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Pt-Ir/HY and Pt-Mg-Ir/Al, O3 catalysts were studied and tested in the reaction of ring opening of decalin.
The acidity of the alumina support was modified by addition of 3% Mg and the acidity of the zeolite by ion
exchange with NH4Cl. The Pt content of the catalysts was fixed at 1% (mass basis) while the Ir content was
adjusted between 0.1 and 0.6%. The catalysts were characterized by temperature programmed reduction,
temperature programmed desorption of pyridine and FTIR of adsorbed CO. They were further tested with
the reactions of cyclohexane dehydrogenation, cyclopentane hydrogenolysis and n-Cs isomerization.

It was found that the Pt-Ir/HY catalyst was substantially more acid than Pt-Mg-Ir/Al,0s. Increasing the

Keywords: . . .. .
Se{ective ring opening Ir content produced an increase of the hydrogenolytic activity and a decrease of the dehydrogenating
Decalin activity of both catalysts. The n-pentane isomerization reaction results revealed that in the case of the

Pt-Ir alumina catalyst increasing the Ir content promoted both the catalyst stability and the cracking selectivity
to Cs isomers. The opposite was found for the Pt-Ir/HY zeolite catalysts. The zeolite supported Pt-Ir
catalysts performed better for decalin ring opening than those supported on alumina. Higher Ir content
favored the formation of ring-opening products in all cases.
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1. Introduction

Selective ring opening (SRO) has been presented as a means of
improving the quality of diesel fuel by increasing its cetane num-
ber (CN)and decreasing its density. The CN of naphthenic molecules
is increased by converting rings into alkyl chains. Research works
on SRO have mainly dealt with reactions of one-ring molecules
despite the fact that two-ring molecules are more important to
diesel chemistry. These are abundant in LCO (light cycle oil), a resid-
ual stream from the bottom of the fluid catalytic cracking (FCC)
unit, commonly upgraded by hydrotreating in order to contribute
to the diesel pool. Even in two-ring molecules the opening of only
one ring does not lead to a substantial increase in the CN. There-
fore for CN enhancement the opening of the second ring is crucial.
Highly selective catalysts are needed for SRO of naphthenes since
the cracking of C—C bonds of tertiary carbons should be involved if
mainly linear products are to be obtained. Branched products have
low CN [1].

Ring opening occurs by hydrogenolysis over certain noble
metals [2] but proceeds more effectively on bifunctional catalysts
[3]. It has been found that alumina supported metals such as P,
Pd, Ir, Ru and Rh supported on Al,03 are active and selective for
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ring opening of methylcyclopentane to Cg paraffins [2,4]. McVicker
et al. [5] emphasized the high activity and selectivity of Ir/Al,03
catalysts for the ring opening of alkyl substituted cyclopentanes
and bicycle Cs naphthenes. When the acid function of the support
is combined with the high hydrogenolytic activity of a noble metal,
such as iridium, the resulting bifunctional catalyst is found to have
an enhanced performance for SRO of naphthenes to alkanes [5]. The
support acidity is essential for the opening of compounds having
more than one ring, such as decalin, but not for compounds such
as cyclohexane that can be opened using monofunctional metal
catalysts [6]. Zeolites are a special kind of useful acid supports for
this purpose. In this case the pore size and channel topology have
a strong influence on diffusion and adsorption and hence on the
final activity and selectivity for ring opening. Corma et al. [7] stud-
ied the conversion of decalin on zeolites of different pores sizes.
HY, a big pore zeolite, is considered as one of the most appropriate
supports for ring opening catalysts [7,8]. The zeolite crystal size [9]
and the number and strength distribution of the acid sites [10,11]
are important parameters for ring opening activity and selectiv-
ity. Kubicka et al. [11,12] determined that the acidity plays a very
important roll in the SRO of bicycle naphthenes. Santikunaporn
et al. [13] studied the contraction and ring opening of decalin and
tetralin and they found that the Pt/HY catalysts are more effective
than HY catalysts without metal promoter. The addition of Pt to
USY zeolites is also found to greatly increase the rate of isomer-
ization and therefore the formation of ring opening products. For
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these bifunctional metal-acid catalysts the formation of ring open-
ing products increases with the proximity between the Pt and the
acid sites and also with the increase of the metal/acid ratio [14].

Special classes of SRO catalysts are those based on two or more
noble metals, such as Pt and Ir. For these systems the method of
deposition of the metal is of crucial importance because a high
metal-metal interaction is needed in the final catalyst for getting
the desired modulation of the metal function properties.

Whereas classical coimpregnation and successive impregnation
techniques lead to an unpredictable deposition of the two metals,
other methods have been developed to favor the metal-metal inter-
action, such as the redox reactions in aqueous phase [15]. In this
sense most works on Pt-Ir SRO catalysts focus their attention on
catalysts prepared by common impregnation methods. Practically
no works deal with SRO catalysts prepared by catalytic reduction.
This preparation method has been previously reported to pro-
duce a strong interaction between the metals in naphtha reforming
bimetallic catalysts [16-18]. A strong Pt-Ir interaction is known to
enhance the hydrogenolysis reaction [19]. Pt-Mg-Ir(x)/Al, O3 cata-
lysts prepared by catalytic reduction have been reported to have a
strong interaction between Pt and Ir as confirmed by the presence
of a Pt-Ir solid phase by electron diffraction [20]. Some patents
propose that the addition of Mg has a beneficial effect on the per-
formance of supported metal catalysts [21,22] though there is little
information about this effect in the open literature.

The objective of this paper is to study the influence of the con-
tent of Ir, a metal with high hydrogenolytic activity, and the support
acidity, on the SRO activity and selectivity of supported Pt-Ir cat-
alysts. Decalin is used as a model naphthene molecule while HY
zeolite and alumina are used as supports. Their acidity is modified
by the addition of Mg (alumina) or the ion exchange with NH4CI (Y
zeolite).

2. Experimental
2.1. Catalysts preparation

Pt-Mg/Al, 03 was prepared using an alumina supplied by Ket-
jen (CK-300, 200m2 g1, 0.55cm3 g~1). This support was crushed
and sieved in order to keep particles sizes between 35 and 80 mesh.
Then it was calcined in flowing air at 500°C for 4 h. Pt was added
by a common impregnation method. An aqueous solution of HCI
(0.2mol1-1) was added to the support and the system was left
unstirred at room temperature for 1 h. Then an aqueous solution of
H, PtClg (Sigma-Aldrich, 0.038 M) was added. The slurry was gently
stirred for 1h at room temperature and then it was put in a ther-
mostated bath at 70°C until a dry solid was obtained. The drying
was completed in a stove at 120°C overnight. The amount of the
impregnating solution was adjusted in order to obtain 1.0 wt% Pt in
the final catalyst. The Pt/Al, O3 catalyst was then calcined in flow-
ing air at 300°C for 4 h and cooled down to room temperature in
nitrogen. A Mg doped of lower acidity was obtained by impreg-
nation of Pt/Al; 03 with a solution of Mg(NO3),-6H,0. The volume
and concentration of this salt solution were adjusted to obtain a
3wt% Mg on the final catalyst. Impregnation was performed by
immersing the Pt/Al,03 sample in the Mg solution and leaving the
system unstirred for 1 h at room temperature. Then the slurry was
dried in a thermostated bath at 70 °C until a dry solid was obtained.
This solid was heated in a stove at 120°C overnight. This Pt-Mg
catalyst was finally calcined (air, 60 cm? min~1, 300°C, 4h) and
reduced (H,, 60cm3min—!, 500°C, 4h) in a fixed bed reactor. A
heating rate of 10°C min~! was employed for all heating steps. The
Mg-Ir(0.6)/Al, 03 catalyst was made by the same procedure using
an H,IrClg (0.08 M) solution instead of the H, PtClg one. The impreg-
nation order was also changed. Mg was impregnated firstand Ir last.

Pt-Mg-Ir(x)/Al,03 catalysts were prepared by the catalytic
reduction method using the Pt-Mg/Al,03 catalyst as base sup-
port. Pt-Mg/Al,03 was first reduced (H,, 60cm3®min~!, 1h,
300°C, 10°Cmin~!) and then cooled down to room tempera-
ture in hydrogen. Then a degassed H,IrClg solution with the
appropriate concentration was poured into the reactor. The
catalyst-solution slurry was mildly stirred for 1h while bubbling
hydrogen (300cm3 min~!). Then the solution was drained and
the catalyst was placed in a fixed bed, dried at 100°C (hydro-
gen, 12h, 60cm3 min~1, 2°Cmin~! heating rate) and reduced at
500°C (hydrogen, 2 h, 60 cm® min—!, 2°Cmin~! heating rate). The
Ir concentration of the impregnating solution was varied in order
to obtain 0.1, 0.3 and 0.6 wt% Ir on the final catalysts. A total trans-
fer of Ir from the solution to the catalyst was assumed. This was
confirmed by ICP chemical analysis of the spent solution. The final
catalysts were named Pt-Mg-Ir(x)/Al, O3 (x: nominal Ir content).

Pt-Ir(x) catalysts were prepared using a non-commercial NaY
zeolite base support (Si/Al=3.16, provided by the Petrobras R&D
Center, CENPES). This zeolite was exchanged with an aqueous solu-
tion of NH4Cl 2.2M for 2h at room temperature and with mild
stirring. The solid was then filtered, repeatedly washed with dis-
tilled water and dried in an oven at 120°C overnight. The dried
solid was then calcined in air (2 h at 500 °C, heating rate 2°Cmin—1).
The Si/Al ratio of the thus obtained material was 3.7 as measured
by ICP chemical analysis. Pt and Ir were added by a common wet
impregnation technique using H,PtClg and H;IrClg aqueous solu-
tions. Pt and Ir monometallic catalysts were prepared by one-step
impregnation and Pt-Ir by one-step coimpregnation. The metal con-
centration of the solutions was regulated in order to obtain the
desired metal contents (Pt: 1.0 wt%; Ir: 0.1, 0.3 and 0.6 wt%). After
the impregnation of the metals the samples were oven dried at
120°C, calcined indry air (3 h,300°C) and reduced in hydrogen (2 h,
300°C). The thus obtained catalysts were named Pt-Ir(x)/zeolite (x:
Ir mass content).

2.2. Temperature-programmed desorption of pyridine

This test was used for measuring the amount and strength
of the acid sites. Samples of 200 mg were impregnated with an
excess of pyridine. The samples were then rinsed and the excess
of physisorbed pyridine was eliminated by heating the sample in a
nitrogen stream at 110°C for 1 h. Then the temperature was raised
at a rate of 10°Cmin~! to a final value of 650°C. To measure the
amount of desorbed pyridine the reactor exhaust was connected to
a flame ionization detector.

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 1h. Then they were heated from room
temperature to 700°C at 10°C min~! in a gas stream of 5.0% hydro-
gen in argon (molar base).

2.4. Fourier transform infrared (FTIR) absorption spectroscopy of
chemisorbed CO

FTIR spectra of adsorbed CO were obtained in order to study
the effect of Ir deposition on the properties of the metal function.
The spectra of chemisorbed CO for the prepared catalysts were
recorded within the wavenumber range of 4000-1000cm~'. A
Shimadzu Prestige-21 spectrometer with a spectral resolution of
4cm~! was used. Spectra were recorded at room temperature and
self-supported wafers with a diameter of 16 mm and a weight of
20-25 mg were used. The experimental procedure was as follows:



50 S.A. D’Ippolito et al. / Applied Catalysis A: General 452 (2013) 48-56

catalyst samples were reduced in a hydrogen flow at 400°C
(reached at a 10°Cmin~! heating rate) for 30 min. Samples were
then degassed at 2.7 x 1073 Pa and 400°C for 120 min. After an
initial (I) spectrum had been recorded, the samples were exposed
to a CO pressure of 4000 Pa for 5min and then a second (II) FTIR
spectrum was recorded. The chemisorbed CO absorbance for each
sample was obtained by subtracting spectrum I from spectrum II.

2.5. Cyclopentane hydrogenolysis

Before the reaction the catalysts were reduced for 1 h at 500°C
in hydrogen (60 cm? min~1). Then they were cooled down in hydro-
gen to the reaction temperature (350°C). The other conditions
were: catalyst mass =150 mg, pressure =0.1 MPa, H, flow rate =40
cm?® min—!, cyclopentane flow rate=0.483 cm3 h~!. The products
were analyzed in a Varian 3400 CX chromatograph equipped with a
capillary column (Phenomenex ZB-1) and a flame ionization detec-
tor.

2.6. Cyclohexane dehydrogenation

The reaction was performed in a glass reactor with the fol-
lowing conditions: catalyst mass=50mg, temperature=300°C,
pressure=0.1 MPa, H, =36 cm3 min~!, cyclohexane=1.61cm3 h-1.
Before the reaction the catalysts were reduced in hydrogen
(36 cm3 min~!, 500°C, 1h). The products were analyzed by cap-
illary GC as described in the previous paragraph.

2.7. n-Pentane isomerization

The reaction was carried out for 4h in a continuous flow glass
reactor with the following conditions: atmospheric pressure, tem-
perature =400-500 °C, WHSV =4.5, molar ratio H, :n-Cs = 6, catalyst
mass =100-150 mg. Before the reaction the samples were reduced
in hydrogen at 500 °C for 1 h. The analysis of reactants and products
was performed using the same procedure described in the previous
paragraphs.

2.8. Selective ring opening (SRO) of decalin

All SRO experiments were performed in a stainless steel,
stirred autoclave reactor. The reaction conditions were: tem-
perature=300-350°C, hydrogen pressure=3MPa, stirring
rate=1360rpm, volume of decalin=25, catalyst mass=1g.
The used decalin was a mixture with a 37.5% of the cis isomer
(trans/cis ratio of 1.63). It was found that the attrition action of
the stirrer reduced the suspended catalyst to a powder that after
drying would mostly pass through a 200 mesh sieve. This particle
size and the high stirring rate ensured 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 Varian 3400 CX gas chromatograph equipped with a capillary
column (Phenomenex ZB-5) and a flame ionization detector.
Preliminary tests of identification of the products 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

The TPR results are shown in Fig. 1. It can be seen that the TPR
trace of the Pt-Mg/Al, 05 catalyst has two peaks of reduction; one
at about 150°C and a larger one at 203 °C with a shoulder at 340°C.
The first peak was attributed to the reduction of Pt oxides of big par-
ticle size whereas the peak at 203 °C was attributed to the reduction
of more dispersed Pt oxide species [23]. The shoulder at 340 °C was

assigned to the reduction of Mg species [24] catalyzed by Pt. The
TPR trace of the Mg-Ir(0.6)/Al,03 catalyst had a reduction peak at
150°C due to the reduction of Ir oxide species and another reduc-
tion band at about 300-430 °C probably due to the reduction of Mg
oxides. The higher reduction temperature and the small size of the
peak of the Mg oxides show that there is no interaction between
Ir and Mg. The addition of Ir to the Pt-Mg/Al, 05 catalyst produced
a shift of the Pt reduction peak from 203 °C to smaller tempera-
tures (172°C) indicating a strong interaction between Pt and Ir.
The effect of Mg (1 wt%) addition on the reduction of the alumina
supported Pt(1wt%)-Ir(x=0.1, 0.3 and 0.6 wt%) catalysts has been
previously reported [20]. It was found that Mg produces a decrease
ofthe reduction temperature of both the Ir and Pt oxide species. This
shift could be due to a lower Ir- or Pt-support interaction as a conse-
quence of the lower acidity of the Mg doped supports. The addition
of Mg also increases the electron density of Pt making its reduc-
tion easier [24,18]. Both Pt and Ir species are therefore reduced at
a lower temperature.

In the case of the HY based catalysts, the Pt oxide species are
reduced at a lower temperature than the Ir oxides. Moreover the
Pt catalyst has a reduction zone at high temperatures (200-400 °C)
that can be attributed to the reduction of Pt oxides highly dispersed
on the support. Contrary to what was found for the catalysts sup-
ported on Al,O3 the addition of Ir to the monometallic Pt/zeolite
catalyst produced a shift of the peak of reduction of Pt oxides from
169°C to higher temperatures (205 °C). The Pt-Ir(0.3)/zeolite and
Pt-Ir(0.6)/zeolite catalysts had only one peak of reduction, thus
showing a strong interaction between Pt and Ir.

It is interesting to analyze why the Pt oxides are reduced at a
lower temperature than the Ir oxides on the zeolite support while
the Pt oxides are conversely reduced at a higher temperature than
the Ir oxides on the alumina support. On the zeolite the Ir and Pt pre-
cursors are deposited on weak adsorption sites. As a consequence
the reduction temperature depends mainly on the metal properties
and the Pt oxides are reduced at lower temperatures than the Ir
oxides [18]. On Al,03 the Pt is deposited on the strong acids sites of
Al;03 producing Pt oxide surface species in strong interaction with
the support. Ir impregnation is however done on alumina that has
been previously doped with Mg. Therefore Ir is deposited over sites
with low interaction and the Ir oxides are reduced at a low temper-
ature. Something similar occurs when Pt is deposited over alumina
or silica. In the first case Pt species in strong interaction with the
support are reduced at about 230-260°C while Pt oxides on SiO,
are reduced at 100-150 °C due to the weak Pt-SiO; interaction [25].

From the TPR results it can thus be concluded that Pt and Ir are
in strong interaction on both supports.

The pyridine TPD results are shown in Fig. 2. It can be seen
that the concentration of strong acids sites of the Pt-Mg-Ir(x)/Al,03
series is smaller than that of the Pt-Ir(x)/zeolite. Acidity values rel-
ative to Pt-Mg/Al,03 and a classification of acids sites regarding
their strength are included in Table 1. The results indicate that the
total acidity of the catalysts supported on the HY zeolite is approx-
imately 20 times greater than that of the Mg doped alumina. It
can be seen that Mg decreases the acidity of the alumina due to
their strong basic character, the moderate strength acidity being
more affected. Given the acid character of Ir the addition of this
metal causes an increase of the amount of moderate acid sites while
decreasing the amount of weak acid sites of the Al,03 catalysts. In
the case of the Pt-Mg-Ir(x)/Al, 05 series the total acidity is slightly
decreased by Ir addition because Ir species replace preexisting sur-
face Cl groups. The total acidity of the zeolite catalysts is modified
less by the addition of Ir, the acidity being slightly increased after Ir
addition. 100% of the acid sites are strong in the case of the zeolite
supported catalysts.

The influence of Pt and Ir addition on the acidity of the zeolite
catalysts was studied by FTIR absorption experiments. Fig. 3 shows



S.A. D’Ippolito et al. / Applied Catalysis A: General 452 (2013) 48-56 51

AI203 Zeolite
Ir(0.6
Mg-Ir(0.6) AN M08
5
© Pt-Mg-Ir(0.6) Pt-1r(0.6)
®©
= Pt-Mg-Ir(0.3) Pt-Ir(0.3)
‘»
()]
&) Pt-Mg-Ir(0.1) Pt-Ir(0.1)
I_
Pt-Mg M
" [] N 1 2 M [] i 1 i
0 200 400 600 O 200 400 600

Temperature (°C)

Fig. 1. TPR profiles of monometallic catalysts and Pt-Mg-Ir(x)/Al, O3 and Pt-Ir(x)/zeolite series.

the FTIR spectra of the OH region. The OH species attributed to
Bransted acid sites have two bands at 3557 and 3637 cm~! due
to different positions into the zeolite [26-28]. The bands at 3672
and 3735cm™! are attributed to extra-framework entities, extra
framework Al atoms (EFAls) and silanols. The spectrum changes
drastically after the addition of metals (Ir and/or Pt). Bregnsted acid
sites are redistributed in the monometallic samples. The OH FTIR
bands become weaker and concentrated at 3603 cm~!. Signals due
to EFAls and silanols remain unchanged.

In the case of the bimetallic catalyst a quite different spectrum
is obtained. The band due to OH groups disappears but another
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;
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envelope appears that suggests the presence of OH species dis-
persed in the matrix, modified by the presence of the metallic
particles, probably interacting with each other.

The interaction between the metals was also studied by FTIR-
CO spectroscopy. Fig. 4 shows the IR spectra at 30 Torr in the
1850-2250cm~! wavelength range for the Pt-Mg/Al,03, Pt-Mg-
Ir(0.6)/Al;03 and Mg-Ir (0.6)/Al,03 catalysts. CO is adsorbed on Pt
particles in the linear and bridge forms. In Fig. 4 only the wavenum-
ber region corresponding to linear CO is shown, because the band
due to CO adsorbed in the bridge form, Pt,CO, was too small to be
studied. The band at 2070cm~! corresponds to the adsorption of

Zeolite ’500

Ir(0.6)

Pt-1r(0.6)

PtM

Pt

HY zeolite

100 200 300 400 500 600

Temperature (°C)

Fig. 2. Pyridine TPD results. Monometallic catalysts, Pt-Mg-Ir(x)/Al, O3 catalysts, Pt-Ir(x)/zeolite catalysts and supports.
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Table 1

Values of the area of the pyridine TPD trace (relative to the area of the TPD trace of the Pt-Mg catalyst). Classification of acid sites according to their strength.

Catalyst TPD area Acid sites distribution (%)
Weak (T<300°C) Moderate (300 <T<400°C) Strong (T>400°C)

AL, 03 0.28 42 58 -
Mg/Al, 03 0.24 69 31 -
Pt-Mg/Al, 05 1.00 72 28 -
Pt-Mg-1r(0.1)/Al, 03 0.88 53 47 -
Pt-Mg-1r(0.3)/Al, 03 0.86 43 57 -
Pt-Mg-Ir(0.6)/Al,03 0.84 40 60 -
Mg-1r(0.6)/Al,05 0.81 31 69 -
HY zeolite 21.51 - 38 62
Pt/zeolite 22.68 - - 100
Pt-1r(0.1)/zeolite 20.92 - - 100
Pt-Ir(0.3)/zeolite 21.44 - - 100
Pt-Ir(0.6)/zeolite 21.80 - - 100
Ir(0.6)/zeolite 21.93 - - 100

5637 3557 HY zeolite band disappears upon evacuation (results not shown) as reported

- T - ngf(g";fmme elsewhere [37]. In Fig. 4 the characteristic peaks due to carbonyls

— - — - -Ir(0.8)/zeclite on Mg?* ions cannot be found. This is shown in greater detail

in Fig. 4(a); the trace in the inset is the enlarged FTIR absorp-

= tion spectrum of CO on Mg/Al,05 in the 2250-2150cm™! range,

T where bands due to Mg2* are expected. They are usually found in

bt the 2213-2144cm! range and correspond to CO bound to Mg2*

2 ions. The strongly basic character of the MgO surface explains why

E CO forms carbonite anions [40-42] or similar structures [43-45]

3 on this oxide. Carbon monoxide is however bonded to Mg?* ions

g 3735 mainly by electrostatic force that is easily removed by evacuation,

even at low temperature [46,47].

The spectrum of Pt-Mg/Al, 03 shows the characteristic absorp-

[ tion peak of Pt-CO at 2070cm~!, while the spectrum of the

ot monometallic Mg-Ir(0.6)/Al,03 catalyst shows an absorption peak

3800 3600 3400 3200

Wavenumber (cm )

Fig. 3. FTIR OH-stretching bands of the Pt/zeolite, Pt-Ir(0.6)/zeolite and
Ir(0.6)/zeolite catalysts. Comparison with HY zeolite.

linear CO on Pt [29-32]. Adsorption of CO on Ir/Al,03 was studied
by Solymosi et al. [33]; they attributed a band at 2080—2050 cm™!
to the presence of Ir°—CO complexes.

The band at 2188cm™! in the spectra of the three catalysts
studied can be assigned to the interaction between CO and Al,03
[34,35]. It is specifically associated to adsorption on alumina Lewis
acid sites, AI3* ions with tetrahedral coordination [36-39]. This

Pt-Mg/Al,O,
...... Pt-Mg-Ir(0.6)/ALO,
......... Mg-lr{U.G)fA\zo?)

I A -
-~ “MgIAILD,
2240 2200 2160

0.1

Absorbance (a.u.)

2100 2000 1900

Wavenumber (cm™)

Fig. 4. FTIR spectra of CO adsorbed on some alumina supported catalysts at 30 Torr.

at 2062cm~! and a shoulder about 2000 cm™!, peaks attributed
to Ir9-CO and Ir*(CO), species respectively. Similarly to the Pt-
Mg/Al; 03, the Pt-Mg-Ir(0.6)/Al,03 catalyst has a very intense
absorption peak at 2070cm~! due to CO adsorbed on Pt and Ir,
both totally reduced to the metallic state. This shows a strong inter-
action between Pt and Ir. In a previous work we have confirmed
the existence of a strong interaction between Pt and Ir on alumina
supported catalysts by TEM [20]. It can be seen in Table 2 that incor-
poration of Ir to the Pt-Mg-Ir(x) catalysts produce changes in the
metal particle size. A strong decrease in the metal particle size is
observed at Ir contents higher than 0.3 wt%. Electron diffraction
(ED) experiments of Pt-Mg-Ir(x) catalysts suggest the formation of
a solid solution between Pt and Ir because crystallographic planes
do notresemble pure Pt or pure Ir. These results are consistent with
TPR experiments where a strong interaction between Pt and Ir was
observed. Moreover they are in agreement with the results of CO
FTIR absorption.

Fig. 5 shows the FTIR-CO spectra of the Pt/zeolite, Pt-
Ir(0.6)/zeolite and Ir(0.6)/zeolite catalysts. It is widely known that

Table 2
Results of conversion of cyclopentane (CP) and cyclohexane (CH).

Catalyst CP conversion CH conversion
(5min), % (mean), %
Pt-Mg/Al, 05 6.3 88.0
Pt-Mg-Ir(0.1)/Al, 05 7.2 85.3
Pt-Mg-Ir(0.3)/Al, 05 25.3 76.4
Pt-Mg-Ir(0.6)/Al, 05 61.9 68.0
Mg-Ir(0.6)/Al, 03 97.5 46.7
Pt/zeolite 65.6 98.0
Pt-1r(0.1)/zeolite 70.7 87.7
Pt-Ir(0.3)/zeolite 78.1 81.5
Pt-1r(0.6)/zeolite 914 65.6
Ir(0.6)/zeolite 99.3 25.8
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Fig. 5. FTIR spectra of CO adsorbed on some zeolite supported catalysts at 30 Torr.

CO adsorption on metal modified zeolites produces several FTIR
bands due to the contribution of species associated to the zeolitic
structure and with each metal [48]. Some authors have reported
results of FTIR absorption of CO on zeolites modified with plat-
inum. For example Jaeger and Schulz-Eldoff [49] have speculated
about the existence of two types of Pt particles on Pt/KL zeolite
catalysts. The first one would be localized on the outer surface of
the zeolite microcrystals or at near surface locations. CO adsorbed
on these particles displays absorption bands at 2060-2050 cm™~!
close to those found in Pt dispersed on conventional supports. The
particles of the second group are supposed to be encaged inside zeo-
lite channels so their electronic structure is presumably strongly
affected by the surrounding zeolite framework. CO adsorbed on
these Pt particles exhibits coverage dependent bands at frequen-
cies in the 1960-1920 cm~! range. The marked downward shift of
these CO bands is attributed to the increase of electron density of
these particles. Some authors [50-52] suggest that bands at about
2000cm~! correspond to CO adsorption on well-dispersed small
metal particles with great interaction with the support.

Adsorption of CO on Ir3*Y zeolites reportedly does not lead to the
formation of carbonyl bands [53] or else it results in a weak band at
2100cm~! assigned to Ir3*-CO carbonyls [54]. After CO adsorption
on hydrogen-reduced samples Bukhardt et al. [53] detected car-
bonyls on metallic iridium only (a band at 2020 cm~1), but Gelin
et al. [55] also reported the formation of two types of Ir*(CO),
complexes, characterized by pairs of bands at 2088 and 2003 cm™~!
and 2102 and 2020 cm™!, respectively. Solymosi et al. [33] demon-
strated thatin addition toa band at 2080-2050 cm~!, a pair of bands
at 2107-2090 and 2037-2010cm~!, due to Ir*(CO), complexes,
also appears.

The results of Fig. 5 show that the zeolite supported monometal-
lic Pt and Ir catalysts have an absorption peak at about 2050 cm™!
attributed to Pt and Ir on the outer surface and three peaks at 2030,
1990 and 1943 cm~! attributed to Pt and Ir particles inside the cage
or to Pt particles of high dispersion. Bands in the 1800-1200 cm™!
range have been attributed to carbonate species and bands at
1630-1650cm~! have been assigned to the stretching frequency
(vco) of bridged carbonates [56]. The band at 1636cm~! can also
be related to the adsorption of CO on the support surface (vco-on)s
as this band also appears on the reduced HY without any supported
metallic particle (not shown).

The spectrum of the bimetallic Pt-Ir(0.6)/zeolite catalyst has a
well defined peak at 2088 cm~!. The shift of the peaks to 2088 cm™!
clearly points to an alloying effect. Platinum and iridium would
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Fig. 6. Cyclopentane conversion as a function of cyclohexane conversion for both
catalysts series.

be in the metal state and alloyed after the reduction and probably
placed outside the zeolite cages [57,58].

Itis well known that de/hydrogenation reactions can proceed on
simple (monoatomic) sites while hydrogenolysis requires catalytic
sites of a more complicated morphology (clusters or ensembles)
[59-61]. Pioneering works of Boudart et al. [62,63] on structure
sensitivity, classified catalytic reactions as “demanding” (sensitive
to morphological structure) and “facile” (structure-insensitive).
Demanding reactions would require a particular ensemble of neigh-
boring metal atoms in order to form adsorbate bonds with the
proper strength; facile reactions would not. This geometric model
has been recently refined to an “ensemble-size” model [64-66] on
the assumption that reaction rates are proportional to the probabil-
ity of finding particular groups of neighboring atoms. In this work
two classical test reactions are used that have an entirely different
behavior according to the geometric factor theory: cyclopentane
(CP) hydrogenolysis (demanding reaction) and cyclohexane (CH)
dehydrogenation, which is non-demanding at the reaction condi-
tions used.

The values of conversion of cyclopentane (Table 2) are in agree-
ment with the greater hydrogenolytic activity of Ir in comparison
to Pt. The increase of the CP activity as the content of Ir is increased
is remarkable in both catalyst series. According to the results of
Table 2 the hydrogenolytic activity of the metals supported on alu-
mina is smaller than the activity of the metals supported on the
zeolite.

Monometallic Pt deposited on Al,03 or the zeolite has more
activity for cyclohexane dehydrogenation than the corresponding
Ir catalyst. From the results of Table 2 it could be deduced Ir addition
produces the blocking of active sites necessary for CH dehydrogena-
tion. The two series of catalysts show the same activity pattern in
relation to this.

Fig. 6 shows results of CP conversion as a function of CH con-
version for the alumina and zeolite catalyst series. It can be seen
that as the CH conversion increases the CP conversion decreases in
both series. This is easily explained considering that CH dehydro-
genation is a non-demanding reaction while CP hydrogenolysis is a
demanding one. CH conversion would decrease due to the presence
of big ensembles of Pt-Ir. These big ensembles are more suitable for
CP conversion and hydrogenolysis would be favored.

Table 3 shows the values of conversion and selectivity to i-
Cs and C; corresponding to the n-pentane reaction. The catalytic
transformation of n-pentane on dual function (metal-acid) cata-
lysts yields many products: (1) isopentane, as a consequence of
the bifunctional, acid controlled, isomerization reaction; (2) lighter
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Table 3
Final values of n-Cs conversion and selectivity to C; and isomers of Cs. Time-on-
stream = 240 min.

Catalyst Xi, % (Xi — Xe)/Xi Selectivity Selectivity
toi-Cs, % toCy, %
Pt-Mg 24.05 0.12 5.58 1.74
Pt-Mg-Ir(0.1) 24.58 0.26 3.52 2.43
Pt-Mg-Ir(0.3) 23.10 0.11 5.95 3.59
Pt-Mg-Ir(0.6) 23.77 0.07 6.48 6.00
Mg-Ir(0.6) 20.01 0.66 3.04 3.57
Pt/zeolite 23.88 0.33 96.41 0.93
Pt-Ir(0.1)/zeolite 32.26 0.61 81.36 0.97
Pt-Ir(0.3)/zeolite 32.73 0.61 80.80 1.41
Pt-Ir(0.6)/zeolite 34.01 0.63 72.97 6.51
1r(0.6)/zeolite 35.50 0.64 65.47 7.12

Pt-Mg-Ir(x): Treaction = 500 °C; Pt-Ir(x): Tieaction =400 °C; X¢: conversion to 240 min of
reaction; X;: conversion to 5 min of reaction.

gaseous hydrocarbons (C, and C3), from cracking reactions partly
controlled by the metal function and partly by the acidic func-
tion; (3) cyclopentane, by dehydro-cyclyzation on metal sites; and
(4) methane, from hydrogenolysis on metal sites. No aromatic
compounds can be formed during n-Cs reforming so the main prod-
ucts are paraffin isomers. It is known that the isomerization of
n-paraffins proceeds by a bifunctional metal-acid mechanism [67]
in which the rate-controlling elementary step takes place on the
acid function [68]. Therefore isopentane formation can be consid-
ered as an indirect measurement of the acid function activity. The
(X; — X¢)[X; parameter would be an indication of the deactivation
suffered by the catalyst, where X; and X; are the initial and final
conversion values, respectively. The Pt-Mg-Ir(x)/Al, O3 series tested
at 500°C shows less deactivation than the Pt-Ir(x)/zeolite series
evaluated at 400 °C. The greater stability of the alumina supported
catalysts is related to the stability of the support. Due to its weaker
acid strength the alumina support has a lower activity for poly-
merization of coke precursors. It can also be seen that the catalysts
supported on the HY zeolite are more selective for the formation
of pentane isomers than the alumina supported ones. This greater
selectivity would be due to the higher acidity of the zeolite.

The Pt-Ir(x)/zeolite catalysts evaluated at 500°C display 100%
conversion and very high selectivity to methane (results not
shown). This can be explained considering that cracking reactions
have high activation energy and therefore the rates of primary and
secondary hydrocracking and hydrogenolysis are greatly enhanced
at high temperatures. Regarding the relation between the irid-
ium content, acid strength and the selectivity to i-Cs, both series
of catalysts show an opposite behavior. In the case of the Pt-Mg-
Ir(x)/Al;03 series the selectivity to i-Cs increases as the amount
of strong acid sites increases, while in the Pt-Ir(x)/zeolite series
the increase in acid strength enhances the selectivity to cracking
products (e.g. methane) at the expense of isomerization.

Pajonk [69] has reported that isomerization catalyzed by
bimetallic catalysts is affected by hydrogen spillover. This effect
was reported in zeolite supported metal catalysts [70-72].
Setiabudi et al. [73] studied the influence of Ir on H-ZSM-5 sup-
ported Pt(0.1 wt%) catalysts and they found that the addition of
Ir from 0.3 to 2wt% decreased the concentration of Lewis and
Brgnsted acid sites and inhibited the hydrogen induced genera-
tion of protonic acid sites (via hydrogen spillover phenomenon).
This led to a decrease of the selectivity to i-C5 and an increase of
hydrogenolysis.

Decalin reaction products were classified considering
the criterion used by Santikunaporn et al. [13] and Mouli

et al. [74]: cracking products (C;-Cy9 products): 2-methyl
butane, hexane, 2,3-dimethyl pentane, 3-methylpentane,
5-methyl,1-hexene, methylcyclopentane, propylcyclopen-

tane, 2-methylpropylcyclopentane, 1,1-dimethylcyclopentane,
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Fig. 7. Products distribution and decalin conversion at 350 °C reaction temperature
at 6 h time-on-stream for both catalysts series.

cyclohexane, methylcyclohe-xane,
ethyl-2-methylcyclohexane, trans
1-ethyl-3-methylcyclohexane,

ring opening (RO) Cj;p products: alkylcyclohexanes, alkyl-
cyclopentanes cyclohexenes or benzenes (for example:
1-methyl-2-propylcyclohexane, diethylcyclohexane, cis and trans
1,1,3,5-tetramethylcyclohexane, 2-methylpropylbenzene); ring
contraction (RC) products: 2,2,3-trimethyl bicyclo[2.2.1]heptane,
2,6,6-trimethyl bicyclo[3.1.1]heptane, 1,1’bicyclopentyl,
spiro[4.5]decane, 3,7,7-trimethyl bicycle [4.1.0]heptane; other
products: 1-methylindan, cis and trans decahydronaphthalene,
1,2-dihydronaphthalene, 1,2,3,4-tetrahydronaphthalene and other
heavy dehydrogenation products.

Fig. 7 shows results of decalin conversion and distribution of
products obtained at 350°C. The RO products are mainly alkyl
cyclohexanes and alkyl cyclopentanes. The HY supported catalysts
are more active than the Pt-Mg-Ir(x)/Al,O3 ones. In both series
increasing the Ir content increases the selectivity to RO products
due to the high hydrogenolytic activity of Ir. The Pt-Ir(x)/zeolite cat-
alysts produce more RO products than the Pt-Mg-Ir(x)/Al,03 ones
and this could be due to the higher acidity of the zeolite, especially
that of the Brgnsted type. In agreement with the results of pyri-
dine TPD, the activity of the Pt-Mg-Ir(x)/Al; O3 catalysts increases
with acid strength. The alumina supported catalysts produced a
higher naphthalene yield than the zeolite supported ones. Among
the zeolite catalysts, the Pt-Ir(0.6)/zeolite catalyst is the most suit-
able catalyst for the ring opening of decalin. It has an adequate
metal/acid balance that favors the opening of naphthenic rings.

Table 4 shows the values of conversion, trans/cis decalin ratio
and selectivity to ring opening products at 350 and 300°C and
6 h of time-on-stream. It is important to note that the fed decalin
contained 37.5% of the cis isomer (1.63 trans/cis ratio). In both
series of catalysts the percentage of cis-decalin was lower than
the percentage of trans-decalin. The high trans/cis decalin ratio
of the products can be mainly due to the occurrence of cis-trans
isomerization and to the greater reactivity of cis-decalin in com-
parison to the trans isomer. In both series and at the two reaction
temperatures monometallic Ir catalysts produced higher values of
the trans/cis decalin ratio than the corresponding monometallic Pt
catalysts. This indicates that trans decalin is more easily isomerized
to the cis form over the Pt catalysts. In this sense Mouli et al. have
indicated that stereoisomerization is an important step for the
ring opening of decalin [75]. Santikunaporn et al. have reported
that cis-decalin is much more selective to ring opening products
while cis-decalin preferentially produces cracking products [13].

propylcyclohexane, cis 1-
1-ethyl-4-metilcyclohexane,
1,1,4-trimethylcyclohexane;
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Table 4

Decalin conversion at 6 h of time-on-stream and two different reaction temperatures (300 and 350 °C). Selectivity to RO products and trans/cis decalin ratio.

Catalyst Conversion, % Selectivity to RO Trans/cis decalin ratio

300°C 350°C 300°C 350°C 300°C 350°C
Pt-Mg/Al, 03 1.70 5.26 72.94 2.28 8.04 5.52
Pt-Mg-Ir(0.1)/Al, 05 1.50 2.65 86.00 25.28 8.25 6.38
Pt-Mg-Ir(0.3)/Al, 05 1.50 6.27 76.67 26.32 7.84 523
Pt-Mg-1r(0.6)/Al; 03 1.40 15.78 85.71 26.49 8.14 6.81
Mg-Ir(0.6)/Al, 03 2.00 14.66 75.50 36.15 8.06 6.92
Pt/zeolite 65.97 74.29 64.62 50.32 7.91 8.34
Pt-Ir(0.1)/zeolite 43.47 80.82 60.13 43.62 9.91 12.32
Pt-Ir(0.3)/zeolite 45.29 82.05 60.19 50.68 9.21 8.40
Pt-Ir(0.6)/zeolite 75.45 84.85 68.61 56.91 9.56 14.41
1r(0.6)/zeolite 62.18 77.29 58.73 56.36 12.60 9.00

Trans/cis decalin ratio of the feed = 1.63, cis-decalin content of the feed =37.5%.
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Fig. 8. Products distribution at 300°C and 6 h time-on-stream. Alumina supported
catalysts.

The smaller percentage of cis-decalin obtained with the zeolite
supported catalysts correlates with the greater yield and selectivity
to RO products of these catalysts.

The results of Table 4 indicate that at 300°C the Pt-Mg-
Ir(x)/Al, 03 catalysts have a great selectivity to RO products though
their activity is very small (conversion <2%). In the Pt-Ir(x)/zeolite
catalyst series the selectivity to RO products is higher at 300 °C than
at 350°C. However it is convenient to operate the reactor at 350°C
in attention to the higher yield of RO products.

Fig. 8 shows the products distribution obtained in the reaction
of decalin at 300 °C at 6 h with the Pt-Ir(x)/zeolite catalysts. It can be
seen that the contents of naphthalene and other dehydrogenated
products is lower at 300 °C than at 350°C (Fig. 7). It is known that
temperatures above 350°C are not thermodynamically favorable
for ring opening. At these temperatures both Pt and Ir catalyze the
thermodynamically favored reaction of dehydrogenation [75] of
which the presence of naphthalene is an indicator. Moreover the
reactivity of trans-decalin and the formation of cracking products
are enhanced at higher temperatures. At 300 and 350 °C the zeolite
catalysts have the same reactivity pattern with respect to the yield
of RO products.

4. Conclusions

For both alumina and zeolite supported Pt catalysts the addi-
tion of Ir increases the hydrogenolytic activity and decreases the
dehydrogenating activity. The test reaction of n-pentane isomer-
ization shows that Ir addition enhances the catalyst stability and

the formation of Cs isomers on the alumina supported catalysts.
The opposite occurs with the Pt-Ir/zeolite catalysts. For the two
tested catalyst series no correlation was found between the activ-
ity for cyclohexane dehydrogenation and the dehydrogenation of
decalin to naphthalene.

The catalysts supported on the HY zeolite are significantly more
effective for the ring opening of decalin than the Mg doped, alumina
supported catalysts. This can be mainly attributed to the higher
Brgnsted acidity of the zeolite and the higher hydrogenolytic activ-
ity of the zeolite supported metal particles. Increasing the Ir content
enhances the catalytic activity for formation of ring opening prod-
ucts in both kinds of catalysts. The effect is more noticeable in the
Pt-Mg-Ir/Al, 03 series.

Among the catalysts tested, Pt-Ir(0.6)/zeolite provides an ade-
quate balance of the metal and acid functions that favors the
opening of naphthenic rings.
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