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ABSTRACT

The Ir/Pt-HZSM5 with different iridium loading (0.3-1.0 wt%) was prepared by impregnation of iridium on Pt-HZSM5. The acidic properties of Ir/Pt-
HZSM5 were studied by FTIR spectroscopy, while the activity of the catalysts was tested for n-pentane isomerization in a microcatalytic pulse reactor.
The IR results of adsorbed 2,6-lutidine showed that all catalysts possessed strong Brénsted and Lewis acid sites in the outgassing at 473 K and below.
When Ir/Pt-HZSM5 was heated in hydrogen, protonic acid sites were formed with concomitant decrease of Lewis acid sites. An increase in iridium
loading continuously decreased the Lewis and Bronsted acid sites and inhibited the formation of protonic acid sites induced by hydrogen. The formation
of protonic acid sites induced by hydrogen was also confirmed by the formation of electron detected by ESR spectroscopy. Additionally for n-pentane
isomerization, an increase in iridium loading decreased the yield of isopentane due to the inhibition in the formation of protonic acid sites via hydrogen

spillover phenomenon.
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1. INTRODUCTION

Bifunctional heterogeneous catalysts, consisting of a
noble metal supported on microporous and mesoporous
materials have drawn much attention due to their efficiency
for the isomerization process and for the synthesis of high
octane number [1-3]. Among the available supports,
zeolites, crystalline alumino-silicates, have attracted
significant attention from numerous researchers due to their
thermal stability, strong acidity and high surface area. In
particular, platinum supported on HZSM5 zeolite was found
to be active and stable for isomerization process [1].

In the recent years, bimetallic heterogeneous
catalysts have attracted an increasing interest due to their
capability to improve the activity, stability and selectivity of
the catalyst. In particular, bimetallic catalysts composed by
iridium and platinum were found to be active and stable for
isomerization process. Additionally, the introduction of
iridium as co-promoter enhanced the catalytic activity of
monometallic catalysts and decreased the formation of
coke. Yang and Woo [4] reported that bimetallic Pt-1r/NaY
maintained better activity towards n-heptane reforming
reaction than Pt/NaY catalyst due to a decrease in the
formation of coke. In addition, Aboul-Gheit et al. [5]
reported that the combination of iridium on Pt/HZSM5
produces a more active catalyst compared to the
monometallic PtYHZSMS5. In our previous assignment [6],
we have found that the introduction of iridium (0.1 wt%) on
Pt-HZSM5 increased the selectivity of isopentane and
decreased the selectivity of cracking products. The increase
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in the isopentane product may be caused by an increased in
the acidity and active protonic acid sites originating from
molecular hydrogen. Whereas, the decrease in the cracking
products may be caused by the bonding of iridium to
perturbed silanol groups of Pt-HZSM5.

The isomerization of light paraffins such as n-
pentane, n-hexane and n-heptane proceeds via hydrogen
dissociation on a metal site under a hydrogen atmosphere
[1]. The promotive effect of hydrogen has been interpreted
by the generation of protonic acid sites via dissociative
adsorption of molecular hydrogen on the metal sites to form
hydrogen atom, followed by the surface diffusion of the
spillover hydrogen to a Lewis acid sites where the hydrogen
atoms release an electron to form a proton. Then, the proton
is located on the surface oxygen atom near the Lewis acid
sites and act as a catalytically active protonic acid site. The
generation of protonic acid sites originate from molecule
hydrogen has only been observed for a limited class of
catalyst, including zeolite supported metal catalysts
[3,6,7,8] and zirconia based acid catalysts [9-13.]. However,
the mechanism and the rate of the spillover vary with the
type of catalyst. For instance, hydrogen adsorption on
Pt/WQ3-ZrO, is faster than that on WO;-ZrO, because of
the existence of Pt sites on WO;-ZrO, that could facilitate
the spillover of hydrogen atoms [10-11]. A similar
phenomenon was observed in MoOj; type catalyst, in which
the presence of Pt is required in the hydrogen adsorption
[14].

In this report, we have studied the effect of iridium
loading on the acidity and catalytic activity of Ir/Pt-
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HZSM5. Based on the IR and ESR studies, an increase in
the iridium loading (0.3-1.0 wt%) decreased the number of
acid sites and the formation of protonic acid sites from
molecular hydrogen. Additionally, an increase in iridium
loading decreased the activity of catalyst towards n-pentane
isomerization due to the inhibition in the formation of
protonic acid sites via hydrogen spillover phenomenon.

2. EXPERIMENTAL
2.1 Catalyst preparation

A commercial HZSM5 (Zeolyst International) with
Si/Al atomic ratio of 23 was used as a catalyst support.
Ir/Pt-HZSM5 was prepared according to the method
described in previous report [6]. In brief, Pt-HZSM5 was
prepared by incipient wetness impregnation of HZSM5 with
requisite quantity of H,PtCls:H,O (Merck) in aqueous
solution to obtain 0.1 wt% Pt in the finished catalyst. The
prepared Pt-HZSM5 was then impregnated with aqueous
solution of IrCls-3H,O (Merck) to obtained bimetallic Ir/Pt-
HZSM5 catalyst, followed by drying at 383 K overnight
and calcination at 823 K for 3 h in air. The content of
iridium was adjusted to 0.3, 0.5 and 1.0 wt%.

The prepared Ir/Pt-HZSM5 catalyst denoted as
0.3Ir/Pt-HZSM5, 0.51r/Pt-HZSM5 and 1.01r/Pt-HZSM5 for
0.3, 0.5 and 1.0 wt% Ir, respectively. The surface area of
0.3Ir/Pt-HZSM5,  0.51r/Pt-HZSM5 and 1.0lr/Pt-HZSM5
were 460, 443, 419 m?/g, respectively.

2.2 Infrared spectroscopy

Before the IR analysis, catalysts were activated
according to the method described in the literature [13]. In
brief, a self-supported wafer placed in an in-situ stainless
steel IR cell with CaF, windows was heated at 673 K in
hydrogen flow for 3 h and outgassed at 673 k for 3 h. The
activated catalyst was exposed to 2 Torr of 2,6-lutidine at
room temperature for 30 min, followed by outgassing at
room temperature, 373 and 473 K for 30 min, respectively.

The formation of protonic acid sites from molecular
hydrogen was observed according to the method described
in the literature [15]. The 2,6-lutidine pre-adsorbed catalyst
was exposed to 100 Torr of hydrogen at room temperature.
The catalyst was then heated stepwise from room
temperature to 473 K in 50 K increments.

All spectra were recorded at room temperature by
Perkin-Elmer Spectrum GX FT-IR Spectrometer. In order
to compare the surface coverage of the adsorbed species
between different wafer thicknesses, all spectra were
normalized using the overtone and combination vibrations
of the MFI between 2100 and 1550 cm™ after activation.

2.3 Electron spin resonance
A JEOL JES-FA100 ESR Spectrometer was used to

observe the formation of electron holes or unpaired
electrons in vacuo heating, and to observe the interaction of

the electron holes or unpaired electrons with electrons
formed from molecular hydrogen at room temperature to
473 K. The catalyst was outgassed at 673 K for 3 h
followed by the introduction of 50 Torr of hydrogen at
room temperature. The catalyst was then heated stepwise
from room temperature to 473 K in 50 K increments [7].

2.4 Isomerization of n-pentane

The isomerization of n-pentane was performed under
hydrogen atmosphere in a microcatalytic pulse reactor
according to the method described in the literature [6].
Prior to the reaction, 0.2 g of catalyst was treated in a flow
of oxygen (Foxygen = 100 ml/min) for 1 hr, followed by
hydrogen (Frygrogen = 100 ml/min) for 3 hr at 673 K and
cooled down to 548 K in a hydrogen stream. A dose of n-
pentane (43 pmol) was injected over the activated catalyst,
and the products were trapped at 77 K before flash-
evaporation into an online 6090N Agilent gas
chromatograph equipped with HP-5 Capillary Column and
FID detector. The intervals between each pulse injection
were kept constant at 20 min.

The rate of n-pentane conversion (rn.pentane) Was
calculated according to Eq. (1)

Cl.
rnfpentane = 2l ]I @)
x [C]i + [C] residual n—pentane

where [C]i and [Clresidual n-pentane represented mol number for
particular product and for residual n-pentane which is
calculating based on the Scott hydrocarbon calibration
standard gas (Air Liquide America Specialty Gases LLC).
The rate constant (k) was determined by the molar
concentration of n-pentane divided by the surface area of
the catalyst per unit time, with the assumption that the
retention time for reactant in the catalyst bed was negligibly
small. The calculated k values of n-pentane isomerization
over 0.3Ir/Pt-HZSM5, 0.51r/Pt-HZSM5 and  1.0lr/Pt-
HZSM5 were 047, 0.49 and 0.52 pmol/(s'm?-cat),
respectively.

The selectivity (S;)) and vyield (Y;) to particular
compound was calculated according to Eg. (2) and (3),
respectively.
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3. RESULTS & DISCUSSION

The acid sites in the 0.3Ir/Pt-HZSM5, 0.5Ir/Pt-
HZSM5 and 1.0Ir/Pt-HZSM5 was qualitatively probed by
2,6-lutidine adsorption monitored by IR spectroscopy. Fig.
1 shows the IR spectra of 2,6-lutidine adsorbed on activated
0.3Ir/Pt-HZSM5 (A), 0.5Ir/Pt-HZSM5 (B) and 1.0lr/Pt-
HZSMS5 (C) in the region of 1750-1350 cm™ as a function
of outgassing temperature. The 2,6-lutidine pre-adsorbed
catalysts were outgassed at room temperature, 373 K and
473 K. All the catalysts showed the absorbance bands at
1700, 1680, 1650 and 1640 cm™, which are associated with
the 2,6-lutidinium cations adsorbed on Bronsted acid sites
[16]. The absorbance bands at 1605, 1585, 1490, 1460,
1410 and 1385 cm™ are assigned to the Lewis acid sites
[16].

For all catalysts, 2,6-lutidine probe molecules were
able to interact strongly with acidic sites at room
temperature and were retained at the outgassing temperature
of 473 K. In general, if the outgassing temperature is raised,
2,6-lutidine molecules adsorbed on weak acid sites should
desorbed at lower temperatures, and those adsorbed on
strong acid sites should be desorbed at higher temperatures.
For all catalysts, the intensity of the absorbance bands
assigned to Lewis acid sites decreased significantly with
outgassing temperature indicating wide distribution of
Lewis acid sites. However, the intensity of the absorbance
bands assigned to Bronsted acid sites increased significantly
with outgassing temperature. The increase in the absorbance
bands ascribed to the Bronsted acid sites at higher
outgassing temperatures may be related to the steric
shielding of the methyl group in which the removal of 2,6-
lutidine adsorbed on the Lewis acid sites allows the

lutidinium cations to access relatively weaker protonic acid
sites inside the zeolite bulk. The significant changes in the
intensity of the absorbance bands with outgassing
temperature indicating that all of the catalysts possessed a
considerable number of relatively weak and medium acid
sites as well as strong acid sites. Even though all catalysts
exhibited similar phenomenon, it is obvious that the number
of acid sites is higher for 0.3Ir/Pt-HZSM5 catalysts,
followed by 0.5 and 1.0 wt%.

The effect of iridium loading on the acidity of Ir/Pt-
HZSM5 are more clearly illustrated in Fig. 1(D), in which
the absorbance of the IR bands at Bronsted acid sites (1640
cm™) and Lewis acid sites (1585 cm™) observed at the
outgassing temperature of 473 K were plotted as a function
of iridium loading. A slight decreased in the Bronsted and
Lewis acid sites were observed with increasing iridium
content from 0.3 to 1.0 wt% which may be related to the
presence of bulk iridium oxide on the external surface of the
catalyst which may hinder the accessibility of acidic sites to
the 2,6-lutidine probe molecule. Partial coverage of the acid
sites was also observed on Ir/HZSM5 and Ir-Mo/HZSM5
catalysts reported by Aboul-Gheit and co-worker. [17-18].
The addition of 0.35 wt% iridium on HZSM5 and 0.5 wt%
iridium on Mo/HZSMS5 resulted to a decrease in all species
of acid sites due to the coverage of a portion of the acid
sites with iridium species. In addition, this phenomenon was
also observed on palladium and/or platinum loaded on H-
Beta reported by de Lucas et al. [19]. They suggested that a
slight decrease in the strong acid density of monometallic
catalysts with increasing metal content, mainly on platinum
samples, was due to the acid sites to be partially covered by
metal particles.
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Fig. 1. IR spectra of 2,6-lutidine adsorbed on activated (A) 0.3Ir/Pt-HZSM5, (B) 0.5Ir/Pt-HZSM5 and (C) 1.0lr/Pt-HZSM5
catalysts at (b) room temperature, followed by heating in a vacuum at (c) room temperature, (d) 373 K, (e) 473 K. (a) before
exposure of 2,6-lutidine. (D) Variations in the absorbance of the IR bands for Bronsted and Lewis acid sites after removal of

2,6-lutidine at 473 K.
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Fig. 2 shows the changes in the IR spectra when the
2,6-lutidine preadsorbed activated 0.31r/Pt-HZSM5 (A),
0.5Ir/Pt-HZSM5 (B) and 1.0lr/Pt-HZSM5 (C) were heated
from room temperature to 473 K in the presence of 100 Torr
of hydrogen. Since the 2,6-lutidine preadsorbed sample was
outgassed at 473 K, the acid sites under consideration are
only strong acid sites that can retain 2,6-lutidine at the
outgassing temperature of 473 K and below. As the
temperature of hydrogen was increased, the intensity of the
bands at 1605, 1585, 1460 and 1385 cm™ corresponding to
the Lewis acid sites decreased with a concomitant increase
in the intensity of the bands at 1700, 1680, 1650, and 1640
cm™, which are attributed to the peaks of 2,6-lutidine on
Bronsted acid sites. Based on the concept of ‘molecular
hydrogen-originated  protonic acid sites’, hydrogen
molecules are dissociatively adsorbed on specific sites to
form hydrogen atoms, followed by the release of electrons
near to the cus metal cations forming protonic acid sites.
Then, the electrons stabilized the cus metal cation as long as

the 2,6-lutidine was protonated and interacted with extra-
lattice or basic oxygen. All catalysts have the ability to
interchange the acidic characters of the Lewis and protonic
acid sites when they are heated in the presence of molecular
hydrogen.

Fig. 2(D) shows the variation in the number of
protonic acid sites formed as a function of temperature for
0.3Ir/Pt-HZSM5, 0.5Ir/Pt-HZSM5 and 1.01r/Pt-HZSM5.
For all catalysts, an increase in the heating temperature
increased the number of protonic acid sites formed, whereas
an increase in the amount of iridium loading gradually
decreased the ability of catalyst to form protonic acid sites
from molecular hydrogen. These results may be due to the
decrease in the number of strong Lewis acid sites, as
evidenced by IR spectra of 2,6-lutidine adsorption.
Although some differences were observed, the effect of
hydrogen is essentially the same as that observed for
Pt/HZSM5 [6], Zn/HZSM5 [20], Pt/WO,-ZrO, [11] and
Mo0Os;-ZrO, [15] catalysts.
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Fig. 2. Spectral changes when 2,6-lutidine preadsorbed (A) 0.3Ir/Pt-HZSM5, (B) 0.5Ir/Pt-HZSM5 and (C) 1.0lr/Pt-HZSM5
catalysts were heated in hydrogen at (b) 298 K, (c) 323 K, (d) 373 K, (e) 423 K and (f) 473 K. (a) before exposure to
hydrogen. (D) Variation of the change of absorbance at 1640 cm™ with heating in hydrogen for different catalysts. [Ais40]sc
represents the intensity of the Bronsted acid sites before hydrogen adsorption.

Fig. 3 shows the ESR signals of 0.3Ir/Pt-HZSM5
(A), 0.51r/Pt-HZSM5 (B) and 1.0lr/Pt-HZSM5 (C), when
the catalysts were outgassed at 673 K for 3 h, followed by
heating in the presence of hydrogen at different
temperatures. As the catalysts were outgassed at 673 K for 3
h, the intensity of the ESR signal at g=1.99 increased. This
may be due to the desorption of hydroxyl groups from the
surface of the catalysts, which subsequently leave the
electron-deficient metal cations. The introduction of
gaseous hydrogen, followed by heating, resulted in the
formation of electrons and protonic acid sites where the
electrons were trapped in the electron-deficient metal

cations, resulting the reduction of the ESR signal at g=1.99.
Although all the catalysts exhibited a similar phenomenon,
0.31r/Pt-HZSM5 showed largest changes in the intensity of
the signal indicating that the formation of electrons via the
hydrogen spillover mechanism is much easier for 0.3Ir/Pt-
HZSM5, compared to that of 0.5Ir/Pt-HZSM5 and 1.01r/Pt-
HZSM5 catalyst. The formation of electrons for 0.31r/Pt-
HZSMS5, 0.51r/Pt-HZSM5 and 1.01r/Pt-HZSM5 catalysts is
more clearly illustrated in Fig. 3(D), in which the variations
in the relative intensity of the ESR signal at g=1.99 for all
catalysts was plotted as a function of the heating
temperature. As the heating temperature was increased, the

[13]
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variation in the relative intensity of the ESR signal at
0=1.99 decreased, due to the formation of electrons via the
hydrogen spillover mechanism. Even though all catalysts
exhibited a similar phenomenon, it is obvious that the
generation of electrons is higher for 0.3Ir/Pt-HZSM5
catalysts, followed by 0.5 and 1.0 wt%. The results of the
ESR study are consistent with the FTIR study of hydrogen
adsorption on 2,6-lutidine pre-adsorbed catalysts, in which

an increase in iridium loading decreased the formation of
protonic acid sites and electrons. The effect of hydrogen on
the ESR signal is similar to the results observed for Pt/HY
catalyst reported by Aziz et al. [7], in which heating the
catalyst in the presence of hydrogen partially eliminated the
ESR signal related to the trapped electrons or unpair
electron at g=1.9866, because of the formation of electron
via hydrogen spillover mechanism.
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Fig. 3. ESR signal of (A) 0.3Ir/Pt-HZSM5, (B) 0.5Ir/Pt-HZSM5 and (C) 1.0lr/Pt-HZSM5.(a) Before outgassing at 673 K; (b)
after outgassing at 673 K and heated in the presence of 50 Torr hydrogen at (c) 323 K, (d) 373 K, (e) 423 K, and (f) 473 K.
(D) Relative intensity of the ESR signal at g=1.99 as a function of heating temperature.
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Fig. 4. Effect of iridium loading on the (A) rate of conversion,
(B) yield of isopentane and yield of cracking products.

Fig. 4 shows the effect of iridium loading on the rate
of conversion, yield of isopentane and yield of cracking

products. An increase in iridium loading (0.3-1.0 wt%) has
changed the yield of isopentane and C;-C, cracking
products in which the isopentane product decreased from
52.4 % to 5.3 % and C;-C, cracking products increased
from 2.2 % to 72.5 %. In addition, the rate of conversion
increased  from 026  pmol/(s'm*cat) to  0.36
umol/(s-m?-cat). In general, the yield of isopentane
decreased with iridium loading, while the conversion of n-
pentane increased, due to the increase in cracking products.
Moreover, a decrease in the yield of isopentane with
iridium loading was due to the inhibition in the formation
of protonic acid sites via hydrogen spillover phenomenon.

4. CONCLUSION

The IR results of adsorbed 2,6-lutidine showed that
0.3Ir/Pt-HZSM5, 0.51r/Pt-HZSM5 and 1.0lr/Pt-HZSM5
possessed a considerable number of relatively weak and
medium acid sites as well as strong acid sites which can
retained the 2,6-lutidine at the outgassing temperature of
473 K. However, an increase in iridium loading resulted to
a slight decreased in the Bronsted and Lewis acid sites due

|14]
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to the presence of bulk iridium oxide on the external
surface of the catalyst.

IR and ESR studies showed that 0.31r/Pt-HZSM5,
0.51r/Pt-HZSM5 and 1.01r/Pt-HZSM5 catalysts have the
ability to form protonic acid sites from molecular hydrogen
when they are heated in the presence of molecular
hydrogen. However, an increase in the amount of iridium
loading gradually decreased the ability of catalyst to form
protonic acid sites from molecular hydrogen.

Additionally, an increase in iridium loading
decreased the formation of isopentane products for n-
pentane isomerization due to the inhibition in the formation
of protonic acid sites via hydrogen spillover phenomenon.
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