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The influence of the Brgnsted acidity, SiO,/Al, 05 ratio and Rh-Pd content on the ring opening of decalin
was studied. Rh- and Pd-based monometallic and bimetallic catalysts were prepared by impregnation
on three commercial SiO, /Al 03 supports (SIRAL 5, 20 and 40). The catalysts were characterized by TPD
of pyridine, X-ray diffraction, H, chemisorption, isomerization of 3,3-dimethyl-1-butene (33DM1B) and
selective ring opening (SRO) of decalin. It was found that the support acidity is strongly influenced by the
Si0,/Al, 05 ratio, the SIRAL 40 being more acid. The metal accessibility has the following order: supported
catalysts on SIRAL 40 > SIRAL 20 > SIRAL 5. The incorporation of Rh and/or Pd modifies the conversion and
the product distribution on decalin reaction. The support acidity has a strong influence on the conversion
and product distribution on the decalin reaction at 350 °C. SIRAL 5 series have low selectivity to RO and
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Rh-Pd high selectivity to dehydrogenated compounds. On the other hand, SIRAL 40 series lead to the highest
Bifunctional catalysts yield to cracking products of the three studied series. Catalysts with Rh/Pd atomic ratios equal to 2 and
Decalin monometallic Rh1 supported on SIRAL 40 are the most active and selective catalysts to ring opening

products.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Petroleum refining industry needs more capacity to cope with
an increasing demand of high quality fuels, with low aromatic,
sulfur and nitrogen content and higher cetane number (CN). CN
is the key parameter for diesel fuels to secure a proper combus-
tion quality which leads to a lower level of NOx and particulate
matter emissions [1]. The lowering of S and aromatic contents in
fuels has been traditionally achieved using well known hydrotreat-
ing and hydrocracking technologies [2]. The selective ring opening
(SRO) of naphthenic molecules is an alternative route for the valo-
rization of several products resulting from catalytic reforming and
cracking processes [3-5], due to the hydrogenation of aromatic
compounds followed by a selective opening of the obtained naph-
thenes to paraffins allowing to improve notably the fuel quality.
It is known that normal paraffins increase the CN of fuels [6].
Research works on SRO have mainly dealt with reactions of one-
ring molecules despite the fact that two-ring molecules are more
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important to diesel chemistry. These are abundant in light cycle oil
(LCO), an fluid catalytic cracking (FCC) residue commonly upgraded
by hydrotreating in order to contribute to the diesel pool. The SRO
of bicyclic naphthenes such as decalin is very important in the
processing of LCO; the CN significantly increases when decalin is
converted into linear or monobranched paraffins. Two main reac-
tion types occur during the catalytic ring opening (RO) process. A
first possible reaction type is the rupture of C—C bonds attached to
naphthenic rings, associated with a decreasing in mean molecular
weight of products. On the other hand, the main desired reaction,
i.e. SRO, does not significantly affect the resulting molecular weight
due to the internal nature of C—C ring bonds.

Decalin ring opening reaction can proceed by acid or metal
mechanisms as reported in detail by Resasco et al. [7]. On the other
hand, Mostad et al. proposed that the decalin cracking is initiated by
hydride abstraction [8,9]. The support acidity is particularly impor-
tant for the opening of compounds having more than one ring, such
as decalin [10]. Zeolites are a special kind of useful acid supports
for this purpose. Corma et al. studied the conversion of decalin on
zeolites of different pore sizes and found that the pore size and
channel topology have a strong influence on diffusion and adsorp-
tion, and therefore on the product distribution [11]. Zeolites with
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large-sized pores (USY, beta, mordenites) as ring opening catalysts
are more selective to RO products as compared to middle pore size
ones; consequently, this parameter is very important in RO catal-
ysis [11]. Zeolites of larger pore size, such as HY, are considered
as one of the most appropriate supports for ring opening catalysts
[12,13]. The zeolite crystal size [14] and the number and strength
distribution of the acid sites [11,15] are important parameters for
ring opening activity and selectivity. Kubicka et al. [15,16] found an
important influence of acidity in the SRO of bicyclic naphthenes, the
presence of Brensted sites is required for ring opening and isomer-
ization. Santikunaporn et al. [17] studied the contraction and ring
opening of decalin and tetralin and found that the Pt/HY catalysts
are more effective than HY catalysts without metal promoter. The
addition of Pt to USY zeolites was also found to greatly increase the
rate of isomerization and therefore the formation of ring opening
products. For these bifunctional metal-acid catalysts, the formation
of ring opening products increases with the proximity between the
Pt and the acid sites and also with the increase of the metal/acid
ratio [18].

Amorphous silica-alumina (ASA) may replace advantageously
zeolites, which often lead to excessive cracking activity, as car-
riers for bifunctional metal-acid catalysts. ASA supports contain
not only silica—alumina mixed phases, but also pure silica and
aluminum clusters [19]. They present strong Brensted acid sites;
with strength comparable to that of zeolites but in much lower
concentration, which can be adjusted by varying the silica con-
tent [20]. It has been widely reported that the SiO, increases
acidity of silica—alumina support improving catalyst performance
particularly for deep hydrodesulfuration (HDS) of diesel fuel [21].
Nassreddine et al. [22,23] demonstrated that ASA supports provide
a good ring-opening and contraction selectivity to iridium for
tetralin hydroconversion in the presence of sulfur. It was shown
that the most active and selective Ir/ASA catalyst for tetralin con-
version was the one with 40% of silica in the support, which presents
the highest Bronsted acidity.

In this work, the influence of the Brgnsted acidity of the support
on the selective ring opening of two-ring naphthenic compounds
was studied. Mono and bimetallic Pd-Rh catalysts supported on
Si0,-Al, 03 with different SiO, contents (SiO5 =5, 20 and 40 wt%)
and different atomic Rh/Pd ratios were used. Decalin was taken as
model molecule.

2. Experimental
2.1. Catalysts preparation

Three commercial SiO,-Al,03 supports provided by Sasol
(SIRAL 5, SIRAL 20 and SIRAL 40) were used as support. Previously,
they were calcined at 450 °C for4 h(10°C min—!, air, 60 cm3 min—1).
Rh and/or Pd were added by a common impregnation method. An
aqueous solution of HCI (0.2 mol L-1) was added to the support and
the system was left unstirred at room temperature for 1 h. Then an
aqueous solution of RhCl3 and/or PdCl, (Sigma-Aldrich) was added
in order to have a 1wt% of total metal charge. For the bimetal-
lic catalyst, the Rh/Pd atomic ratio was x=0.5, 1 and 2. The slurry
was gently stirred for 1h at room temperature and then it was
put in a thermostated bath at 70 °C until a dry solid was obtained.
The drying was completed in a stove at 120 °C overnight. Finally,
the samples were calcined in flowing air (60 cm3 min—1) at 300°C
for 4h and reduced under flowing H, (60 cm3 min—1, 500°C, 4 h).
The monometallic catalysts are named Pd1/Sy or Rh1/Sy, while the
bimetallic are named Rx/Sy, where Sy is the support (SIRAL) and y
is the weight percentage of SiO,. In the case of the bimetallic cata-
lysts, R corresponds to the Rh/Pd atomic ratio and x is the value of
this ratio.

2.2. Measurement of the Pd and Rh contents

The composition of the metal function was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) after digestion in an acid solution and dilution.

2.3. Temperature-programmed reduction (TPR)

The tests were performed in an Ohkura TP2002 apparatus
equipped with a thermal conductivity detector. At the beginning
of each TPR test the catalyst samples were pretreated in situ by
heating in air at 400°C for 1 h. Then they were heated from room
temperature to 700°C at 10°Cmin~! in a gas stream of 5.0% hydro-
gen in argon (molar base).

2.4. X-ray diffraction

The analysis was performed with a Shimadzu XD-D1 diffrac-
tometer. Diffraction patterns were recorded using Cu Ko radiation
filtered with Ni in the 10-60° range at a scan rate of 2°min~1!,
operating at 30 kV and 40 mA.

2.5. H, chemisorption

This technique was used in order to estimate the metallic acces-
sibility of the Pd-Rh bimetallic particles on the surface of the
catalyst. The sample (100 mg) was reduced at 500°C (10°Cmin~!,
H, 30 cm3 min~1) for 1 h. Then argon (30 cm3 min~!) was made to
flow over the sample for 2 hat 500 °Cin order to eliminate adsorbed
hydrogen. Finally the sample was cooled down to 70°C in argon
and calibrated pulses of H, were injected into the reactor (HC1).
These pulses were sent until the sample was saturated. After flush-
ing the system with argon during 30 min, a second set of pulses was
injected (HC2). The difference HC1 — HC2 allows one to estimate
the metallic accessibility considering the stoichiometry between a
hydrogen atom and a surface Pd or Rh atom (H/Pd and H/Rh) equal
to 1.

2.6. Temperature-programmed desorption of pyridine

The amount and strength of the acid sites of the catalysts were
assessed by means of temperature programmed desorption of pyri-
dine. An amount of 200 mg of the catalyst to be tested were first
immersed in a closed vial containing pure pyridine (Merck, 99.9%)
for 4h. Then the vial was open and excess pyridine was allowed
to evaporate in a ventilated hood at room conditions until the sur-
face of the particles was dried. The sample was then loaded into a
quartz tube microreactor and supported over a quartz wool plug.
A constant flow of nitrogen (40 mLmin~!) was made to flow over
the sample. A first step of desorption of weakly adsorbed pyridine
and stabilization was performed by heating the sample at 110°C
for 1 h. Then the temperature was raised at a rate of 10°Cmin—! to
a final value of 700 °C. The reactor outlet was directly connected to
a flame ionization detector.

2.7. Isomerization of 3,3-dimethyl-1-butene (33DM1B)

The reaction was performed in a microreactor of U shape
(length=20cm, diameter=0.6cm). The feed was generated by
passing a nitrogen stream through a saturator contactor containing
the liquid reagent and immersed in an ice bath at 0 °C. The catalyst
(50 mg) was pretreated in situ by reduction with H, (60 cm3 min~?!,
450°C, 1h). The sample was then cooled in N, (30 cm3 min—1) to
the reaction temperature, which was changed in order to have small
conversion values to avoid secondary reactions. It was fixed at 100,
150 and 200 °C for SIRAL 40, 20 and 5, respectively. Then the feed
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Table 1
Percentages of Rh and Pd determined by ICP analysis and theoretical values.

Catalyst Rh theoretical, Rh by ICP, Pd theoretical, Pd by ICP, Rh/Pd by Total metal by
wt% wt% wt% wt% ICP ICP, wt%
Pd1/S5 - - 1.00 0.76 - 0.76
Pd1/S20 - 0.76 - 0.76
Pd1/S40 - 0.78 - 0.78
R0.5/S5 0.33 0.26 0.67 0.57 0.47 0.83
R0.5/S20 0.28 0.59 0.49 0.87
R0.5/S40 0.26 0.54 0.50 0.80
R1/S5 0.49 0.39 0.51 0.36 1.12 0.75
R1/S20 0.37 0.37 1.03 0.74
R1/S40 0.36 0.39 0.95 0.75
R2/S5 0.66 0.54 0.34 0.27 2.07 0.81
R2/S20 0.59 0.29 2.10 0.88
R2/S40 0.52 0.28 1.92 0.80
Rh1/S5 1.00 0.78 - - - 0.78
Rh1/S20 0.84 - - 0.84
Rh1/S40 0.79 - - 0.79

from the saturator was injected. The reagent partial pressure and
flow rate were 20.9 kPa and 15.2 mmol h—1, respectively. The prod-
ucts were analyzed with a gas chromatograph connected on-line.
The error associated to the test of 33DM1B isomerization was deter-
mined by calculating the variance of the conversion in a set of seven
experiments (variance = 6.5%).

2.8. Selective ring opening (SRO) of decalin

All SRO experiments were performed in a stainless steel,
autoclave-type stirred reactor. The reaction conditions were:
temperature=350°C, hydrogen pressure=3MPa, stirring
rate=1360rpm, volume of decalin=25cm3, catalyst loading=1g.
Used decalin had 37.5% cis isomer and a trans/cis ratio of 1.63. It
was found that after few minutes the attrition action of the stirrer
reduced the catalyst to powdery slurry that after drying would
mostly pass through a 200 meshes sieve. With this particle size and
the high stirring rate, it was assumed that diffusional limitations
to mass transfer were eliminated. This was further confirmed by
calculating the Weisz-Prater modulus ($=0.06«1). A sample
was taken at the end of the experiments and it was analyzed
using a Shimadzu 2014 gas chromatograph equipped with a
capillary column (Phenomenex ZB-5) and a FID. Previous product
identification studies were performed by GC-MS in a Saturno 2000
mass spectrometer coupled to a GC Varian 3800 using the same
GC column.

3. Results and discussion
3.1. Rh and Pd contents determined by ICP

Table 1 shows the atomic Rh/Pd ratios as well as the percentages
of Rh and Pd determined by ICP analysis and the theoretical values.
It can be seen that the experimental atomic Rh/Pd ratio is practically
the same as the theoretical one. However, the amounts deposited
are 15-25% lower than the theoretical ones. On the three supports
the highest differences are on the monometallic Pd1 and bimetallic
R1 catalysts.

3.2. Properties of the supports

Table 2 presents the main characteristics of the support given
by Sasol, as well as the total acidity determined by pyridine TPD
normalized to SIRAL 5 support. It can be seen that the numbers 5,
20 and 40 are associated to the weight percentage of SiO,, SIRAL

40 being the support with the highest content of SiO,. The specific
surface area and the total acidity increase with the increase of SiO,
percentage. Thus SIRAL 40 is 14 times more acidic than SIRAL 5, and
SIRAL 20 has a medium acidity which is 8 times higher than SIRAL
5.

3.3. Support characterization by XRD

The crystallization of amorphous diphasic Al;03-SiO, calcined
at 450°C has been studied by XRD diffraction, the patterns being
shown in Fig. 1. The supports display the characteristic spectral
profile of an amorphous silica—alumina structure with an amor-
phous halo present in the 26 =24° [24,25]. This typical halo results
from the dispersion of the angles and bond distances between the
basic structural units (silicates and aluminates) which destroys the
structure periodicity and produces a non-crystalline material. The
XRD peaks detected around 26 equal to 37.5°, 46° and 67.4° are
attributed to y-Al,03 [26]. Fierro et al. [27] indicate that diffrac-
tion peaks at ca. 20=37.5°, 39.6° and 45.9° are due to the y-Al,03
substrate whereas an amorphous hump at about 20 =23° belongs
to amorphous silica [28]. The presence of diffraction peaks of SiO,
and Al,03 demonstrate that SiO, and y-Al, 03 exist separately in
the studied supports. The X-ray diffraction patterns differ some-
what according to the nature of the support (SIRAL 5, SIRAL 20 or
SIRAL 40). For SIRAL 5 (presenting the highest Al, O3 content), the
peaks at 260 =37.5°, 46° and 67.4° are clearly observed, while when
SiO, content is increased (for SIRAL 20 and all the more for SIRAL
40), anoticeable broad hump at 26 = 20-30° appears. Similar results
were reported by Leyva et al. [29]. It is known that the width of the
diffraction peaks depends on the crystal perfection and size. As it
grows the average crystal size decreases. A decrease in the SiO,
percentage in the support from 39.3 to 4.2 wt% promotes a more

Table 2
Main characteristics of the silica—alumina supports used in this work.
SIRAL 5 SIRAL 20 SIRAL 40
Area (m2g1) 323 430 514
Loose bulk density (gmL™1) 0.52 0.43 0.33
Al,03 (Wt%) 95.8 80.2 60.7
Si0, (Wt%) 42 19.8 39.3
Particle size
<25 um (%) 31.3 183 26.0
<45 pm (%) 54.0 47.1 54.6
<90 pm (%) 9.4 96.6 96.1
Total acidity (normalized value) 1.00 8.39 14.42
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Fig. 1. XRD patterns of the supports calcined at 450°C.

ordered structure. Feng et al. reported that the peaks became wider
with increasing SiO, content [30].

3.4. Temperature-programmed reduction (TPR)

The results of temperature-programmed reduction (TPR) are
not sufficient to determine if the Rh and Pd metals formed an alloy.
However this technique can provide information about the inter-
action between the metal components. The temperature of the
peaks of hydrogen consumption and the number of them depend
on the oxidation state of the metals, the interaction between the
metal oxides and of the metal oxides with the support and on the
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Fig. 2. TPR profiles of catalysts supported on SIRAL 40.

possible catalytic action of one metal over the other. Fig. 2 shows
the TPR traces of a series of metals supported on SIRAL 40.

The reduction of Pd oxides at 111°C on monometallic Pd1
occurs at a lower temperature than the reduction of Rh oxides of
monometallic Rh1 catalyst supported on SIRAL 40 (145 °C). Some
authors found that the reduction peaks of the Pd species are fol-
lowed by a negative peak, which is attributed to the release of Hy
resulting from the decomposition of Pd hydride [31,32]. The palla-
dium crystallites would first be reduced, then a PdH phase would be
formed and finally this phase is decomposed with hydrogen release
(at about 113 °C) [33]. Other peaks regularly found at room tem-
perature and assigned to a reduction of large Pd-oxide species [34]
could not be found in our TPR results. Feio et al. [35] report that
this peak is independent of the support composition. According to
the literature, calcined monometallic Pd catalysts have a reduction
peak at 18 °C attributed to the reduction of crystalline PdO to Pd®
[36], and a peak at 110°C, related to the reduction of smaller PdO
particles interacting with the support. The negative peak attributed
to the decomposition of the 3-PdHx phase cannot be distinguished
inthe TPR trace because it is merged with the 111 °C peak. The same
behavior has been reported by Rodriguez et al. [37]. The interac-
tion between the Pd particles and the support is high in the case
of Pd1/S40, probably because of the presence of small PdO parti-
cles strongly interacting with the support and thus resulting in a
higher reduction temperature. The R0.5/S40 catalyst shows a main
reduction peak at 182 °C and a shoulder at 110°C. The R1/S40 cat-
alyst has a main reduction peak at 172 °C and a small shoulder at
120°C. Finally the R2/S40 catalyst has a single reduction peak at
158°C.Itis clear that the bimetallic catalysts supported on SIRAL 40
have a greater interaction with the support than the monometal-
lic catalysts. Also Pd and Rh oxides seem harder to reduce than
the Pd species. The R2 bimetallic catalyst has only one reduction
peak indicating that Rh and Pd are reduced simultaneously due to a
strong Rh-Pd interaction. It can be concluded that in the case of the
bimetallic catalysts the interaction between the metals increases
with the Rh content.

3.5. Hydrogen chemisorption

The hydrogen chemisorptions were performed in order to obtain
the metal accessibility (H/(Rh +Pd)) of the catalysts. It can be seen
in Fig. 3 that the dispersion values are between 30 and 50% for
all the studied catalysts. Monometallic Pd catalysts present higher
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Fig. 3. Metallic dispersion of the catalysts obtained by hydrogen chemisorption.
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metallic dispersions than the monometallic Rh ones. The metal-
lic dispersion decreases as the Rh content increases for the three
bimetallic series. In general, for the same Rh/Pd ratio, the dispersion
is increased as the specific surface area of the support is increased,
i.e. in function of the SiO, percentage (Table 2). However, the Pd1
catalysts have an opposite behavior.

3.6. Total acidity

The profiles of pyridine desorption give information on the acid
sites distribution. Fig. 4a shows that SIRAL 40 is the most acid of
the three supports and the sites are strongest, due to the higher
temperature (503 °C) of the desorption peak. SIRAL 20 presents
a desorption peak with a maximum at 475 °C while SIRAL 5 has
two small desorption peaks at 212 and 400°C. The effect of the
metallic charge on the acidity of SIRAL 40 can be seen in Fig. 4b. It
can be observed that after Rh and Pd addition the total acidity of
the support increases due to the effect of Cl~ ions added, either by
the Pd and Rh chlorinated precursors and/or by the added HCI for
metal impregnation. On the other hand, the incorporation of metals
decreases the strength of the acid sites (desorption peak are shifted
to lower temperatures). This effect is more noticeable as rhodium
content increases. Such changes in acidity can be attributed to the
electronic interactions of the metal particles with the support. Sev-
eral authors reported the same behavior [38-46] highlighting the
redistribution of the acid sites.

3.7. Brensted acidity measured by 33DM1B isomerization

The conversion of the isomerization reaction of 33DM1B was
taken as a measure of the concentration of Brensted acid sites. Kem-
ball et al. [47,48] demonstrated that the Lewis acid sites are not
involved in this reaction. 33DM1B isomerization occurs through a
protonic mechanism [49-51], where the formation of a secondary
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S
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104 |
1 1
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S5 S20 S40
Catalysts Temperature, °C  Conversion, %
Pd1/S5 200 11.8

150 8.1
Rh1/S20 150 43.5
100 71

Fig. 5. Conversion of 33DM1B extrapolated to zero time reaction.

carbocation leads to the production of two isomers: 2,3-dimethyl-
2-butene (23DM2B) and 2,3-dimethyl-1-butene (23DM1B). Other
weaker products attributed to methylpentenes appear at higher
reaction temperatures (>300°C) [52]. The maximum reaction tem-
perature used was 200 °C as a consequence in all the experiments
the selectivity was 100% to 23DM1B and 23DM2B, demonstrat-
ing that the reaction only occurs on the Brensted acid sites of the
support. The reaction was performed at different reaction tem-
peratures according to the support acidity in order to obtain low
reaction rates avoiding diffusional and deactivation problems. Fig. 5
shows the conversion extrapolated at zero reaction time for the
monometallic and R1 bimetallic catalysts as well as complemen-
tary data to justify the temperatures used. It is important to point
out that the differences between catalysts of each series are very
difficult to infer because the experimental error is 6.5%. The cata-
lysts supported on SIRAL 5 have lower conversions despite of the
higher reaction temperature used. Nevertheless, Pd1/S5 at 150°C
(temperature used to evaluate the catalysts supported on SIRAL
20) has a conversion value of 8.1%, which is logically lower than
11.8% obtained at 200°C. The catalysts supported on SIRAL 20 at
150°C have higher conversions than the catalysts supported on
SIRAL 40 evaluated at 100 °C. However, the Rh1/S20 catalyst which
has the maximum conversion value of the series (43.5% at 150°C)
decreased to 7.1% at 100°C. This is almost three times lower than
19.5% obtained for the Rh1/S40 catalyst which presents the lowest
value of the SIRAL 40 series. Therefore, it can be concluded that the
amount of Bransted sites follows the order: S40>S20 > S5. Similar
tendency were reported by Daniell et al. [53] for the SIRAL supports.

Fig. 6 shows the conversion values obtained in the reaction of
isomerization 33DM1B as a function of the time for all the catalysts
supported on SIRAL 40. The R2/S40 catalyst displays the highest
conversion and stability of the series. It is important to note that the
metal content does not change significantly the conversion value.
The results reported in Fig. 5 and 6 allow establishing that the
Brensted acidity depends strongly on the support and is affected
to a lesser degree by the metal content.

3.8. Decalin ring opening reaction

Figs. 7 and 8 show the percentage of cis and trans decalin
obtained after 6h of reaction at 350°C. Higher trans/cis decalin
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ratios than theinitial one (1.63) could be due to a higher reactivity of
the cis isomer [17,54] and also to the catalytic cis/trans isomeriza-
tion reaction [55]. Cis-decalin is more selectively converted to RO
products than trans-decalin, which is converted mainly to crack-
ing products [17]. Almost for all the catalysts (except Pd1/S20 and
R0.5/S20 catalysts) the ratio trans/cis decalin increases as increases
the conversion. These results are in agreement with those reported
by Lai et al. [56] and Moraes et al. [57]. The catalysts supported on
SIRAL 40 have higher trans/cis ratios than the catalysts supported
on S20 and S5. It can be seen in Fig. 7 that the support SIRAL 40 is
more active than SIRAL 20. The SIRAL 5 produces a trans/cis decalin
ratio similar to that of the decalin used as reactive (1.63) since it
is not able to convert decalin. The highest conversion of decalin,
and consequently the highest activity for decalin conversion, is
obtained with the monometallic Rh1 series. The monometallic Rh1
catalysts have higher activity than the corresponding Pd1 catalysts.
In agreement with this observation, in the case of bimetallic cata-
lysts, the increase in the Rh content leads to more active catalysts,
as it can be seen in Fig. 8, but the Rh1 catalyst is more active than
the bimetallic ones.

For the supports alone as well as for the supported mono and
bimetallic catalysts, the values of conversion and trans/cis decalin
ratio correlate with the acidity order; the catalysts with the most
acidic supports show the highest activity and hence the lowest per-
centage of unreacted decalin and the highest product trans/cis ratio.
However, the metal charge has an influence, Rh being more active
than Pd in the three series studied.

In each of the bimetallic catalysts series, the increase of the
decalin conversion is related to the increase of Rh content, even if
the metal dispersion decreases as the Rh content increases. As Rh1
catalysts are more active than the bimetallic ones with the highest
Rh content, R2, and the dispersion of Rh1 is slightly superior to that
of R2, it can be inferred that the Rh content plays a more significant
role than the metal dispersion on the activity of the catalyst.

The yields to different reaction products after 6 h of decalin
transformation at 350°C are presented in Fig. 9. As decalin con-
version leads to a complex mixture of more than 200 compounds,
the decalin reaction products were classified according to the same
criterion used in previous work [58]. The products of reaction are
lumped as: cracking products (C;-Cg products); ring opening (RO)
Cq0 products; ring contraction (RC) products; naphthalene and
other products including heavy dehydrogenated products (DH).

It can be seen in Fig. 9 that the catalysts supported on SIRAL 5 are
not adequate for ring opening of decalin because the main reaction
products results from dehydrogenation (naphthalene and others).
The activity is increased significantly with the Rh content on SIRAL
5. The catalysts supported on SIRAL 5 have the lower acidity of
the three series studied, and the support alone is not able to con-
vert decalin at all. As a consequence the metallic function would
more influence the products distribution than the acid function,
i.e., it is expected that the product distribution depends not only
on hydrogenolysis reaction but also on dehydrogenation reaction
due to the high reaction temperature (350 °C). It is known that Rh
is much more active for the hydrogenolysis reaction than Pd [59],
whereas Pd is mainly active for hydrogenation/dehydrogenation
reactions. The conversion (Fig. 8) and the yield to dehydrogenated
compounds (Fig. 9) increase with the Rh content. For the SIRAL
5 (S5) series, the highest conversions and yields for naphthalene
and others are obtained with R1/S5. As for the S5 series only dehy-
drogenated products are formed, it can be inferred that Rh is much
more active for the dehydrogenation of decalin than Pd, and neither
Rh nor Pd is able to open or isomerizes this bicycle.
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Fig. 7. Trans and cis decalin obtained after 6 h reaction time (Teaction = 350 °C) on the supports and monometallic catalysts. Numbers are the trans/cis decalin ratios.



538 S.A. D’Ippolito et al. / Applied Catalysis A: General 469 (2014) 532-540

100
R0.5 R1 R2
[ 4.89 [ Ejtrans
80 | - 3.63 - B cis
3‘46 I 3.93
< 60 I 6.75 - . I 8.20 - 6.03
s} —
© — —
S 40} = 5 5
a =
20} — 5 s
S5 S20 S40 S5 S20 S40 S5  S20

Fig. 8. Trans and cis decalin obtained after 6 h reaction time (Teaction =350 °C) on bimetallic catalysts. Numbers are the trans/cis decalin ratios.

I Cracking ZZ1 RC |
40

|ROL

J Naphthalene B

| SIRAL 40 M
30F (]

20

10

0

25
20
15

Yield (%)

5%
R
]

VYA
R
NN
B
R

T
SR
—

B

K

[R5

R
ifate?

25
[SIRAL 5 -
20 N
15|
10}
S5 Pd1 RO5 Rh1

Catalysts

Fig. 9. Yield at 6 h of decalin transformation divided in cracking products, ring con-
traction (RC), ring opening (RO), naphthalene and others (heavy dehydrogenated
products); Treaction =350 °C.

The best performances are obtained with catalysts supported
on SIRAL 40 followed by the series supported on SIRAL 20. These
results are in agreement with the highest total acidity and the high-
est Bronsted acidity of the S40 series. The support is very important
for the formation of RO products on SIRAL 40 and 20. Although the
SIRAL 20 and SIRAL 40 supports alone have activity in decalin open-
ing, the performances can be enhanced by metal addition, notably
with the use of bimetallic catalysts with high Rh contents (R2) and
monometallic Rh catalysts (Rh1), due to a better balance of metal-
acid functions. The higher yield to RO products of the S40 and
S20 series is in agreement with the lower amount of cis-decalin
obtained at the end of reaction. For the bimetallic catalysts on S20
and S40, the yield in RO products increases with the Rh content.
For all the monometallic and bimetallic catalysts as well as for
the S20 and S40 supports alone, ring-contraction products are also
obtained, with similar yields between 3 and 8%. The formation of RC
products, not observed on the less acidic S5 support, indicates that
the isomerization of decalin proceeds via the acid sites of the S20
and S40 supports. As the formation of RC and RO products occurs
only on the catalysts supported on SIRAL with a sufficient acid-
ity, S20 and S40, it can be inferred that whatever the catalyst, the
direct ring-opening of decalin is not possible on the metal function,
and it proceeds by the hydrogenolysis of ring contraction products
obtained by isomerization on the acid sites of the support.

The catalysts supported on S40 have higher yields to cracking
products than the catalysts supported on S20 due to the higher
acidity of SIRAL 40, in accordance with the lower amount of trans-
decalin. Theseresults are in agreement with the general mechanism
proposed for the cracking reactions, where the cracking reactions
are produced on strong acid sites [60]. Cracking can be minimized
with good metal dispersion. It can be seen that in the series S40
the catalysts that have greater metallic dispersion have lower yield
to cracking. However, even in the series S20 with similar metallic
dispersion values than in S40 series the yield to cracked products is
reduced. Cracking products obtained can be attributed only to the
acidity of the catalysts; this is evidenced by the absence of these
products in the series of supported catalysts SIRAL 5. Moreover,
the addition of Pd and Rh, while having no marked effect on the
Brensted acidity, decreases the strength of the acid sites and this
inhibits cracking.

The results of Fig. 10 show that the selectivity to RO products
of the catalysts supported on SIRAL 40 is approximately 60%, 10%
higher than those of the series S20. Although the incorporation of
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Pd and Rh can moderate the force of the acid sites, the nature of
the support plays an important role. Whereas on S20 and S40 the
conversion of decalin increases as the Rh content increases due to
the higher hydrogenolytic character of the Rh, the selectivity to
RO products seems to strongly depends on the support. It must be
underlined that, for the S40 series, the selectivity to RO is simi-
lar whatever the catalyst, i.e. for the support alone and the mono
and bimetallic catalysts, with a value around 60%, the conversion
varying from 34.5 (S40 alone) to 65.4% (Rh1/S40). Thus, for this
series the metal function, and more specifically Rh, plays a role
in the conversion due to its ability for the hydrogenolysis of ring-
contraction products, but the limiting step of the reaction is likely
to be the isomerization of decalin to form these intermediate RC
products. Again, the influence of the metal charge is more notable
in S5 series due to the lower acidity of the support. SIRAL 5 series
produces mainly dehydrogenated compounds being their selectiv-
ity higher than 90%, since the acidity of the support is not sufficient
for the isomerization to RC products, which are the only molecules
that can be opened by the metal function. Adding Rh or/and Pd
to SIRAL 20 and 40 leads to a decrease of the selectivity to crack-
ing products and an increase of dehydrogenated products. Theses
results can be explained taking into account that the incorpora-
tion of Rh or Pd decreases the strength of acid sites (see Fig. 4),

while it increases the total number of acid sites responsible for
isomerization reactions. As a consequence the strong acid sites are
partially eliminated leading to a decrease of the cracking reactions.
The increase of the metal function favors dehydrogenation reac-
tions, and the selectivity to dehydrogenated products increases as
the acidity of the support decreases, in the following order: S5
(43-95%) > S20 (30-40%) >S40 (15-25%). Thus, in the presence of
the most acidic support (S40), decalin is mainly isomerized to RC
products, which are hydrogenolyzed to RO products, whereas on
S5, this reaction pathway is not possible and the dehydrogenation
is then favored, S20 presenting an intermediate behavior.

4. Conclusions

This work was devoted to the study of mono and bimetallic
Pd-Rh catalysts supported on various SiO,-Al,03 (SIRAL 5, 20 and
40) supports, and of the influence of the Bregnsted acidity of these
oxides on the selective ring opening of decalin.

X-ray diffraction of the SIRAL supports showed typical patterns
of amorphous alumino silicate, and SiO, and Al, O3 exist in separate
phases.

It was found that the total acidity and the Brensted acid sites of
SIRAL series increase with the SiO, content. The incorporation of Rh
or Pd produces an increase in the total acidity and decreases of the
strength of acid sites. The last effect is more makeable as Rh con-
tent is increased. 33DM1B isomerization shows that the Brgnsted
acidity depends strongly on the support (SiO, content) and is less
affected by the metal charge.

Monometallic Pd catalysts have higher metallic dispersion than
the monometallic Rh catalysts. The metallic dispersion decreases
as the Rh content is increased for the three bimetallic series.

The support acidity has a strong influence on the conversion
and product distribution obtained during the decalin transforma-
tion at 350°C. The catalysts with higher total acidity or Brensted
acid sites have higher yields to RO products. SIRAL 5 series presents
low selectivity to RO and high selectivity to dehydrogenated com-
pounds. Adjusting the metal/acid ratio is a key parameter in ring
opening reaction. Rh1 or R2 supported on SIRAL 40 combine the
Rh ability for hydrogenolysis with amount of Brgnsted acid sites
appropriate to achieve active and selective catalysts to form ring
opening products.
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