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A B S T R A C T

Ring opening of decalin was studied using Rh-Pd(x) catalysts supported on SiO2-Al2O3, prepared by coim-
pregnation with a variable total metallic content (x= 1, 1.5 and 2 wt%) while maintaining constant the Rh/Pd
atomic ratio (equal to 1). The catalytic performances of these bimetallic systems were compared to those of
monometallic Pd and Rh (1 wt%) catalysts. Bimetallic Rh-Pd(x) catalysts were unable to achieve decalin con-
version and ring opening selectivity as high as those obtained using the Rh catalyst (~71 and ~67%, respec-
tively, after 6 h reaction time). The principal cause was the reduction of the hydrogenolytic activity and acidity
caused by the combination of Pd and Rh. In the case of the bimetallic Rh-Pd(x) samples, an increase in the metal
content favored the formation of dehydrogenated products, reduced cracking (by reducing the concentration of
strong acid sites) and increased coke deposition during decalin ring opening. Conversely, the Rh catalyst showed
less deactivation since its efficient hydrogenolytic character eliminates coke precursors.

1. Introduction

The increase in diesel consumption drives researchers to study the
reactions of Selective Ring Opening (SRO) to convert aromatic or
naphthenic compounds into linear paraffins, improving the cetane
index [1]. The interest to increase the economic value of the Light Cycle
Oil (LCO) using SRO is confirmed by the numerous patents referred to
the subject [2–9]. The SRO mechanism consists in a saturation of the
aromatic rings, followed by isomerization and ring opening reactions,
even cracking [10–13]. Ring opening is considered to proceed via a
direct route (over the metallic sites), or via an indirect one where ring
contraction products are opened by a bifunctional mechanism. For such
a reaction, metallic dispersion and acidity of the catalysts are key
parameters affecting their performance. Metals from Group VIII (Rh,
Ru, Ir, Pt and Pd) were reported as efficient in terms of activity and
selectivity to ring opening when dispersed over acid supports [14–18].
The catalysts used in SRO of decalin and tetralin (model molecules for
the LCO) can be classified into: (i) monofunctional solids, mainly zeo-
lites H-Y, H-Beta and H-mordenite [14,19] leading to low yields to ring
opening products and high amounts of cracking products, (ii) noble
metals on non-acid supports [11,20,21], (iii) bifunctional catalysts
characterized by the presence of acid and metal sites. In the latter case,
the first publications referred mostly to systems consisting of zeolites

and noble metals such as platinum and iridium [10,14,22–29]. The
bifunctional catalysts with noble metals supported on HY zeolite (high
acidity) could lead depending on the operation conditions to deacti-
vation by coke formation due to diffusion limitations. For this reason,
noble metal catalysts supported on mesoporous oxides were studied
[12,30–33].

It has been proposed that the ring opening reaction in presence of
bifunctional catalysts begins with the ring contraction from 6 to 5
carbon atoms over acid sites, followed by easier opening of the 5-
membered cycle due to the hydrogenolytic activity of the metal
[20,34,35]. Selectivity to ring opening and ring contraction products
can be tuned according to the ratio between acid and metallic sites,
which can be adjusted by varying the nature of the support, the com-
position of the metallic phase (mono or bimetallic function, metal
content and metal particle size) [13]. The importance of acid function
on the SRO reaction was reported by several studies [36–38].

In previous works, we reported that the acidity and the Rh/Pd
content ratio of Rh-Pd/SiO2-Al2O3 catalysts have a strong influence on
the activity and selectivity for the decalin ring opening reaction
[39–41]. As the deactivation is a very important factor to be considered
in the selection of the best catalysts, we decided to revisit the Rh-Pd
catalysts supported on SiO2-Al2O3. The objective of the present study is
to evaluate the effect of the metallic and acid functions of Rh-Pd
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catalysts supported on SiO2-Al2O3 on both their performances for the
selective ring opening of decalin and their resistance to deactivation
process. It is important to note that these types of bifunctional catalysts
are proposed as a replacement of noble metals supported on zeolites,
since these last suffer from excessive cracking and deactivation.
Moreover, Taillades-Jacquin et al. reported the use of Rh-Pd catalysts
supported on mesoporous aluminosilicate in industrial processes aiming
to improve diesel quality by hydrogenation and ring-opening of aro-
matic components and to increase the thioresistance [31].

2. Experimental

2.1. Catalyst preparation

Commercial SiO2-Al2O3 supplied by SASOL (SIRAL 60 noted S60
containing 57.4 and 42.6 wt% of SiO2 and Al2O3, respectively) with a
specific surface area of 489m2 g−1 was used as support. The calcined
support (4 h, 450 °C, air, 60 cm3min−1) was left for 1 h in HCl solution
(0.2 mol L−1) before impregnation, the added solution volume being of
1.5 cm3 gcat−1. The necessary amounts of PdCl2 and RhCl3 precursor
salts were added to synthesize the Pd/S60 and Rh/S60 monometallic
catalysts containing both 1 wt% metal content, and three Rh-Pd/S60
bimetallic catalysts with 1, 1.5 and 2wt% as total metal content,
keeping a constant Rh/Pd atomic ratio equal to 1. The suspension was
gently agitated for 1 h, and then dried at 70 °C until a dry powder was
obtained. The catalysts were further dried at 120 °C overnight. Finally,
they were calcined (air, 60 cm3min−1, 300 °C, 4 h) and reduced (H2,
60 cm3min−1, 500 °C, 4 h). The bimetallic catalysts were named Rh-Pd
(x)/S60, x corresponding to the total metal loading (wt%).

2.2. Pyridine temperature programmed desorption (pyridine TPD)

The acidic function of the bifunctional catalysts was characterized
by pyridine TPD. 100mg of catalyst were impregnated at room tem-
perature with an excess of pyridine, and left in a fume hood to obtain a
dry powder by evaporation. A quartz reactor was loaded with the
powder and the weakly adsorbed pyridine was eliminated by flowing
N2 (40mLmin−1, 110 °C, 1 h). Then, the temperature was increased up
to 750 °C at 10 °Cmin−1 while the amount of pyridine at the reactor
outlet was measured by gas chromatography equipped with a FID de-
tector.

2.3. Transmission electron microscopy

The morphology of the catalysts was evaluated by transmission
electron microscopy (TEM) on a JEOL 2100 instrument, coupled with
energy dispersive X-ray spectroscopy (EDX), according to an experi-
mental procedure previously described [40]. By exploitation of the
images with the ImageJ software, mean surface diameters
(d= Σ(nidi3)/Σ(nidi2)) were determined by measuring at least 600
particles for each analyzed sample, and the metal dispersion was cal-
culated considering spherical particles.

2.4. Dynamic CO chemisorption

This technique was used to measure metallic particle dispersion. It
was carried out in a dynamic adsorption equipment, by injecting cali-
brated CO pulses in the presence of a continuous flow of an inert gas
over the sample. First, 75mg of samples previously reduced after their
preparation were reduced again under H2 at 500 °C (10 °Cmin−1) for
1 h. Then, N2 was circulated for 1 h at 500 °C to eliminate all traces of
adsorbed H2. Finally, the samples were cooled to room temperature
under N2 and CO pulses of 0.6 μmol were injected with a 2min fre-
quency until saturation.

2.5. Cyclopentane hydrogenolysis

The model reaction of cyclopentane (CP) hydrogenolysis was used
to evaluate the hydrogenolysis activity of the metal function. The re-
action was carried out for 2 h in a fixed bed reactor under atmospheric
pressure at 225 °C, using 80mg of catalyst, and following experimental
conditions previously reported [33]. Before the reaction the catalyst
was reduced at 500 °C during 1 h (H2, 36 cm3min−1).

2.6. Cyclohexane dehydrogenation

The metallic function of the catalysts was also characterized by its
activity for the cyclohexane (CH) dehydrogenation performed at 270 °C
(with 20mg of catalyst prereduced in situ). The experimental protocol
used for this model reaction has been previously described [42].

2.7. Decalin ring opening

An autoclave stainless steel reactor was used to carry out the reac-
tion at 350 °C under a total and constant pressure of 3MPa (H2 atmo-
sphere), an agitator speed of 1360 rpm, a decalin volume of 25 cm3 and
1 g of catalyst. Decalin containing 37.5% of the cis isomer was used as
reactant. Before decalin reaction, the catalyst was reduced in situ under
hydrogen (1 h, 350 °C, atmospheric pressure). The initial reaction time
was considered when the agitation was turn-on (immediately after the
reaction pressure and temperature were achieved). Diffusion limita-
tions due to mass transfer were negligible (calculated Weisz-Prater
module Φ=0.06≪ 1). At the end of the reaction run (after 6 h), the
reactor temperature was cooled down until room temperature and
samplings of liquid mixtures were analyzed in a Shimadzu 2014 gas
chromatograph with a Phenomenex ZB-5 capillary column and a FID.
The gas phase was analyzed revealing a small C1-C4 fraction in agree-
ment with the results reported by Kubička et al. [10]. Product identi-
fication was performed through GC-MS in a Saturn 2000 mass spec-
trometer coupled to a Varian 3800 gas chromatograph using the same
GC column.

2.8. Differential scanning calorimetry (DSC)

The analysis of the used catalysts (after 6 h of decalin ring opening
reaction) was performed on a Mettler Toledo DSC821e Differential
Scanning Calorimeter equipment. The coked catalysts (approximately
10mg) were heated under air flow (50 cm3min−1) from 30 °C until
600 °C (10 °Cmin−1).

2.9. Temperature programmed oxidation (TPO)

The carbon deposited on the used catalysts was analyzed by TPO
experiments, according to the experimental protocol described else-
where [33].

3. Results and discussion

The total acidity and distribution of the acid strength of the mono
and bimetallic catalysts supported on S60 were determined by pyridine
TPD. The values obtained for each catalyst (and bare S60 support) are
gathered in Table 1, as well as the residual chlorine content present on
the activated samples. It was previously reported that the total acidity
of the support (S60) was 1559 μmol of pyridine per gram of catalyst, the
impregnation with 0.2 mol L−1 solution of HCl produced an increase of
the total acidity up to 1970 μmol of pyridine per gram of catalyst [32].
This fact points out the importance of the presence of chlorine species
on the acidity. In a previous work, we found that the total acidity of the
alumina is increased almost three times by the chlorine addition [43]. It
was stated that the total acidity of the catalysts is increased by the Cl−

species [44] which can be incorporated by the metal precursors or by
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the HCl used as competitor during preparation protocol to produce a
homogeneous metal distribution on the support.

It can be seen in Fig. 1 that the incorporation of metal (Rh or Pd)
and chlorine produces a major increase of the total acidity and changes
on the acid strength distribution. Acid sites with medium and strong
strengths are created while the weak acid sites are decreased. Fig. 1
shows that the maximum temperature of the main peak obtained for the
three Rh-Pd(x)/S60 samples shifts to lower temperatures (from 447 °C
to 399 °C) while increasing the total metallic content (from 1 to 2 wt%).
Similar results were previously observed on SIRAL 40 support im-
pregnated with Rh and Pd [39]. This tendency reflects the decrease in
the amount of strong acid sites corresponding to pyridine quantity
desorbed above 500 °C, as reported in Table 1. Excepting the Pd/S60
catalyst, which presents mostly strong acid sites, the other studied
samples possess mostly acid sites of moderate strength (associated to
pyridine desorption from 300 to 500 °C). It is important to note that the
total acidity of the bimetallic Rh-Pd(x)/S60 catalysts is below that of
the Rh/S60 catalyst, the following order being obtained: Rh-Pd(1)/
S60 < Rh-Pd(2)/S60 < Pd/S60 < Rh-Pd (1.5)/S60 < Rh/S60.

The electronic interactions of the metal particles with the support
can change the support acidity. Several authors reported the same be-
havior, i.e., changes in the acid strength distribution and in the total

acidity of the support by metal addition, with in most of the cases a
decrease of the strength and total amount of acid sites [10,45–50]. In
their review [50], Stakheev and Kustov explained that the strength of
acid sites involved in the metal-support interaction becomes weaker as
a result of the electron density transfer from (or onto) the metal.
However, there are some contradictory results as for example those of
Santi et al. [37] reporting that the metal addition increases the acidity.

By comparing the values of chlorine content and of total acidity
reported in Table 1, it can be concluded that there is not a correlation
between each other. The support acidity could be due to two opposite
effects: i) chlorine entities increase the support acidity by polarizing the
bonds of the Al cations with which they are linked [[51] and the re-
ferences therein], ii) the strength of acid sites involved in the metal-
support interaction becomes weaker as a result of the electron density
transfer from (or onto) the metal [50].

The morphology of the catalysts was evaluated by transmission
electron microscopy (TEM) coupled with energy dispersive X-ray
spectroscopy (EDX), in order to observe the accurate localization of the
metallic particles, to analyze their chemical nature and to estimate their
average size and dispersion. Figs. 2 and 3 display representative TEM
images and particle size distributions for the monometallic and bime-
tallic catalysts, respectively. The mean particle diameters and metal
dispersions are reported in Table 2. For both monometallic catalysts
and the Rh-Pd(x)/S60 catalysts with x=1 and 1.5 wt%, the metallic
phase is homogeneously dispersed on the support with particle sizes
comprised mainly between 1.5 and 4.0 nm. In the case of the Rh-Pd(2)/
S60 sample, a certain heterogeneity appears regarding the distribution
of the particles on the support and their average size, with a larger
average particle size (5.75 nm). Furthermore, EDX analysis performed
on the three bimetallic catalysts reveals the presence of particles com-
posed of both Pd and Rh species, suggesting the existence of a bime-
tallic interaction.

Table 2 shows that both monometallic catalysts display virtually the
same values of CO chemisorption, in line with the average particle size
and dispersion determined from the TEM pictures. In the case of Rh-Pd
(x)/S60 catalysts, the CO/M value decreases at increasing metal loads
in agreement with the evolution of the average particle size determined
by TEM analysis. In order to measure the hydrogenolysis metallic ac-
tivity, the model reaction of cyclopentane hydrogenolysis was per-
formed, knowing it is promoted by large particles exhibiting metallic
ensembles [52]. The cyclopentane conversions and CP TOF values re-
veal that the Rh monometallic catalyst presents a higher hydrogenolytic
activity compared to Pd one (factor 2 between the respective activities,
Table 2). For the bimetallic catalysts, CP conversions are between those
of the monometallic catalysts, but slightly increase with the total me-
tallic content, in agreement with the decrease in metallic dispersion
[53]. Finally, the Rh-Pd(x)/S60 bimetallic catalysts display CP TOF
values closer to that of the Pd/S60 sample than that of the Rh/S60 one.
This tendency could be due to a geometric effect, i.e. to the presence of
Pd atoms blocking Rh ensembles, or electronic effect resulting from a
charge transfer from Pd to Rh, in accordance to their electronic affi-
nities (0.56 eV for Pd, and 1.14 eV for Rh). Superficial enrichment of
the bimetallic ensembles by Pd atoms could also occur [54].

Table 1
Total acidity and acid strength distribution as determined by pyridine (Py) TPD for monometallic and bimetallic Rh-Pd(x)/S60 catalysts (x= 1, 1.5 and 2wt%).

Catalyst Chlorine, wt% Total acidity, μmol Py gcat−1 Acid site concentration, μmol Py gcat−1

Weak (T < 300 °C) Moderate (300 < T < 500 °C) Strong (T > 500 °C)

S60 0.00 1559 251 1161 147
Pd 1.03 2210 44 884 1282
Rh-Pd(1) 0.85 2028 71 1450 507
Rh-Pd(1.5) 1.04 2736 109 2299 328
Rh-Pd(2) 1.21 2145 43 1952 150
Rh 1.03 2957 44 1671 1242

Fig. 1. TPD pyridine profiles obtained for monometallic and bimetallic Rh-Pd
(x)/S60 catalysts (x= 1, 1.5 and 2wt%).
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The large spectrum of decalin reaction products (over 200 com-
pounds) was classified as: cracking products (CR, C1-C9); ring opening
products (RO, C10); ring contraction products (RC); dehydrogenation
products (DP) (naphthalene and heavy dehydrogenation products)
[22]. To correlate the reaction products with the catalyst properties, it
is necessary to consider the reaction mechanisms proposed in the lit-
erature for decalin ring opening taking into account the specificities of
the studied catalysts. Arribas and Martínez [55] by considering the
strong hydrogenating activity of Pt proposed a monomolecular me-
chanism as the most probable for the hydrocracking of methyl-
naphthalene on bifunctional Pt/USY catalysts. According to this me-
chanism, the aromatic rings of methylnaphthalene can be hydrogenated
on Pt sites followed by isomerization (contraction) of the saturated C6

rings to C5 rings and subsequent ring opening, the latter two steps being
catalyzed mainly by the Brønsted acid sites of the bifunctional Pt/USY
catalysts. A similar reaction mechanism was proposed by Monteiro
et al. [56] for the decalin hydroconversion on Pt/zeolite catalysts. It is
important to point out that both reaction mechanisms do not consider
the hydrogenolysis activity of the metal.

There are several differences between our studied catalysts and Pt/
zeolite catalysts: i) Pt exhibits a very high hydrogenation/

dehydrogenation activity compared to Rh and Pd, ii) Pt presents a low
hydrogenolysis activity compared to Rh, iii) zeolites possess more
stronger acid sites than SIRAL 60. Taking into account the higher hy-
drogenolysis activity of Rh and the contribution of the acid sites on the
reaction mechanism, we consider that the ring opening of decalin be-
gins with the ring contraction from 6 to 5 carbon atoms over acid sites,
followed by easier opening of the 5-membered cycle due to the hy-
drogenolysis activity of the metal. This mechanism is widely accepted
[20,34,35].

From Table 3, it is possible to see that bimetallic catalysts are unable
to surpass Rh/S60 catalyst in conversion and selectivity to RO. These
behaviors can result from the weak hydrogenolytic activity of Pd and its
dilution effect on the Rh ensembles as observed previously for the CP
hydrogenolysis. The higher yield to RO products obtained with the Rh/
S60 catalyst relative to the Pd/S60 one can be attributed to the higher
total acidity and hydrogenolytic activity of this first, in accordance with
a bifunctional decalin ring opening mechanism where the first reaction
step is the ring contraction from 6 to 5 carbon atoms [18,34]. These
five-membered rings are further easily opened over Rh. In the case of
the Rh-Pd(x)/S60 bimetallic catalysts, at increasing metallic loads, the
yield to cracking products (CR) reduces, while the yield to

Fig. 2. TEM pictures and size distribution of monometallic catalysts: (a) Pd/S60, (b) Rh/S60.
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Fig. 3. TEM pictures and size distribution of bimetallic Rh-Pd(x)/S60 catalysts: (a) x= 1wt%, (b) x= 1.5 wt%, (c) x= 2wt%.
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dehydrogenated products (DP) increases (unwanted products due to
their poor cetane index).

Fig. 4(a) and (b) show the decalin conversion obtained for each
catalyst as a function of their strong acid sites quantity determined from
pyridine TPD (Table 1), and of the hydrogenolysis metallic activity
expressed as cyclopentane conversion (Table 2), respectively. The
decalin conversion increases as strong acid sites and hydrogenolysis
metallic activity increase, with however in both figures one point
without correlation with the general tendency. On one hand, Fig. 4(a)
shows that the Pd/S60 catalyst with a high amount of strong acid sites
and a low hydrogenolytic activity leads to a lower decalin conversion.
On the other hand, in Fig. 4(b), the Rh-Pd(2)/S60 catalyst with a few
quantity of strong acid sites and a high cyclopentane conversion dis-
plays a lower decalin conversion. The particular behavior of these two
samples points out that an optimal balance between both sites (acidic
and metallic) is necessary to obtain efficient catalysts for the decalin
conversion.

In the same way as Fig. 4, Fig. 5(a) and (b) show that both functions
(metal and acid) are needed to obtain a high yield to RO products, since
a high amount of strong acid sites and a low hydrogenolysis metallic
activity (case of the Pd/S60 sample), as well as a high hydrogenolysis
metallic activity and a low amount of strong acid sites (case of the Rh-
Pd(2)/S60 sample) induce a low yield to RO products. According to the
catalytic performances of the catalyst series gathered in Table 3, the
selectivity to RO products seems to increase with the decalin conver-
sion. Initially, the reactant feed contains 37.5% of the cis one, with a
trans/cis ratio of 1.63. At the end of the reaction, this ratio is even more
largely in favor of the trans isomer with around 10 times more of trans
isomer than of cis one (Table 3). Previous studies have already shown
that cis-decalin is easier to open than trans-decalin, which is mostly
converted into cracking products [14]. Finally, Fig. 6 indicates that the
RO selectivity is correlated with the percentage of cis-decalin remaining
at the end of reaction: the lower is the cis-decalin percentage, the
higher is the RO selectivity.

According to the results displayed in Fig. 7, the cracking products

yield increases with the quantity of strong acid sites (Brønsted and/or
Lewis, only the global acidity being evaluated in this work) in agree-
ment with the fact that the cracking reactions are catalyzed by the sites
of strong acidity [57]. It was found that the removal of strong acid sites
by addition of potassium into iridium catalysts supported on USY zeo-
lite reduces the formation of cracking products in hydrotreating of LCO
[58]. Again, the Pd/S60 catalyst has an anomalous behavior with a low
CR yield and a high amount of strong acid sites. The low CR yield of the
Pd catalyst despite of its important quantity of strong acid sites could be
linked to the high DP yield obtained with this sample (Table 3). The
aromatic compounds produced by dehydrogenation on the metal
function are then more difficult to crack by the acid function [59,60].
Compared to Rh/S60, Pd/S60 catalyst possesses effectively a slightly

Table 2
Particle diameter (d) and metal dispersion (D) estimated from TEM pictures, CO
chemisorption values, initial conversion (extrapolated to zero reaction time)
and TOF value for cyclopentane (CP) hydrogenolysis and cychohexane (CH)
dehydrogenation obtained for monometallic (1 wt%) and bimetallic Rh-Pd(x)/
S60 catalysts (x= 1, 1.5 and 2wt%).

Catalyst/S60 d, nm D, % CO/
M,
%

CP
conversion,
%

CP
TOFa,
s−1

CH
conversion,
%

CH
TOFa,
s−1

Pd 3.89 28.5 0.30 22.0 0.105 3.5 0.277
Rh-Pd(1) 3.52 31.2 0.37 29.3 0.111 4.5 0.286
Rh-Pd(1.5) 3.96 27.8 0.33 31.7 0.090 6.0 0.281
Rh-Pd(2) 5.75 19.1 0.26 42.6 0.115 6.0 0.281
Rh 4.05 26.9 0.31 49.3 0.219 2.9 0.217

a TOF values calculated from the reaction rate determined at zero reaction
time (extrapolated value) and the CO/M values considering a stoichiometry of
adsorbed CO per surface metal atom equal to 1 [68,69].

Table 3
Decalin conversion; yield to cracking products (CR), ring contraction products (RC), ring opening products (RO) and dehydrogenation products (DP); RO selectivity;
trans and cis decalin concentration obtained for monometallic and bimetallic Rh-Pd(x)/S60 catalysts (x= 1, 1.5 and 2wt%) after 6 h reaction time.

Catalyst/S60 Conversion, % Yield, % RO selectivity, % Decalin, %

CR RC RO DP Trans Cis

Pd 60.1 1.9 9.3 34.8 14.1 57.9 36.9 3.0
Rh-Pd(1) 66.4 5.4 12.1 41.6 7.3 62.7 31.1 2.5
Rh-Pd(1.5) 67.9 3.2 13.0 43.5 8.2 64.1 29.5 2.6
Rh-Pd(2) 61.2 1.3 6.6 33.4 19.9 54.6 35.2 3.6
Rh 71.3 7.0 11.7 47.4 5.2 66.5 26.8 1.9

Fig. 4. Decalin conversion (after 6 h reaction time) as a function of (a) the
strong acid sites concentration and (b) the cyclopentane conversion obtained
for monometallic and bimetallic Rh-Pd(x)/S60 catalysts (x= 1, 1.5 and 2 wt%).
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higher dehydrogenating activity as revealed by the model reaction of
CH dehydrogenation while its hydrogenolytic activity (measured by CP
hydrogenolysis) is around twice lower (Table 2) [61,62]. Consequently,
the Pd/S60 metal function could favor the formation of dehydrogena-
tion products rather than that of ring opening products. Therefore,
considering DP products are formed by a route parallel to the RC, RO
and CR reactions, another explanation could be advanced: the forma-
tion of heavier DP products (such as polyaromatics) would favor the
formation of coke on acid sites decreasing cracking reactions. Among
the studied bimetallic samples, RhPd(2) catalyst exhibits the highest CH
conversion and also the highest yield of DP compounds. It is expected
that RhPd(2) catalyst produces lower amounts of dehydrogenated
product due to its high hydrogenolysis activity. Probably, the high
amounts of dehydrogenated products formed on the sample lead to a
coke deposition involving a decrease of the CR and RC yields (reactions
promoted by acid sites), and then of the RO yield.

It is interesting to analyze more in depth the CR products distribu-
tion to determine if the cracking products are formed by a hydro-
cracking or hydrogenolysis process. Haas et al. and Santi et al. [21,37]
found that the selectivity to cracking products has a “M”-type C-number
distribution (maximum selectivities for C4 and C6 and lower selectiv-
ities to C2, C3, C5, C7 and C8) when the reaction is controlled by the acid
function. The reaction mechanism implies the classical bifunctional
hydrocracking via carbocations. On the other hand, when the cracking
products are produced by hydrogenolysis on the metal function, the
cracking products distribution shows a “hammock”-type distribution

(high selectivity to C9 and C1 and lower selectivity to C3 to C7). The
main cracking products obtained are: 2-methylbutane, hexane, 2,3-di-
methylpentane, 3-methylpentane, methylcyclopentane (abundant),
propylcyclopentane, 2-methylpropylcyclopentane, 1,1-dimethylcyclo-
pentane, cyclohexane, methylcyclohexane, propylcyclohexane, cis 1-
ethyl-2-methylcyclohexane, trans 1-ethyl-4-methylcyclohexane, 1-
ethyl-3-methylcyclohexane, 1,1,4-trimethylcyclohexane. Taking into

Fig. 5. RO yield (after 6 h reaction time) as a function of (a) the strong acid sites
concentration and (b) the cyclopentane conversion obtained for monometallic
and bimetallic Rh-Pd(x)/S60 catalysts (x= 1, 1.5 and 2wt%).

Fig. 6. Selectivity to RO products as a function of percentage of cis-decalin
obtained after 6 h reaction time for monometallic and bimetallic Rh-Pd(x)/S60
catalysts (x= 1, 1.5 and 2 wt%).

Fig. 7. CR yield (after 6 h reaction time) as a function of the strong acid sites
concentration obtained for monometallic and bimetallic Rh-Pd(x)/S60 catalysts
(x= 1, 1.5 and 2wt%).
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account that C5-C8 are produced by hydrocracking on the acid function
and C9 are formed on the metal by hydrogenolysis, the C9/C5-C8 ratio of
the cracking products fraction can be used as a parameter to determine
the balance of the metal and acid functions. The obtained values are
gathered in Table 4, as well as the respective yields to C5-C8 and C9

products. As expected, in the case of the bimetallic catalysts, the C9/C5-
C8 ratio increases with the hydrogenolysis activity for CP conversion
(reported in Table 2). In spite of the fact that monometallic Rh catalyst
displays the highest hydrogenolysis activity for CP conversion, similar
yields to cracking (C5-C8) and hydrogenolysis (C9) products are ob-
served during decalin conversion. This could be due to the fact this
catalyst has also the highest amount of strong acid sites (Table 1). In
conclusion, the results presented in Table 4 show that the cracking
products obtained during decalin conversion are formed by hydro-
genolysis on metal sites and cracking on acid sites.

Fig. 8(a) shows the DSC profiles obtained from burning coke de-
posited on the catalysts during decalin reaction. The temperature at
which the combustion occurs is related to the nature of the coke (soft or
graphitic) and its location (on metallic sites or on support). These
parameters have a bigger impact on the stability of the catalysts than
the amount of carbon deposit [57]. The coke content and distribution
were determined by TPO analysis, the obtained profiles being presented
in Fig. 8(b). The peaks observed at low temperatures (below 250 °C) on
the TPO profiles can be assigned to coke deposited over or near metallic
particles that catalyzed the combustion, while the second burning zone
is attributed to coke localized over the support [63]. Maldonado-Hódar
et al. related that at increasing coke contents, the carbon deposit be-
comes more stable and DSC peaks are then shifted to higher tempera-
tures [64]. This behavior is also observed for the three studied

bimetallic catalysts on the basis of the obtained DSC profiles (Fig. 8(a))
and the carbon contents determined at the end of the SRO reaction of
decalin (Fig. 9). Nonetheless, peaks at higher temperatures could also
be due to diffusional limitations induced by pore blocking by poly-
aromatic compounds [65]. With the studied catalysts, it is important to
note that DSC peaks are all located below 550 °C, corresponding to the
presence of amorphous coke. The chemical reactivity of this kind of
coke is high due to structural defects and it can be eliminated easier
than others [66].

From Fig. 8(b), we can conclude that most of the coke is deposited
over the support. According to the literature, coke deposition over
metallic sites is limited if the metal particles are small enough [63,67].
Effectively in the case of the Rh-Pd(x)/S60 catalysts, the area under the
TPO curves until 250 °C increases at decreasing metallic dispersion
values. The low coke deposition over the Rh/S60 monometallic catalyst
and notably on the metallic function of this sample is a consequence of
the high hydrogenolytic activity of Rh favoring the destruction of coke
precursors.

Fig. 9a shows a direct proportionality between the carbon content of
the used catalysts and the yield to dehydrogenated products obtained
during decalin conversion. Dehydrogenated products have been pro-
posed as coke formation precursors, formed on the metallic sites and
then polymerized over the acid sites of the support [67]. Moreover,
Fig. 9b exhibits a reverse correlation between CR yield and carbon
content showing that (i) at high hydrogenolytic activity (as well as in
the presence of numerous strong acid sites in the case of Rh/S60
sample) the coke precursors can be destroyed, or (ii) CR products are
more numerous on catalysts with lower coke content due to a lower
formation of DP products, and therefore the acid function is less de-
activated. Finally, the catalysts exhibiting the highest deactivation by
carbon deposit (Pd/S60 and Rh-Pd(2)/S60) are those leading to the
lowest decalin conversions and selectivities to RO products.

4. Conclusions

This work was devoted to the study of monometallic and bimetallic
Rh-Pd catalysts supported on SiO2-Al2O3 (SIRAL 60) for the selective
ring opening reaction of decalin. The objective was to appreciate the
influence on the catalytic properties of the nature of the metallic
function constituted of 1 wt% Pd, 1 wt% Rh or x wt% Rh-Pd (with x, the
total metal loading equal to 1, 1.5 or 2 while keeping the Rh/Pd atomic

Table 4
Yield to C5-C8 and C9 products, and C9/C5-C8 ratio of the cracking products (CR)
fraction.

Catalyst/S60 Yield, % C9/C5-C8

C5-C8 C9

Pd 0.87 1.03 1.18
RhPd(1) 3.13 2.27 0.72
RhPd(1.5) 1.08 2.12 1.97
RhPd(2) 0.37 0.93 2.51
Rh 3.68 3.32 0.90

Fig. 8. (a) DSC profiles and (b) TPO profiles obtained for the used monometallic and bimetallic Rh-Pd(x)/S60 catalysts (x= 1, 1.5 and 2wt%) after 6 h of decalin
reaction.
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ratio equal to 1) deposited on the acid support. The catalytic properties
were discussed in terms of decalin conversion, selectivity to various
products (i.e. ring opening (RO) products, ring contraction (RC) pro-
ducts, cracking (CR) products, and dehydrogenation products (DP)),
and resistance to coke deposit. The decalin transformation was con-
sidered to proceed via a bifunctional mechanism: the transformation of
decalin begins with the ring contraction from 6 to 5 carbon atoms over
acid sites, followed by easier opening of the 5-membered cycle due to
the hydrogenolysis activity of the metal. It was found that cracking
products are formed both by hydrogenolysis on the metal function and
by hydrocracking on the acid sites.

The obtained results reveal that the bimetallic Rh-Pd(x)/S60 cata-
lysts are unable to achieve the decalin conversion and selectivity to RO
observed with Rh/S60 monometallic catalyst. Compared to the mono-
metallic Rh/S60 sample, the combination of Rh and Pd generates a
decrease in the overall hydrogenolytic activity and in the number of
strong acid sites. Moreover, with the increase in the metallic content of
the bimetallic Rh-Pd(x)/S60 catalysts, a fall in the dispersion of the
metallic particles and in the quantity of strong acid sites is observed,
decreasing the CR yield, but enhancing the amount of dehydrogenated
products and coke deposition rates during the decalin ring opening
reaction. Finally, among the studied catalysts, the monometallic Rh/
S60 sample presents the lowest deactivation rate due to its hydro-
genolytic character that favors the destruction of coke precursors.
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