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Ring  opening  of naphthenic  rings  on Pt-Ir catalysts  supported  on  Nb2O5 was  studied  in  this  work.  The cata-
lysts  were  prepared  by impregnation.  In the case  of the  bimetallic  catalyst,  the  total  metallic  load  was  kept
constant  while  varying  the  individual  quantity  of impregnated  Ir and  Pt. The  samples  were  characterized
by  transmission  electron  microscopy,  X-ray  diffraction,  X-ray  photoelectron  spectroscopy,  N2 sorption,
NH3 TPD  and  model  reactions  (cyclohexane  dehydrogenation  and cyclopentane  hydrogenolysis).  The
decalin  ring  opening  capacity  of the  catalysts  was evaluated.  Monometallic  Ir and  Pt catalysts  as  well  as
bimetallic  catalysts  were  active  towards  cyclohexane  dehydrogenation  and cyclopentane  hydrogenolysis.
latinum
ridium
iobium
RO

Regarding  the  bimetallic  catalysts,  an  increase  on  the  Pt content  promoted  the  cyclohexane  dehydrogena-
tion  while  hindering  the hydrogenolytic  activity.  In the  selective  ring  opening  of  decalin,  the  bimetallic
catalysts  presented  activities  comparable  to  the  monometallic  catalysts.  Nonetheless,  Ir(0.3%)/Nb2O5 cat-
alyst presented  the  highest  selectivity  towards  ring opening  products  with  the  lowest  selectivity  towards
dehydrogenated  products.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Light Cycle Oil (LCO), a low value by product of the Fluid Catalytic
racking (FCC) process, has been proposed as a potential source of
iesel. However, diesel has to comply with certain quality require-
ents regarding cetane index, aromatic content, sulfur content, etc.

o be used in motors due to numerous environmental regulations
1,2]. Although LCO contains hydrocarbons on the diesel range, its
romatic content (particulate material forming compounds) is very
igh and it is necessary to transform them into other hydrocar-
ons. It has been reported that LCO contains from 0.2 to 2 wt%  of
ulfur and between 48 and 69% of polyaromatics, yielding a cetane
ndex (CI) between 22 and 25. The European norms in January 2009
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

emand an upper limit of 10 ppm of S and 11% of polyaromatics
ith a minimum cetane index of 51 [3]. The elimination of S and

 compounds can be carried out by hydrotreatment technologies

∗ Corresponding author at: INCAPE Colectora Ruta Nac. No 168 Km.  0, Paraje El
ozo, 3000, Santa Fe, Argentina.

E-mail address: pieck@fiq.unl.edu.ar (C.L. Pieck).

ttp://dx.doi.org/10.1016/j.cattod.2016.10.004
920-5861/© 2016 Elsevier B.V. All rights reserved.
[4–6] which can also be useful to hydrogenate aromatics. However,
a CI increase by conversion of polyaromatics to naphtenics is not
enough since the CI of naphthenic compounds is pretty low [7,8].
The ring opening of at least one of the naphthenic rings is necessary
to achieve an adequate CI. Selective ring opening occurs when the
molecular weight remains almost constant since only internal C C
bonds on the naphthenic rings are broken, whereas a non-selective
breaking of the external C C bonds will lead to a variety of prod-
ucts with a lower overall molecular weight. This is clearly a difficult
task, since endocyclic cracking of naphthenes is less thermodynam-
ically favored than acyclic and exocyclic cracking reactions due to
entropy considerations [9].

Calemma et al. [10] point out that three principal families of solid
catalysts are usually distinguished for the cleavage of C C bonds:
(i) monofunctional acidic catalysts, (ii) bifunctional catalysts con-
taining both Brønsted acid and metal sites and (iii) monofunctional
metal catalysts. Onyestyák et al. [11] and McVicker et al. [12] have
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

thoroughly studied the opening of alkyl-substituted mononapht-
ene rings in the C6–C10 range and have proven the good selectivity
of Ir catalysts towards the aperture of five membered rings. The ring
opening (RO) rate over Ir decreases significantly as the alkylsubsti-

dx.doi.org/10.1016/j.cattod.2016.10.004
dx.doi.org/10.1016/j.cattod.2016.10.004
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:pieck@fiq.unl.edu.ar
dx.doi.org/10.1016/j.cattod.2016.10.004
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ution degree increases and is directly proportional to the number
f secondary carbons. Contrary to Ir, Pt is found to be more active
owards the breaking of C C bonds on substituted carbons. How-
ver, the RO rate on Pt is sensitive to the cis/trans configuration on
ethyl-substituted cyclopentanes and diminishes proportionally

o the concentration of the trans isomer. Cardoso et al. [13] found
vidence of a bifunctional mechanism in the hydroconversion of
ecalin over Pt/Beta zeolite catalysts, since the selectivity depends
n the metal/acid function balance.

In acid catalysts, contrary to metal-assisted ring opening reac-
ions, it is thought that C6–C7 naphthenic RO occurs over the
rønsted acid sites and is initiated by protolytic cracking, followed
y chained reactions involving the carbenium ion formed [14,15].
ubicka et al. [16,17] found that acidity has an important role on

he selectivity of bicyclic naphthenic ring opening.
Current experiences show that the more active and conve-

ient catalysts are those based on supported Ir, since they have
 very low contribution towards the rupture of exocyclic chains.
onetheless, the most convenient product distribution occurs over
ve-membered rings instead of six-membered rings. Two recent
tudies thoroughly examined the reaction paths for the hydrocon-
ersion of decalin on non-acidic supports such as �-Al2O3 [18]
nd SiO2 [10]. Depending on the Ir content (between 0.5 and
.6%), the decalin conversion starts between 250 and 350 ◦C with
o skeletal isomerization. In perspective, silica-supported Pt cat-
lysts require temperatures around 350–400 ◦C producing larger
uantities of dehydrogenated products [18]. Furthermore, Vicerich
t al. [19] studied the SRO of decalin at 325 ◦C and found that
onometallic Pt and Ir catalysts supported on SiO2 produces only

ehydrogenated products. Recently, the experimental use of SRO
oupled with Catalytic Assisted Sulfur Traps (CAST), has shown that
he operation of a SRO-CAST process is superior to the traditional
ydrocracking process to upgrade refinery cuts [20]. As a disad-
antage, hydrogenolysis is extremely sensitive to sulfur poisoning.
ence, SRO reactions require a complete removal of S, including
esulphurization of beta-dibenzothiophenes.

Open literature shows that acidic monofunctional catalysts suf-
er from coke deposition deactivation during decalin ring opening
aused by the formation of significant quantities of hydrocarbons
ith more than 10 carbon atoms at high conversions while the

ormation of RO products is low, around 10% [21].
In this work, ring opening was studied on metallic catalysts

f noble metals (Pt, Ir) deposited on Nb2O5. The objective was
o produce active catalysts, stable and selective towards SRO of
ycloalkanes with one or various rings. Model molecules used were
ecalin, cyclohexane and cyclopentane.

. Experimental

.1. Preparation of bimetallic Ir-Pt catalysts supported on Nb2O5

The niobium oxide used as support was obtained by calcination
f hydrated niobium pentoxide (niobic acid HY-340, supplied by
BMM,  Brazil) at 450 ◦C. The catalysts were prepared by impregna-
ion of the support (Nb2O5) with metal precursor solutions (H2IrCl6
nd H2PtCl6). The total metallic load was 1 wt%  and the cata-
ysts were prepared with a molar ratio Ir/Pt of 0.5, 1 and 2. First,
.5 cm3 g−1 of a solution of HNO3 (2 M)  was added to the support

n order to favor the homogenous distribution of metals inside the
upport particles. The solution was left 1 h to rest. Then, the ade-
uate amount of hexachloroiridic and/or hexachloroplatinic acid
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

as added in order to reach a 1 wt% metal load and the desired
r/Pt ratio. The system was  left to rest for 1 h again to allow for a
niform distribution of the metals. In order to evaporate the sol-
ent (water), the solid was put on a water bath at 70 ◦C under mild
 PRESS
day xxx (2016) xxx–xxx

stirring until a dry powder was obtained. Later, it was further dried
in a stove at 120 ◦C for 12 h. Finally, the samples were calcined at
450 ◦C, for 3 h and reduced with hydrogen at 500 ◦C, for 4 h.

2.2. Preparation of monometallic Ir and Pt catalysts supported on
Nb2O5

The same procedure described for the bimetallic catalysts was
used. Monometallic catalysts with 0.3, 0.5 and 0.7 wt% of Pt or Ir
were prepared.

2.3. Evaluation of the Pt and Ir content

The composition of the metal phase was determined by Induc-
tively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES,
Perkin Elmer, Optima 2100 DV) after digestion in an acid solution
and dilution.

2.4. Specific surface area

Nitrogen adsorption isotherms (–196 ◦C) were recorded on
an automatic Micromeritics ASAP-2020 apparatus. Prior to the
adsorption experiments, the samples were outgassed at 140 ◦C,
for 2 h. BET areas were computed from the adsorption isotherms
(0.05 < P/P0 < 0.27). A value of 0.164 nm2 was assumed for the cross
section of the adsorbed N2 molecule at −196 ◦C.

2.5. X-ray diffraction (XRD)

The analysis were performed at room temperature using a
Shimadzu XRD-7000 diffractometer with monochromated CuK �
radiation (� = 1.54 Å) operated at 40 kV and 30 mA.  Diffractograms
were recorded in the 2� range from 10 to 80◦ at a resolution of 0.05◦

with a scanning speed of 2◦ min−1, using a nickel filter. Samples
were analyzed in powder form.

2.6. Transmission electron microscopy (TEM)

Micrographs were obtained in a Jeol JEM 1200 EXII microscope.
Each supported catalysts was ground in an Agatha mortar and dis-
persed in ethanol. Diluted drops of these dispersions were placed
on a 150 mesh copper grid with carbon. The micrographs were
obtained in both bright and dark fields.

The dispersion was estimated as the ratio between the theoreti-
cal minimum particle diameter and the apparent particle diameter
measured by TEM, according to the method of Kubika [22].

2.7. X-Ray photoelectron spectroscopy (XPS)

Before the XPS analyses were performed, the solids were treated
in situ with a H2:Ar mixture at 400 ◦C and then degassed to a resid-
ual pressure of 5.9 × 10−7 Pa. For each sample the analyzed regions
of the spectrum were those containing the signals due to the Pt
4f7/2 and 4f5/2, Ir 4f7/2 and 4f5/2 and Nb 3d5/2 and 3d3/2 core lev-
els. The binding energy of carbon (C1s = 284.8 eV) was used for
the calibration of XPS data. Spectrum peak areas were calculated
by integration. Peaks were fitted to a 70/30 sum of Gaussian and
Lorentzian functions and the background was  considered to be of
the Shirley type. More technical details can be found in a previous
report [23].

2.8. Temperature programmed desorption of NH3
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

A Micromeritics TPD/TPR 2900 model fitted with a TCD detector
was used for the acidity measurements by NH3-TPD. Samples were
reduced for an hour at 300 ◦C (50 cm3 min−1 of H2). After reduction,

dx.doi.org/10.1016/j.cattod.2016.10.004
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Fig. 1. XRD pattern of the support and all studied catalysts.
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amples were cooled on helium (45 cm3 min−1) to 110 ◦C, then sat-
rated with gaseous ammonia injected through a calibrated loop
nder a stabilized He flow for 30 min. After cooling at room tem-
erature, the temperature programmed desorption began, heating
he solid from 30 up to 770 ◦C, under a heating rate of 10 ◦C min−1,
sing helium as a carrier gas (45 cm3 min−1).

.9. Cyclopentane hydrogenolysis

the catalysts were reduced for 1 h at 500 ◦C in H2 (60 cm3 min−1)
efore reaction. They were then cooled in H2 to the reac-
ion temperature (250 ◦C). The other conditions were: catalyst

ass = 150 mg,  pressure = 0.1 MPa, H2 flow rate = 40 cm3 min−1,
yclopentane flow rate = 0.483 cm3 h−1. The products were ana-
yzed chromatographically in a Varian 3400 CX chromatograph
quipped with a capillary column (Phenomenex ZB-1) and a con-
entional FID.

.10. Cyclohexane dehydrogenation

the reaction was performed in a glass reactor under the fol-
owing conditions: catalyst mass = 100 mg,  temperature = 300 ◦C,
ressure = 0.1 MPa, hydrogen flow rate = 80 cm3 min−1, cyclohex-
ne flow rate = 1.61 cm3 h−1. Before the reaction was started, the
atalysts were treated in H2 (60 cm3 min−1, 300 ◦C, 1 h). The prod-
cts were analyzed by capillary GC as described before.

.11. Selective ring opening (SRO) of decalin

all SRO experiments were performed in an autoclave-
ype stirred stainless steel reactor. The reaction conditions
ere: temperature = 350 ◦C, hydrogen pressure = 3 MPa, stirring

ate = 1360 rpm, decalin volume = 25 cm3, catalyst load = 1 g, cata-
yst particle size = 35–80 meshes. Decalin with a trans/cis ratio of
.63 (i.e. 37.5% of the cis isomer) was used. After a few minutes, it
as found that the attrition action of the stirrer reduced the catalyst

o a powdery slurry that would mostly pass through a 200 meshes
ieve after drying. Given the particle size and the high stirring rate,
iffusional limitations were assumed to be eliminated. This was  fur-
her confirmed by a calculated Weisz-Prater modulus of 0.06 (much
ower than 1). At the end of the experiments, a sample was taken
nd analyzed in a Varian 3400 CX gas chromatograph equipped
ith a capillary column (Phenomenex ZB-5) and a FID.

Previous product identification studies were performed by
C–MS in a Saturno 2000 mass spectrometer coupled to a GC Varian
80 using the same GC column.

.12. Results and discussion

For all samples, ICP-OES results are in close agreement with the
xpected theoretical metal contents. Table 1 shows the specific sur-
ace areas of the different catalysts. It can be seen that all catalysts
resent the same specific surface area due to the low metal load.

The XRD patterns of the support and catalysts are show in Fig. 1.
s can be seen, the support (calcined at 450 ◦C) showed a large
nd broad peak at about 2� = 25◦ and the absence of any crystallite
eaks of Nb2O5 indicated that the catalysts were amorphous or that
he corresponding Nb2O5 crystallites were too small to be detected.

oreover, the characteristic peaks due to TT-Nb2O5 (pseudohexag-
nal), T-Nb2O5 (orthorhombic) and H-Nb2O5 (monoclinic) phases
24] were not observed, supporting the amorphous structure of the
upport. The amorphous phase of the support is in agreements with
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

raga et al. [25] and Koi and Weissman [26] who  reported that the
hase transition occurs at a higher temperature. The monometallic
t and Ir catalysts, as well as the bimetallic catalysts (calcined at
50 ◦C and reduced at 500 ◦C) showed also at larger broad peak at
Fig. 2. Particle size distributions obtained by TEM for monometallic Ir catalysts.

2� = 25◦. These samples show no diffraction peaks of either Pt or
Ir under metallic or oxide form, which reveals that metal particles
species on the samples surface are amorphous or very small and
highly dispersed within the matrix. However, the higher height of
the peak zone between 20 and 40◦ and 40 to 70◦ may  indicate an
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

incipient formation of some niobium oxides nanocrystals [27].
Figs. 2 to 4 show the particle size distributions obtained by TEM

for the monometallic Ir and Pt catalysts and for the bimetallic cat-
alysts. As can be seen in Fig. 2, an increase in the Ir content leads

dx.doi.org/10.1016/j.cattod.2016.10.004
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Table  1
Specific surface area, and mean particle size and metal dispersion values obtained by TEM.

Catalyst Specific surface area (m2 g−1) Mean diameter TEM (nm) Metal dispersion (%)

Pt(0.3) 80 3.4 ± 1.7 28
Pt(0.5) 80 3.1 ± 1.5 30
Pt(0.7) 84 3.9 ± 1.4 24
Ir(0.3) 74 4.4 ± 2.0 21
Ir(0.5) 73 4.3 ± 1.6 22
Ir(0.7) 80 4.8± 3.1 19
Ir(0.3)-Pt(0.7) 80 4.6 ± 2.9
Ir(0.5)-Pt(0.5) 82 4.8 ± 1.5
Ir(0.7)-Pt(0.3) 80 4.7 ± 2.3
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ig. 3. Particle size distributions obtained by TEM for monometallic Pt catalysts.

o an increase of the mean Ir particle size for monometallic cata-
ysts. Furthermore, the catalyst with the highest Ir load presents
he broadest particle size distribution, including seldom very large
articles. In the case of monometallic Pt (Fig. 3) an increase on the
etal load produces a slight increase on the mean particle size.

ig. 4 shows that bimetallic catalysts present different particle size
istributions depending on their composition, the Ir (0.3)-Pt (0.7)
ample showing the broadest distribution. On the other hand, the
r(0.5)-Pt(0.5) catalyst shows a narrow particle size distribution.
able 1 displays the mean particle size of all studied catalysts. It is
oncluded that Ir and bimetallic catalysts present bigger particles
han Pt catalysts. These particle size distributions resulted in the
ighest metal dispersion for platinum monometallic catalysts and
imilar metal dispersions for the other samples.

Fig. 5 represents the XPS spectra of Pt(0.3)/Nb2O5 and
r(0.3)/Nb2O5 monometallic catalysts as well as the spectrum of
r(0.7)-Pt(0.3)/Nb2O5 catalysts. The binding energy (BE) of the Pt
f7/2 and Pt 4f5/2 are at 71.5 and 74.8, respectively, in good agree-
ent with the BE for metallic Pt (71.6 eV) [28]. Unfortunately, the

ignal due to the energy loss of Nb (obtained on Nb2O5 without
t) does disturb these signals. However, it is possible to see that
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

oth BEs are identical for the monometallic Pt catalyst previously
educed at 300 and 400 ◦C. Moreover, the Pt/Nb ratio was equal in
oth samples and equal to the Pt/Nb bulk ratio. Equal Pt/Nb ratios
btained by XPS and chemical analysis (bulk) were reported by
Fig. 4. Particle size distributions obtained by TEM for bimetallic Ir-Pt catalysts.

Guerrero et al. [29]. These results confirm that subsequent treat-
ments with hydrogen at lower temperature do not modify the
electronic properties of Pt. The XPS spectrum of monometallic
Ir/Nb2O5 catalysts shows the Ir 4f7/2 and Ir 4f5/2 at 61.6 and 64.5 eV
which is attributed to metallic Ir [30]. The Ir/Nb ratio was higher
than the bulk ratio probably due to the lower Ir dispersion. How-
ever, it must be taken into account that these bands are strongly
influenced by Nb 4 s (60.6 eV) which adds uncertainty to the Ir/Nb
ratio. In the case of bimetallic catalysts, the Ir 4f peaks are shifted to
a lower BE while the Pt 4f is shifted to a higher BE compared with the
monometallic catalyst. The shift is very small because both metals
have very similar electronegativities (2.28 and 2.20 Pauling units).
This fact suggests the formation of a bimetallic Ir-Pt alloy or sim-
ply the existence of interactions between Pt and Ir [30]. The small
shift to higher BEs of the Ir 4f signal and the slight shift to lower
BEs of the Pt 4f were also found by Chen and Chen [31] and were
attributed to electronic interactions between the Pt and Ir atomic
orbitals. Table 2 shows a summary of the main XPS results. As a
conclusion, in all cases Pt and Ir are in the metallic state and there
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

is an interaction between Pt and Ir on bimetallic catalysts.
Before analyzing the TPD results, it is important to point out

that the acid sites of the catalysts are mainly attributed to the sup-
port but can be influenced by the metal deposition. Probably, the

dx.doi.org/10.1016/j.cattod.2016.10.004
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Fig. 5. XPS of 4f levels of Pt and Ir in monometallic Pt(0.3) and Ir(0.3) catalysts and
bimetallic Ir(0.7)-Pt(0.3) catalysts. Samples reduced at 300 ◦C or 400 ◦C before XPS
analysis.

Table 2
Ir/Nb and Pt/Nb ratio obtained by XPS and binding energy of Pt 4f and Ir 4f of the
monometallic Pt and Ir and bimetallic Ir-Pt catalyst.

Catalyst Pt 4f7/2 Pt 4f5/2 Ir 4f7/2 Ir 4f7/2 Pt/Nb Ir/Nb

Pt(0.3)–300 ◦C 71.5 74.8 – – 0.002 –
Pt(0.3)–400 ◦C 71.5 74.8 – – 0.002 –
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Ir(0.3)–400 ◦C – – 61.6 64.5 – 0.006
Ir(0.7)-Pt(0.3)–400 ◦C 71.7 75.0 61.1 64.0 0.002 0.009

dsorption of Pt and Ir during the impregnation step occurs on
he stronger acid sites of the support. The precursors used were
2PtCl6 and H2IrCl6 which are hydrolyzed into PtCl6

2− and IrCl6
2−.

hese anions are adsorbed on the Brønsted acid sites of the support,
ecreasing the acidity of the support. Once reduced, Pt and Ir are

n metallic state and have no influence on the acidity. Also, it must
e taken into account that both metal precursors include chlorine,
hich is an important promoter of the acidity and which remains

n the support. Studying alumina, Gates et al. [32] proposed that
he acidity of an OH group is strengthened by the inductive effect
xerted by a Cl− ion adjacent to the OH group. This model agrees
ith the observations of Tanaka and Ogasawara [33,34].

Fig. 6 shows the NH3 TPD profiles obtained while the total acid-
ty and acid sites distribution of the monometallic and bimetallic
eries catalysts can be found on Table 3. Ammonia TPD allows clas-
ifying acid sites as weak, medium or strong depending on the NH3
esorption temperature [35]. Logically, higher desorption temper-
tures correspond to stronger acid sites. It can be seen in Table 3
hat the addition of Ir, Pt or both metals together decreases the
otal acidity of the support between 5 and 35%. Moreover, it is
bserved in Table 3 that for the monometallic Ir series the total
cidity increases with the Ir content. In addition, the apparition of

 shoulder between 140 and 250 ◦C which increases at higher Ir
ontents can be observed in Fig. 6, which implies an increase on
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

he number of medium acidity sites. Fig. 6 shows that monometal-
ic Pt catalysts display a broad desorption peak at about 80 ◦C and
nother one at 170 ◦C which shifts slightly to higher temperatures
Fig. 6. Ammonia TPD curves for support and all studied catalysts.

with an increase on the Pt content. Monometallic Pt(0.5) and Pt(0.7)
catalysts have similar total acidity (Table 3) and higher acidity than
the monometallic Pt(0.3) catalyst. Increasing the Pt content leads to
an increase in the amount of moderate acid sites while the amount
of strong acid sites decreases (Table 3). In the case of bimetallic cat-
alysts, Table 3 shows that maximum total acidity is found on the
Ir(0.5)-Pt(0.5) catalyst. However, Fig. 6 shows that this higher acid-
ity is caused by an increase of weakly acid sites (with a desorption
temperature about 88 ◦C). Moreover, the results in Table 3 put in
evidence that the higher total acidity of the Ir(0.5)-Pt(0.5) catalyst
is due to an increased amount of weak acid sites and to a lesser
extent to the increase of moderate acid sites.

Cyclohexane (CH) dehydrogenation and cyclopentane
hydrogenolysis conversion values for all catalysts can be found on
Table 4. The catalysts achieved 100% selectivity towards benzene
and did not show any deactivation during dehydrogenation (1 h).
For this reason, Table 4 reports only the mean conversion values
(12 points). On the other hand, the catalysts produced a myriad of
products such as n-pentane, propane, ethane, methane, etc. and
were deactivated rapidly by coke deposition during hydrogenoly-
sis. Therefore, the reported data corresponds to 5 min  after reaction
start. Both reactions occur exclusively through a monofunctional
mechanism catalyzed by metallic sites on the catalyst under the
studied conditions. CH dehydrogenation is a non-demanding
reaction and hence its reaction rate is considered proportional to
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

the number of exposed surface metallic atoms. On the contrary, CP
hydrogenolysis requires a particular metallic ensemble, i.e. it is a
reaction sensible to structure [36–38].
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Table  3
Total acidity and acid sites distribution (�mol  NH3 g−1) determined by ammonia temperature programmed desorption.

Catalyst Acid sites distribution Total acidity

Weak(T < 150 ◦C) Moderate(150< T< 300 ◦C) Strong(T > 300 ◦C)

Support 134.7 173.7 94.6 403
Pt(0.3) 81.7 124.8 65.5 272
Pt(0.5) 87.5 144.6 64.9 297
Pt(0.7) 82.1 145.6 57.3 285
Ir(0.3) 79.5 119.9 60.6 260
Ir(0.5) 78.6 153.3 64.1 296
Ir(0.7) 118.2 157.9 69.9 346
Ir(0.3)-Pt(0.7) 75.1 135.5 59.4 270
Ir(0.5)-Pt(0.5) 152.5 173.5 57.0 383
Ir(0.7)-Pt(0.3) 76.3 146.8 

Table 4
CH dehydrogenation and CP hydrogenolysis conversion results.

Catalyst Conversion (%) CP/CH*100

CH CP

Pt(0.3) 45.0 1.8 4.0
Pt(0.5) 58.0 2.4 4.1
Pt(0.7) 71.0 2.6 3.7
Ir(0.3) 6.2 2.2 35.5
Ir(0.5) 6.6 3.2 48.5
Ir(0.7) 7.8 4.9 62.8
Ir(0.3)-Pt(0.7) 38.0 1.7 4.5
Ir(0.5)-Pt(0.5) 27.0 3.6 13.3
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[55]. The reaction products were classified as: cracking products
Ir(0.7)-Pt(0.3) 20.0 5.4 27.0

P/CH: conversion of cyclopentane/conversion of cyclohexane.

It is important to point out before analyzing the metal activity
hat niobium oxides have been reported to exhibit a pronounced
ffect on the metal, being a typical strong metal support interac-
ion (SMSI) oxide [39–42]. Ir and Pt could be blocked by this SMSI
henomenon, since the metal activity is strongly affected as they
re covered by suboxide species formed by support reduction.

As stated, after metal impregnation the catalysts were acti-
ated by calcination (450 ◦C, 4 h) and reduction (500 ◦C, 4 h).
trong metal-support interaction (SMSI) effects occurring during
he reduction step have been reported [30,43–48]. Therefore, the
MSI phenomenon is expected to occur during the reduction step
f the activation of the catalysts. Some researchers reported that
he metallic properties of the metal are restored after oxidation at
00 ◦C followed by reduction at low temperature [46,49], while oth-
rs researchers reported that the oxidation must be carried out at
igher temperature (500 ◦C) in oxygen flow in order to reverse the
henomenon [50,51]. The catalysts were not submitted to an oxida-
ive treatment after activation; they were put into contact with the
tmospheric air at room temperature. As a consequence, the migra-
ion of niobia oxides or SMSI effects produced during reduction at
00 ◦C were unaltered. Furthermore, the reduction temperatures
sed before the reaction tests are unable to modify any SMSI effects
roduced at higher temperatures on the previous steps. In order to
btain additional experimental evidence, some selected catalysts
ere tested again using the cyclopentane reaction with a previous

eduction at 300 ◦C and 350 ◦C. As expected (results not shown) the
eduction temperature does not show any influence on cyclopen-
ane conversions.

Table 4 shows that monometallic Pt catalysts are more active
han Ir catalysts towards CH dehydrogenation. This behavior was
xpected given the superior dehydrogenation activity of Pt com-
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

ared to Ir [52,53]. Moreover, the result is in agreement with the
igher metallic dispersion of Pt measured by TEM (in Table 1,
igs. 2 and 3). The CH dehydrogenation rate increases with the Pt
r Ir content for the monometallic catalysts given the increased
55.9 279

amount of metal atoms on the surface, since the dispersion remains
practically constant (Table 1).

Bimetallic catalysts present an intermediate behavior, being
their activity more influenced by the Pt content, i.e., the activ-
ity increases with the Pt/Ir ratio. It is important to note that
bimetallic catalysts have lower dehydrogenation activity than the
monometallic catalysts. This behavior shows that Pt is blocked by
Ir which has a lower dehydrogenation activity. This effect could be
due to geometric (blocking) or electronic factors (modification of
the Pt electronic density due to interaction with Ir) [54].

Regarding the hydrogenolytic activity, it can be observed from
Table 4 that monometallic Ir catalysts are more active towards CP
hydrogenolysis than their Pt counterparts. Since this is a demand-
ing reaction, the highest activity would be expected on the catalysts
with the lower metallic dispersion. However, this effect could be
compensated by a reduced effective number of ensembles. It means
that as the dispersion decreases, the activity of the ensembles
increases but they become scarce. It should be noted that the varia-
tion of the hydrogenolytic activity is greater for the monometallic Ir
series, probably due to formation of larger crystals at high Ir loads
as found by TEM for the Ir(0.7) catalyst. Regarding the bimetallic
catalysts, CP conversion increases with Ir content given the higher
hydrogenolytic activity of Ir over Pt [53].

Although the SMSI phenomenon could affect the properties
of the catalysts, analyzing the CP/CH ratio can still be useful to
determine the demanding/non-demanding reaction ratio on the
remaining unblocked sites. It can be seen in Table 4 that Ir catalysts
had higher CP/CH ratios than Pt catalysts, while this ratio increased
along with the Ir/Pt ratio in the case of bimetallic catalysts. These
results were expected since Ir is more hydrogenolytic and presents
less dehydrogenating activity than Pt [52,53]. Pt catalysts only
showed little variation due to the small particle size changes. The
Ir series had great increases in the CP/CH ratio since hydrogenation
activity remained almost constant while the hydrogenolytic activ-
ity increased threefold at higher Ir loads. The higher CP/CH ratio of
the Ir(0.7) catalyst could be attributed to the large particles (larger
than 9 nm)  reported in Fig. 2. At a higher Ir content, a lower SMSI
effect must be considered.

The SRO of naphthenic compounds such as decalin should lead
to the breakage of an endocyclic C C bond, causing a reduction
on the number of ring structures and keeping a constant number
of carbon atoms throughout the reaction. However, this breakage
can occur in the substituted C C bond or in the alkyl-substituted
groups, depending on the metal and support. Decalin SRO produces
a complex mixture with more than 200 compounds. These prod-
ucts were classified according to criteria used in previous works
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

(C1–C9), ring opening products (RO), ring contraction products and
dehydrogenated compounds such as naphthalene.

dx.doi.org/10.1016/j.cattod.2016.10.004
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Fig. 7. Decalin conversion and selectivity towards cracking, ring opening (RO),
ring contraction and dehydrogenation products obtained after 6 h of reaction for
monometallic Pt catalysts.

Fig. 8. Decalin conversion and selectivity levels towards cracking, ring opening (RO),
r
m

6
r
a
a
v
o

Fig. 9. Decalin conversion and selectivity levels towards cracking, ring opening (RO),
ing contraction and dehydrogenation products obtained after 6 h of reaction for
onometallic Ir catalysts.

Figs. 7 to 9 present the decalin conversion values obtained after
 h at 350 ◦C and 35 atm, as well as the selectivity towards different
eaction products. It can be seen in Fig. 7 that conversion increases
s the Pt content increases for monometallic catalysts. These results
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

re in agreement with previous works [10,56] but contrary to the
alues reported by Cardoso et al. [13]. They have found that the
verall reaction rate was unrelated to the hydrogenation activity
ring contraction and dehydrogenation products obtained after 6 h of reaction for
bimetallic Ir-Pt catalysts.

(metal content) of a Pt/Beta zeolite catalyst. The increase in decalin
conversion with Pt content is in agreement with the increase of
hydrogenolysis and dehydrogenation activities reported in Table 4.
On the other hand, the selectivity towards RO and cracking products
decreases with an increasing Pt load.

The ring contraction products are mostly unaffected by Pt
content. Moreover, as expected by the CH dehydrogenation
results (Table 4), the selectivity towards dehydrogenation products
increases with increasing Pt loads. Overall, the increase in Pt con-
tent leads to higher selectivity to dehydrogenated products while
it decreases the formation of ring opening and cracking products.

These results point out that Pt favors mostly dehydrogenation
reactions due to its lower hydrogenolytic activity (Table 4). As a
consequence, the selectivity towards RO products is low and even
decreases as the Pt content increases. Considering that the forma-
tion of cracking products corresponds to a bifunctional mechanism
where the controlling reaction step occurs over the acid function
[57] it can be argued that its decrease is possibly caused by a
decrease in the strong acid sites of the support at higher Pt loads
(Table 3). On bifunctional catalysts, the acid function has been
reported to promote the formation of intermediate carbenium ions,
which isomerize into five membered rings that readily undergo
subsequent ring opening on acid or metal sites [2]. Therefore, the
poor performance of the Pt/Nb2O5 series regarding decalin SRO
could be due to the low hydrogenolytic activity of Pt. Under this
conditions, the bifunctional mechanism towards RO products is
hindered and the catalyst leads to the formation of dehydrogena-
tion products (>50%). Hence, Pt/Nb2O5 catalysts are poorly fitted
for decalin SRO.

Decalin SRO over monometallic Ir catalysts shows an activity
(conversion) slightly below that of their monometallic Pt cata-
lyst counterparts (Fig. 7). Likewise, the activity increases according
to the Ir load. However, Ir-based catalysts exhibited considerably
less production of dehydrogenation products compared to Pt-based
e metallic content on Pt-Ir/Nb2O5 catalysts for decalin selective
016.10.004

catalysts, as reported by Table 4, i.e., the higher conversion of Pt cat-
alysts compared to Ir catalysts could be due to the higher amount
of dehydrogenated products formed on those catalysts. Also, as for

dx.doi.org/10.1016/j.cattod.2016.10.004
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he monometallic Pt catalysts, the selectivity to dehydrogenation
roducts increases with Ir content in agreement with the results

rom cyclohexane dehydrogenation, as reported in Table 4. Crack-
ng products are also favored at higher Ir loads, while RO products
each a maximum at 0.3 wt% of Ir. This increase in the genera-
ion of cracking products at higher Ir loads could correspond to
n increase of the catalyst acidity (mainly the strong acid sites)
2,58] as reported in Table 3 and Fig. 6, as well as, an increase in
he hydrogenolytic activity due to an increases in the Ir content
Table 4). The higher selectivity to RO products of the Ir(0.3) cata-
ysts compared to other monometallic Ir catalysts could be due to its
ery low cychohexane dehydrogenation activity combined with a
ow but comparatively higher hydrogenolytic activity. Under these
onditions, RO products are generated by hydrogenolysis while the
ormation of dehydrogenated products is limited.

For bimetallic catalysts, Fig. 9 shows that the activity (conver-
ion) was found to be close to those of the Pt and Ir catalysts.
oreover, the activity increases with the Ir/Pt ratio of the cata-

ysts. It can be seen that an increase on the Pt load leads to a higher
mount of dehydrogenation products in agreement with cyclohex-
ne dehydrogenation results shown in Table 4, while the selectivity
owards RO products slightly increases.

The generation rate of dehydrogenation products on bimetal-
ic catalysts is between those of the monometallic catalysts, as
xpected. The cracking products can be attributed to Ir, since their
roduction rate is proportional to the Ir load (i.e. it decreases with
he Pt load). The amount of cracking products is also correlated
o the acidity values reported on Table 3. It should be taken into
ccount that cracking reactions are catalyzed by strong acid sites
nd to a lesser degree by the moderate acid sites. Since the highest
cidity of the Ir(0.5)-Pt(0.5) catalyst is mainly caused by weak sites
nd in part by moderate acid sites (Fig. 6, Table 3), the formation of
racking products is unaffected.

The formation of ring contraction products is promoted by the
cid sites of the catalyst. After that, they are transformed into ring
pening products by the metal function of the catalyst [7]. Hence,
he amount of ring contraction products depends on the balance
etween the formation rate by an acid-controlled step and the dis-
ppearance rate by dehydrogenation and ring opening. This fact
akes it almost impossible to correlate their amount with any

roperty of the catalyst. However, in the case of bimetallic cata-
ysts, the amount of ring contraction products increases at high Ir
oads.

It is interesting to compare the performance on decalin reaction
f the monometallic catalyst using different supports. The con-
ersion of decalin obtained for monometallic Pt and Ir catalysts
as higher than the conversion obtained on Pt and Ir supported

n Al2O3 and TiO2 but lower than the conversion obtained on Pt
nd Ir supported on zeolite [55,59]. These differences could be due
o the acidity of the catalysts since higher activities are obtained
n zeolites which present the highest acidity. The selectivity to
O products was also higher on the catalysts supported on zeo-

ite showing the importance of acid sites in the reaction. This result
upports the ring contraction from 6 to 5 carbon atoms (easier to
pen) as the first and rate-determinant reaction step as previously
roposed [2,7].

. Conclusions

Monometallic Ir and Pt catalysts supported on niobium oxide
re active towards cyclohexane dehydrogenation and cyclopentane
Please cite this article in press as: V.M. Benitez, et al., Influence of th
ring opening, Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2

ydrogenolysis. The hydrogenolytic and dehydrogenation activ-
ty increases with the metal load for monometallic catalysts. In
he case of cyclohexane, the highest activity was  found for the

onometallic Pt catalysts while Ir catalysts showed the highest

[
[
[
[
[

 PRESS
day xxx (2016) xxx–xxx

hydrogenolytic activity. Regarding bimetallic catalysts, an increase
in the Pt/Ir ratio leads to an increase in the dehydrogenation activity
and to a decrease in the hydrogenolytic activity attributable to the
interactions between Pt and Ir. Decalin selective ring opening reac-
tion tests show that monometallic Ir catalysts are more selective
towards ring opening products. Pt addition increases the selectiv-
ity towards naphthalene and decreases the selectivity towards the
desired ring opening products. This can be ascribed to the elevated
dehydrogenation capacity of Pt. The highest selectivity towards
ring opening products was shown by an Ir(0.3%)/Nb2O5 catalyst.
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