the supported ruthenium catalysts

(result not shown).

3.3. Tetralin hydrogenation

In order to investigate the influence of the

support on the activity of Ru catalysts in tetralin

hydrogenation, reduced catalysts were tested in

this reaction with and without H2S in the reactant

feed. The specific rates and the TOFs calculated

using the dispersion given in Table 3 are shown in

Table 5. Initially, for pH2S ¼ 0 all the catalysts
have, as expected, a similar TOF, except Ru/

MCM-41. The lower activity for this catalyst

might be due to traces of H2S remaining in the

catalytic test device, even for pH2S ¼ 0, that would

poison the Ru particles. Indeed, upon addition of

330 ppm H2S in the feed the activities of all cata-

lysts decrease (Table 5). This decrease is, however,

smaller for the Ru/HYd catalyst than for the three
others, indicating that Ru/HYd possesses a greater

sulfur resistance. This is in line with the reported

higher resistance towards sulfur of the metallic

phase induced by the vicinity of Brønsted acid

sites. It has been proposed that the high sulfur

tolerance of Ru/HYd stems from electron-deficient
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(a)
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Fig. 4. IR spectra of pyridine adsorbed on catalysts at 423 K (left) and 573 K (right). (a) Al-MCM-41; (b) HYd.

Table 5

Catalytic activities of supported ruthenium catalysts in tetralin hydrogenation

Catalyst Specific rate · 107 (mol g�1cat s�1) TOF· 104 (s�1)

PH2S
a ¼ 0 PH2S

b ¼ 330 ppm PH2S
c¼ 0 PH2S

a¼ 0 PH2S
b¼ 330 ppm PH2S

c¼ 0
Ru/HYd 1.8 1.3 – 20.8 15.0 –

Ru/SiO2 1.6 0.2 0.4 19.3 2.4 4.8

Ru/MCM-41 0.9 0.1 0.4 7.7 0.9 3.4

Ru/Al-MCM-41 2.5 0.1 1.3 26.5 1.1 13.8

Note: Test: 523K, Ptot ¼ 4:5 MPa, partial pression of tetraline 2.7 kPa.
aActivities were measured after around 14 h (when the activity was stable) without H2S in the feed.
bAfter a, 330 ppm H2S were introduced into the feed and the activity was measured after around 2 h.
cAfter b, H2S in the feed was removed and the activity was measured after around 4 h.
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Rudþ. According to Sachtler and coworkers

[28,29], a metal-proton adduct could be formed

between the metal and Brønsted acid sites of the

zeolite, which would lower the strength of the Ru–

S bond, thus enhancing the S-tolerance of the

catalyst. However, one would also expect a higher
sulfur resistance of the metallic phase supported

on Al-MCM-41. The fact that the poisoning of the

metallic sites is similar on acidic and non-acidic

mesoporous materials tends to indicate that either

the acidity of these materials is too low to bring

about sulfur resistance of the metallic phase or the

Ru nanoparticles are not located in the vicinity of

these acidic sites. The 27Al NMR study has indeed
evidenced the presence of a large amount of Oh Al

that could form islands of amorphous alumina at

the surface of the silica walls, where the Ru

nanoparticles could be located. This would prevent

the expected effect of the acid sites. Corma et al.

have reported, in contrast with the first hypothesis,

that Pt-containing Al-MCM-41, MSA (mesopor-

ous amorphous silica–alumina) and ASA (amor-
phous silica–alumina) possessed similar acidity,

but that Pt/Al-MCM-41 presented a higher sulfur

tolerance comparable to the one of Pt/USY [10].

However, no similar study has yet been performed

on Ru nanoparticles.

Upon removal of H2S from the feed, the ac-

tivity was restored to some extent depending on

the support. The activities measured 4 h after the
removal of H2S indicate that the restoring ability is

about 50% (Table 5). This means that part of the

poisoning occurring in the presence of H2S is re-

versible in a pure H2 atmosphere.

Preliminary results performed on sulfided cat-

alysts have evidenced a similar trend, confirming

that the activity of Ru metal or sulfide for the

hydrogenation of aromatics in the presence of
sulfur is higher when the strength of acid sites is

higher [15].

4. Conclusion

This work demonstrates that mesoporous ma-

terials are suitable supports for the preparation of
well dispersed supported Ru catalysts. The char-

acterization of the acidity (strength and number of

acid sites) of Al-MCM-41 confirms that the

Brønsted acidity in this material is milder than in

zeolites. The number of acid sites was also shown

to be smaller than in the reference zeolite. This

result, associated with the presence of a large

number of Lewis sites indicates that a large por-
tion of the Al is in octahedral positions. This could

result in the formation of alumina island at the

surface of the silica walls.

All the samples exhibit similar specific activities

in benzene and tetralin hydrogenation (without

H2S in the feed) indicating that the dispersion of

the Ru phase is similar for all the catalysts. Upon

addition of H2S to the feed, a tremendous decrease
of reactivity is observed for all the samples except

the zeolite. This result is expected for non-acidic

supports (silica and MCM-41). However, the un-

expectedly low sulfur resistance of Al-MCM-41

can be ascribed either to the too mild Brønsted

acidity of this support or to the localization of the

Ru particles on alumina islands.

In the future, the too low activity of Ru/Al-
MCM-41 catalysts could be overcome either by

increasing the acidity strength of the Al lattice sites

or by decreasing the amount of Al extra-lattice

species. It is indeed possible to increase the acidity

of the mesoporous materials by using new prepa-

ration techniques, as described in Refs. [30,31]. On

the other hand, the formation of amorphous alu-

mina at the surface of the silica wall can be pre-
vented by changing the preparation conditions and

especially by reducing the amount of Al in the

alumination solution [13].
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