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Departamento de Quı́mica Inorgánica, Cristalografı́a y Mineralogı́a (Unidad Asociada al Instituto de Catálisis del CSIC),
Facultad de Ciencias, Universidad de Málaga, 29071 Málaga, Spain

Received 24 January 2006; received in revised form 23 March 2006; accepted 25 March 2006
Available online 4 May 2006

Abstract

Mesoporous phosphate heterostructure (PPH) materials have been used as supports of ruthenium catalysts with a 5 wt.% metal content. A
pristine support (SiPPH) was used, consisting of expanded zirconium phosphate with silica galleries and a potassium exchanged material (denoted
as KSiPPH) which was prepared by the cationic exchange of the pristine support to reduce its original acidity by 20%. Ruthenium supported on
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oth SiPPH and KSiPPH was obtained by incipient wetness impregnation using an aqueous solution of ruthenium(III) chloride and reduction at
00 ◦C without previous calcination. These catalysts were assayed in the hydrogenation and hydrogenolysis/hydrocracking of tetralin at different
emperatures. They show a similar catalytic performance although the 5Ru-SiPPH catalyst displays better activity at 350 ◦C, giving 95% conversion
n the steady-state and a very good balance between yields of hydrogenation (55%) and hydrogenolyis/hydrocracking products (28%). This better
erformance could be due to its better metallic properties and greater acidity. In addition, the performance of the best catalyst was studied for
hiotolerance with a feed containing dibenzothiophene (DBT), a sulphur containing molecule, at concentrations of 300 and 600 ppm. This catalyst
hows an excellent performance with 300 ppm of DBT after 6 h on-stream. The catalysts were characterized by several instrumental techniques
uch as X-ray diffraction (XRD), adsorption–desorption of nitrogen, temperature-programmed desorption (TPD) of NH3, X-ray photoelectron
pectroscopy (XPS), TEM and H2 and O2-chemisorption.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The application of current and future environmental legis-
ation concerning exhaust emissions in the European Union
mplies the use of cleaner diesel fuels to avoid high particle
missions. The main focus of the legislation is on the reduc-
ion of polyaromatic hydrocarbons and sulphur content as well
s an increase in the cetane number of diesel. These types of
mission are mainly related to the aromatic content of fuels
1] which on combustion produce particulate matter in the size
ange 0.08–1 �m. It is respirable and has a significant health
mpact. On the other hand, the increased demand of diesel in the
uropean Union has led to the use of fuels which are derived

∗ Corresponding author. Tel.: +34 952131876; fax: +34 952 13 75 34.
E-mail address: ajimenezl@uma.es (A. Jiménez-López).

from the fractions of light cycle oil (LCO) produced in fluid
cracking (FCC) plants [2]. The improvement of LCO fractions
may be achieved by: (i) reducing the aromatic content, which
also increases the cetane number; (ii) decreasing the sulphur
content; (iii) increasing the cetane number with hydrogenoly-
sis/hydrocracking reactions [3].

In recent years, due to the size of the aromatic molecules
present in diesel oils, many research groups have employed
mesoporous supports [4–9] instead of microporous solids such
as alumina, amorphous silica-alumina or zeolites. The search for
new mesoporous materials has led to the synthesis of new materi-
als denominated porous clay heterostructures (PCH). These are
obtained by combining synthetic methodologies used for pro-
ducing pillared layered structures (PLS) and mesoporous solids
such as the MCM-41 type. Thus, we have prepared a mesoporous
material, denoted porous phosphate heterostructure (PPH) [10],
by using zirconium phosphate as a layered structure which is
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expanded with cationic surfactants in order to form silica gal-
leries in the interlayer space. This results in a porous material
with a high specific surface area and acidity. Acid and redox
properties of this material can be modified by doping the silica
galleries with different elements such as zirconium or titanium
[11]. Moreover, it is possible to reduce the high acidity of this
solid by cationic exchange with potassium ions.

In this sense PPH materials could be adequate candidates
to be used as a support for active phases in hydrotreating pro-
cesses. These typically consist of a two-stage process, with a
conventional hydrotreating catalyst (CoMo, NiMo, NiW) in the
first stage, with high activity in hydrodesulfuration (HDS) and
hydrodenitrogenation (HDN) reactions, and a higher hydrogena-
tion catalyst activity in the second stage, where the feeds have a
much lower sulphur content [12]. Supported noble metal cata-
lysts are well known for their high hydrogenation activity in deep
hydrogenation of aromatics, even at reaction temperatures below
200 ◦C and moderate hydrogen pressures [3,13,14], but they
display a low resistance to sulphur poisoning [15,16]. Among
monometallic noble systems, ruthenium catalysts exhibit a high
thiotolerance [17,18]. We have recently reported that a ruthe-
nium catalyst supported on a zirconium-doped mesoporous
catalyst with a 5 wt.% metal content displays excellent hydro-
genation activity in the presence of sulphur [19]. Therefore,
in the present study, a porous phosphate heterostructure (PPH)
material has been used to prepare ruthenium-based catalysts to
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KSiPPH when potassium is exchanged. Monometallic ruthe-
nium catalysts were prepared by wet incipient impregnation of
the pelletized support (0.85–1 mm) using an aqueous solution of
ruthenium(III) chloride (RuCl3). The effect on the acidity of the
support was studied whilst maintaining a metal ruthenium load-
ing of 5 wt.% but reducing the total acidity by exchanging 20%
of the Brönsted acid sites with potassium ions. After impreg-
nation with the metallic salt, the samples were dried at 120 ◦C
and reduced directly with H2 (60 cm3 min−1 at 400 ◦C for 1 h
(heating rate 14 ◦C min−1)) without previous calcination [19].

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded
on a Siemens D5000 diffractometer, equipped with a graphite
monochromator and using Cu K� radiation.

X-ray photoelectron spectra were collected using a Physical
Electronics PHI 5700 spectrometer with non-monochromatic
Mg K� radiation (300 W, 15 kV, 1253.6 eV) and with a multi-
channel detector. Charge referencing was measured against Si
2p at 103.4 eV. A PHI ACCESS ESCA-V6.0 F software package
was used to record and analyse the spectra. A Shirley-type back-
ground was subtracted from the signals. Recorded spectra were
always fitted using Gauss-Lorentz curves in order to determine
the binding energy of the different element core levels more
accurately. The reduced samples, before the XPS analysis, were
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erform the hydrogenation process using tetralin as a molecule
robe. Tetralin (THN) has been used as a model compound
ecause aromatic compounds present in diesel fractions, such
s LCO, are predominantly polyaromatics. Their hydrogenation
o monoaromatics is easily achieved, but to obtain their complete
aturation is more difficult due to the resonance stabilisation of
he monoaromatic ring and the reversibility of the hydrogenation
eaction [20,21]. Further, the influence of the acidity of the sup-
ort has been studied by using a potassium exchanged material,
repared by the cationic exchange of pristine material which
educes the original acidity by 20% in the same reaction. The
nfluence on catalytic activity with dibenzothiophene (DBT) in
he feedstock acting as a sulphur pollutant source has also been
tudied.

. Experimental

.1. Catalyst preparation

Mesoporous phosphate heterostructure materials with and
ithout potassium (PPH), and thus with tuneable acidity,

onsisting of expanded zirconium phosphate with silica gal-
eries, have been prepared using a zirconium phosphate pre-
ursor, expanded with cetyltrimethylammonium as a surfactant,
exadecylamine as a co-surfactant, and tetraethylorthosilicate
TEOS) as a silica source. Both materials were prepared fol-
owing the method described elsewhere [10]. In this previous
ork, we reported the best experimental conditions (hexadecy-

amine/P and TEOS/P molar ratios of 0.2 and 3.0, respectively)
or obtaining a solid with a high specific surface area and acid-
ty [10]. These support materials are denoted as SiPPH and
ept in n-hexane to avoid contact with air.
The reducibility of the catalysts was studied by temperature-

rogrammed reduction with hydrogen (H2-TPR). Experiments
ere carried out between 50 and 800 ◦C, using a flow of
r/H2 (40 cm3 min−1, 10 vol.% of H2) and a heating rate of
0 ◦C min−1. The effluent gas was passed through two traps
efore passing into the thermal conductivity detector, a solid
aO trap to remove HCl, and a cold trap (−80 ◦C) to remove
ater.
The acidic properties of reduced catalysts were analysed

y temperature-programmed desorption of chemisorbed ammo-
ia (NH3-TPD). Before the adsorption of ammonia at 100 ◦C,
he samples were reduced at 400 ◦C using a flow of H2
60 cm3 min−1). The ammonia desorbed between 100 and
50 ◦C (heating rate of 10 ◦C min−1) was analysed by an on-
ine gas chromatograph (Shimadzu GC-14A) provided with a
C detector.

The specific surface areas of the solids were evaluated from
he nitrogen adsorption–desorption isotherms at −196 ◦C in a

ICROMERITICS ASAP 2020 apparatus, after degassing at
00 ◦C and 1.3 × 10−2 Pa for 24 h.

Hydrogen chemisorption was performed in a MICROME-
ITICS ASAP 2010 apparatus, after the in situ reduction of

amples at 400 ◦C (15 ◦C min−1) for 1 h, under a flow of H2.
fter reduction, the catalysts were degassed at 10−4 Pa for
0 h at the same temperature and cooled at 35 ◦C, to carry
ut the chemisorption of H2. The range of pressure studied
n chemisorption was 0.013–0.04 MPa. Dispersion data have
een calculated by assuming a stoichiometry H/Ru = 1. The
egree de reduction of ruthenium (α) was determinated by oxy-
en chemisorption in the same instrument. The samples were



D. Eliche-Quesada et al. / Journal of Molecular Catalysis A: Chemical 255 (2006) 41–48 43

Scheme 1. Product distribution in the hydrogenation and hydrogenolysis/hydrocracking of tetralin.

reduced and degassed under the same conditions and the oxy-
gen chemisorption was carried out at 400 ◦C and the range of
pressure studied was 0.013–0.08 MPa.

Transmission electron microscopy (TEM) was performed
with a Phillips CM-200 Supertwin-DX4 high-resolution trans-
mission electron microscope. Previously, the reduced samples
were embedded in n-hexane solution and suspended on a Cu
grid of 3.5 mm in diameter.

2.3. Catalytic activity measurement

The hydrogenation of tetralin was performed in a high-
pressure fixed-bed continuous-flow stainless steel catalytic reac-
tor (9.1 mm i.d. and 230 mm length) operated in the down-flow
mode at different temperatures. The reaction temperature was
measured with an interior placed thermocouple in direct contact
with the top part of the catalyst bed. The organic feed consisted
of a solution of tetralin in n-heptane (10 vol.%) and was supplied
by means of a Gilson 307SC piston pump (model 10SC). A fixed
volume of catalyst (3 cm3 with particle size of 0.85–1.00 mm)
without dilution was used in all cases. Prior to the activity test,
the catalysts were reduced in situ at atmospheric pressure with
H2 (flow rate 60 cm3 min−1) at 400 ◦C for 1 h, with a heating rate
of 15 ◦C min−1. Catalytic activities were measured at different
temperatures, under 6.0 MPa (4.5 MPa H2 and 1.5 MPa N2), and
a liquid hourly space velocity (LHSV) of 6.0 h−1. The catalytic
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catalytic performance, the organic feed was mixed with differ-
ent concentrations of DBT (between 300 and 600 ppm wt.%).
In previous experiments, a variation in the amount of catalyst
and gas flow rate whilst maintaining the space velocity constant
were also carried out in order to discard the possible existence of
diffussional limitations under the experimental conditions used,
led to no modification of conversion values. Particle diameter
was found to have no influence either.

The catalysts were tested in tetralin hydrogenation to eval-
uate their potential behaviour in the hydrogenation of aro-
matic hydrocarbons in diesel fuels. A large number of products
were detected by gas chromatography analysis. After identifi-
cation of the majority of them, they were classified, as recently
reported [22,23], into the following groups: (i) volatile com-
pounds (VC) that include non-condensable C1–C6 products
whose presence was calculated from the carbon balance of the
reaction, (ii) hydrogenation products that include trans- and cis-
decalin, (iii) cracking compounds (HHC) that include primary
products such as toluene, ethylbenzene, o-xylene, 1-ethyl-2-
methylbenzene, 1-propenyl-2-methylbenzene, n-propylbenzene
and iso-propylbenzene and secondary products, which are
derived from ring-opening reactions such as polyalkylolefins,
decadiene and cyclohexene-1-butylidene and, (iv) naphthalene.
In the HHC group, are also included the products formed by
isomerization of tetralin and decalins that can lead to the forma-
tion of a large number of C10 isomers, as was found by other
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eaction was studied by collecting liquid samples after remain-
ng 60 min at each reaction temperature, and kept in sealed vials
or posterior analysis by both gas chromatography (Shimadzu
C-14B, equipped with a flame ionisation detector and a capil-

ary column, TBR-1, coupled to a Shimadzu AOC-20i automatic
njector) and mass spectrometry (Hewlett-Packard 5988A). The
erformance of the microreactor and the accuracy of the ana-
ytical method were studied by feeding a solution of tetralin in
-heptane (10 vol.%) into the reactor filled with 3 cm3 of SiC,
perating at 300 ◦C and 6.0 MPa. No formation of foreign prod-
cts was detected, with a recovery percentage of the tetralin feed
f 95%. To investigate the effects of sulphur poisoning on the
uthors [24,25]. Scheme 1 summarizes all these reactions. Prod-
cts heavier than decalins were not found. It must be taken into
ccount that high yields of hydrogenation products, and espe-
ially of hydrogenolysis/hydrocracking compounds, give rise to
n increase of the cetane number of fuels.

. Results and discussion

.1. Catalyst characterization

The preparation of the SiPPH and KSiPPH materials used as
upports for the ruthenium catalysts, have been described else-
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where [10]. At high angles, the XRD patterns of the supported
ruthenium catalysts before reduction do not show the charac-
teristic diffraction peaks of RuCl3 at 15.4◦, 30.4◦ and 36.7◦,
which is the salt used in the impregnation process, indicating a
very good dispersion of the ruthenium salt. After reduction, the
characteristic diffraction peaks of Ru0 are not observable either.

The N2 adsorption isotherms at 77 K are similar for both
supports and can be classified as Type IV in the IUPAC classi-
fication, exhibiting a small contribution from micropores in the
case of the SiPPH support, as revealed by using the alpha method
[26]. Table 1 displays the textural parameters of both materials,
the decrease in the BET surface area value being noticeable when
potassium ions are incorporated by cationic exchange. These
ions may be located in the smallest pores, thus impeding access
to N2 molecules. In the case of 5Ru-SiPPH the incorporation
of ruthenium salt produces, again, an important decrease in the
BET surface area. This is possibly due to the partial blockage of
the mesopores by the ruthenium salt. The average pore diameter
for all the materials ranged between 24.6 and 45.8 nm, indicating
that the mesoporous structure is maintained.

The total surface acidity of the supports and reduced cata-
lysts were determined by NH3-TPD between 100 and 550 ◦C
(Table 1). The desorption temperature is a measure of the
strength of the corresponding acid sites, while the total amount
of ammonia desorbed after saturation permits the quantification
of the number of acid sites on the surface. The total acidity of
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Fig. 1. H2-TPR profiles for 5Ru-SiPPH and 5Ru-KSiPPH precursors.

Ru3+/Ru0 [19,27,28]. This signal is broad, possibly due to the
reduction of Ru3+ ions located in different environments. How-
ever this signal is less intense and is shifted at lower reduction
temperatures (138 ◦C) in the 5Ru-SiPPH material. For the 5Ru-
KSiPPH material, the peak is more intense, possibly due to the
poor dispersion of the ruthenium salt in this solid, leading to the
formation of bigger particles where the diffusion of H2 is more
difficult, and thus appearing at higher temperatures (200 ◦C). A
second H2 consumption peak appears at 430 ◦C, which could be
assigned to the reduction of Ru3+ strongly interacting with the
support, possibly located in the narrowest pores. Finally another
peak at 560 ◦C could be assigned to ruthenium oxide (RuO2) or
ruthenium oxychloride formed by exposition and drying in air
during the preparation of the samples [29,30].

Supports, precursors and reduced samples were studied with
XPS to determine the chemical state of the surface species.
The corresponding spectral parameters are displayed in Table 2
where the data corresponding to the binding energies of Zr
3d5/2, Si 2p and P 2p are practically constant and similar to
those of the supports. The BE of K 1s in the KSiPPH support
and 5Ru-KSiPPH catalyst appeared at 293.4 eV [31], which is
a characteristic value for potassium ions. The Ru 3p signal for

T
T

S b −1 ◦

S
5
K
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he pelletized SiPPH support is very high (1270 �mol NH3 g−1)
nd originates from both the presence of free P–O–H groups
ocated on the zirconium phosphate layers, as well as the silanol
roups on the surface of the silica galleries. When this support
s exchanged with potassium ions to reduce the acidity of the
rönsted type sites of the pristine support by 20%, a KSiPPH
aterial with a total acidity of 1090 �mol NH3 g−1 is obtained.
oth supports display mild acidity since they desorbed most of

he NH3 at a moderate temperature (200–300 ◦C). The incor-
oration of 5 wt.% of ruthenium in both supports produces a
imilar increase in the acidity which must be due to the presence
f oxychloride species, as revealed the XPS data and to the high
endency of this metal to adsorb ammonia molecules.

H2-TPR is a powerful technique for studying the reduction
ehaviour of oxide phases or salts, as well as providing infor-
ation regarding the degree of interaction between the metal

nd the support. In Fig. 1 the H2-TPR profiles of the materi-
ls are shown. Both show a main reduction peak which can be
ssociated with a small shoulder at lower reduction tempera-
ures. These signals can be assigned to the stepwise reduction of

able 1
extural and acidic properties of pelletized supports and precursors

ample SBET (m2 g−1) Vp
a (cm3 g−1)

iPPH 401 0.36
Ru-SiPPH 153 0.22
SiPPH 190 0.22
Ru-KSiPPH 180 0.21

a Vp at P/P0 = 0.95.
b Calculated by using the Cranston and Inkley method.
c Reduced catalysts.
dp (av) (nm) Total acidity (�mol NH3 g ) (100–550 C)

35.1 1270
33.7 1458c

24.6 1090
45.8 1242c
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Table 2
XPS data for the supports and ruthenium precursors and reduced catalysts

Sample Binding energy (eV)

Zr 3d5/2 Si 2p P 2p K 1s Ru 3p3/2

Ru3+ Ru0 RuOxCly

SiPPH 183.7 103.4 134.3 – – – –
KSiPPH 183.6 103.4 134.2 293.4 – – –

Precursors
5Ru-SiPPH 183.6 103.4 134.2 – 463.8 – –
5Ru-KSiPPH 183.7 103.4 134.3 293.4 463.4 – –

Reduced catalysts
5Ru-SiPPH 183.6 103.4 134.1 – – 462.0 (64.0%) 464.2 (36.0%)
5Ru-KSiPPH 183.8 103.4 134.2 293.6 – 461.6 (85.3%) 464.3 (14.7%)

precursors contains a symmetrical peak with binding energy val-
ues of about 463.4–463.8 eV, which coincides with the binding
energy of Ru 3p3/2 in RuCl3 [31].

The samples were reduced by flowing hydrogen at 400 ◦C
(60 min) and transferred under an inert atmosphere into the XPS
measurement cell. The Ru 3p signal shows a new contribu-
tion, at about 461.6–462.0 eV, which can be ascribed to metallic
ruthenium [31]. The low signal at higher binding energies, as
was observed in the H2-TPR curves, could be explained by the
presence of some remaining oxychlorides since these are more
difficult to reduce. This possibility is confirmed by the existence
of a low chloride content in the reduced catalysts, obtained from
the superficial analysis data obtained by XPS.

The metallic surface area, dispersion and particle size were
determined by using hydrogen chemisorption at 35 ◦C (Table 3).
The dispersion degree (D) was determined by taking into account
the degree of reduction (α) obtained by oxygen chemisorption.
The D value was higher for the ruthenium catalyst supported
on the pristine material 5Ru-SiPPH (29.4%), which implies a
greater metallic surface area and hence a lower particle size.
The higher degree of reduction and the bigger metallic parti-
cles of the 5Ru-KSiPPH catalyst are in good agreement with
the results found by H2-TPR where the reduction peak shifted
at higher temperature due to the presence of these bigger ruthe-
nium metallic particles. The lower interaction of the ruthenium
salt with a less acidic support could be responsible of such
b
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similar to those obtained for a catalyst supported on zirconium-
doped mesoporous silica, [19], in spite of the lower acidity of
this support (544 �mol NH3 g−1).

TEM micrographs of the reduced catalysts (Fig. 2) show that
when they are prepared by impregnation on the pristine support,
5Ru-SiPPH displays smaller particles which are very dispersed
and not clearly visible. Moreover, when potassium is introduced
into the pristine support to reduce the acidity, a worse dispersion
of the metallic particles is observed. The 5Ru-KSiPPH catalyst
displays metallic particles with a broad range of greater sizes,
as shown by the H2-chemisorption and H2-TPR data.

3.2. Catalytic results

3.2.1. The influence of temperature and acidity of the
support

Both catalysts were tested in the hydrogenation and
hydrogenolysis/hydrocracking of tetralin under high hydrogen
pressure in the temperature range of 240–375 ◦C. This reac-
tion was chosen as a model reaction to evaluate the catalytic
performance of this family of supported ruthenium catalysts in
the hydrogenation of aromatic hydrocarbons. The conversion of
tetralin and the yields of the different reaction products obtained
with both catalysts are shown in Fig. 3. From these plots, it is
clear that their catalytic performance is very high in both cases,
e ◦
v
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5
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ehaviour. The metallic particle size values for 5Ru-SiPPH are

able 3
etallic characteristics for the reduced ruthenium supported catalysts and spent

atalyst after thiotolerance test

atalysts α (%) D (%) Smet d (nm)

(m2/gcat) (m2/gRu0 )

Ru-SiPPH 56.7 29.4 5.4 107.5 2.9
Ru-KSiPPH 79.6 6.6 1.2 24.1 13.1
Ru-SiPPH (spent

catalyst)
100.0 3.8 0.7 13.7 31.4

is the metallic dispersion and d is the average diameter of the metallic crys-
allite.
specially at the lower temperatures of 240–320 C, with con-
ersions attaining values close to 97–98%, but at the highest
emperatures the conversion falls to ca. 85% at 375 ◦C. There-
ore, the lower specific surface area and metallic areas of the
Ru-KSiPPH catalyst has no influence on the catalytic perfor-
ance.
Considering the influence of the reaction temperature on

electivity towards the different reaction products, the forma-
ion of hydrogenation products is favoured at low temperatures
ue to the exothermic character of the hydrogenation reaction
4,32], in fact, the yield of hydrogenation products (trans- and
is-decalins) decreases from 93% at 240 ◦C to 33% at 375 ◦C
or the 5Ru-SiPPH catalysts and from 93% at 240 ◦C to 43% for
he 5Ru-KSiPPH catalysts. It is clear that hydrogenation reac-
ions take place on metal particles, and as both catalysts have
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Fig. 2. TEM micrographs for the catalysts reduced at 400 ◦C.

the same metal content, the hydrogenation performance is sim-
ilar. The trans- to cis-decalins ratio is also very high for both
catalysts over the complete range of temperatures studied. The
thermodynamics associated with the catalytic process favour the
formation of trans-decalins [33] which means that the hydro-
genation process is governed by the thermodynamic equilibrium.
However, the decrease in formation of decalins at higher reaction
temperatures could be due to their conversion into HHC prod-
ucts through hydrogenolysis, hydrocracking and isomerization
reactions, together to the direct hydrogenolysis, hydrocracking
and isomerization of tetralin (Scheme 1). These reactions are
favoured at higher temperatures owing to the endothermic char-

Fig. 3. Evolution of the conversion of tetralin hydrogenation/
hydrogenolysis–hydrocracking and yield of the different reaction prod-
ucts as a function of the reaction temperature on ruthenium catalysts: (�)
conversion, (�) trans-decalin, (�) cis-decalin, (�) HCC, (×) naphthalene and
(*) VC. Experimental conditions: H2/THN molar ratio = 10.1, pH2 = 4.5 MPa,
pN2 = 1.5 MPa, LHSV = 6 h−1, GHSV = 1300 h−1, contact time = 2.8 s.

acter of the reactions involving C–C bond cleavage [34]. The
hydrocracking reaction requires bifunctional catalysts consist-
ing of a dispersed metal, where hydrogen molecules are acti-
vated, with acid sites in the vicinity, where the tetralin molecules
are retained and where H2 is spilled over from the metallic cen-
tres. This fact is noticeable at 350 ◦C where the 5Ru-SiPPH
catalyst, with greater acidity and higher metallic dispersion,
gives a HHC products yield of 28.4%, whilst the 5Ru-KSiPPH
catalyst gives a HHC products yield of only 13.3%. However, the
catalyst with lower acidity shows a lower VC product yield due
to the consecutive C–C bond rupture. The formation of naphtha-
lene as a dehydrogenation product is very low for both catalysts.
They display a similar catalytic performance to catalysts with a
5 wt.% of ruthenium supported on Zr-MCM-41 [19]. Therefore,
it can be concluded that acid mesoporous heterostructure (PPH)
materials can be used as supports for catalysts in hydrotreating
reactions, allowing the application of these materials. Another
advantage of this support is the possibility of modulating its
acidity by cationic exchange.
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Fig. 4. Evolution of the conversion (�) and yields of: (�) trans + cis-decalins,
(�) HHC (*) VC and (×) naphthalene, with the 5Ru-SiPPH catalyst in
the presence of 300 and 600 ppm of DBT in the feed. Experimental con-
ditions: T = 320 ◦C, H2/THN molar ratio = 10, pH2 = 4.5 MPa, pN2 = 1.5 MPa,
LHSV = 6 h−1, GHSV = 1300 h−1, contact time = 2.8 s.

3.2.2. Thiotolerance
Since 5Ru-SiPPH appears to be the most appropriate cat-

alyst for the hydrogenation and hydrogenolysis/hydrocracking
of tetralin, its stability with time-on-stream at 320 and 350 ◦C
was studied to complete its performance profile. At 320 ◦C the
conversion is maintained during 6 h, while at a higher tempera-
ture of 350 ◦C, the conversion shifts slightly from 98% to 90%
after 6 h. Since one of the principal requirements of a catalyst
to be used in second step hydrotreating units is their thiotoler-
ance to small amounts of sulphur in the feedstock, the catalyst
under study was subjected to feeds containing 300 and 600 ppm
of DBT under the following experimental conditions: 320 ◦C,
contact time 2.8 s and a H2/tetralin molar ratio of 10.

As can be observed in Fig. 4, with 300 ppm of DBT this
catalyst does not suffer deactivation after 6 h on-stream, main-
taining its initial yield of hydrogenation and hydrogenoly-
sis/hydrocracking products. With a higher concentration of sul-
phur, i.e. by feeding 600 ppm of DBT, the same catalyst gave a
98% conversion after 1 h on-stream, but the deactivation accel-

erated during the subsequent hours, with the conversion falling
to 57.8% after 3 h and to 19.3% after 6 h on-stream. The deacti-
vation of this catalyst is irreversible since it does not recover its
initial activity even after reduction with hydrogen at 400 ◦C.

After the thiotolerance study and in order to get a better under-
standing of the deactivation, the measurement of the sulphur
content by chemical and XPS analyse and the determination of
particle size by hydrogen chemisorption of the spent catalyst
was carried out. The sulphur content was found to be very low,
but a strong sintering of ruthenium particles takes place. These
results indicate that the main factor responsible for the deac-
tivation is the agglomeration of the metal particles this being
further illustrated by the increase in particle size from 2.1 nm in
the fresh catalyst to 31.4 nm in the spent catalyst. This cause of
deactivation has been previously observed with other ruthenium
catalysts [19].

4. Conclusions

The use of acid mesoporous phosphate heterostructure (PPH)
materials as supports of ruthenium catalysts prepared by the
incipient wetness method, with a metal content of 5 wt.%, pro-
vides active and stable catalysts for the hydrogenation and
hydrogenolysis/hydrocracking of tetralin under high hydrogen
pressure. The influence of the acidity of the support has been
s
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tudied and the pristine support has been exchanged with potas-
ium to reduce its original acidity by 20%. The catalyst on the
iPPH pristine support has better metallic properties and greater
cidity, displaying a high conversion of tetralin over the complete
ange of temperatures studied, as well as a very good perfor-
ance at 350 ◦C with high yields of hydrogenation (trans- and

is-decalins) (55%) and hydrogenolysis/hydrocracking products
28%). The catalyst supported on the potassium exchanged sup-
ort (5Ru-KSiPPH) shows the same performance in the hydro-
enation reaction at low temperatures, but at 350 ◦C has a lower
roduction of HHC products owing its lower acidity. From the
tudy of thiotolerance on the better catalyst, 5Ru-SiPPH, a very
ood performance can be seen in the presence of 300 ppm of
BT. However there is a pronounced deactivation with 600 ppm
f DBT, this deactivation being irreversible since regeneration
ith H2 is not possible. The sintering of the ruthenium particles

s responsible for this strong deactivation.
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Jiménez-López, Appl. Catal. A: Gen. 279 (2005) 209–221.
[20] A.W. Weitkamp, Adv. Catal. 18 (1968) 1.
[21] M.J. Girgis, B.C. Gates, Ind. Eng. Chem. Res. 30 (1991) 2021–2058.

[22] R. Hernández-Huesca, J. Mérida-Robles, P. Maireles-Torres, E.
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