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Various Pt/NaCsβ catalysts with decreasing Na/Cs ratios and
a Pt/KL sample taken as a reference catalyst for aromatization of
n-hexane, have been prepared by exchange of NaCsβ and KL zeo-
lites in a Pt tetraammine solution then calcination and reduction.
The increase of the Cs content in the NaCsβ zeolitic support results
in a decrease of the cyclohexane adsorption and Pt exchange capac-
ities. The Pt/Csβ and Pt/KL samples show similar behaviors which
strongly differ from those of the Na-containing Pt/NaCsβ samples
in terms of (i) reducibility of the Pt ions after calcination, (ii) shape
of the FTIR spectra of CO adsorbed on the Pt clusters after reduc-
tion, and (iii) catalytic activity of these clusters in the conversion
of n-hexane. In particular, the selectivity to aromatization is much
higher on the Pt/Csβ and Pt/KL catalysts than on the Na-containing
Pt/NaCsβ ones. The reasons for the specific behaviors of the Pt/Csβ
and Pt/KL samples are discussed. c© 1999 Academic Press

Key Words: Csβ zeolite; Pt clusters; aromatization; TPR; FTIR
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INTRODUCTION

Much attention has been paid in the past 15 years to
the three-dimensional large-pore β zeolite because of its
remarkable behavior as an acid catalyst for the transforma-
tion of petrochemicals (1), fine chemicals (2), and organic
compounds (3). The remarkable acid properties of this ze-
olite have been assigned to the presence of numerous local
defects (4) in its highly faulted crystalline structure which
consists in the intergrowth of two polymorphs (tetragonal
and monoclinic) (5). The β structure is also highly flexible,
allowing strong variations in the T-O-T angles which may
be at the origin of the basic behavior of this zeolite (6, 7)
in spite of its low Al content (Si/Al> 12) usually associ-
ated to an average Sanderson’s electronegativity typical of
nonbasic materials (8). On the one hand, the basic sites in
alkali (Na, Cs) exchanged β samples have been evidenced
by the downward FTIR shift of the NH band of adsorbed
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pyrrole (9, 10). On the other hand, they have been revealed
by the basic catalytic behavior of sodium β catalysts in the
Knoevenagel condensation of benzaldhehyde with esters
(6).

Since the initial report of Bernard on the noteworthy
aromatization properties of platinum clusters supported on
nonacidic zeolites (11) many investigations have been un-
dertaken on the characterization of Pt supported on basic
zeolites or oxides. Many attempts have been made to ex-
plain the remarkable catalytic behavior of the Pt/KL system
towards aromatization, but the reasons for it still remain a
matter of debate. The optimization of this catalyst has been
performed by introducing alkali-earth or alkali cations at
appropriate steps of the preparation to minimize the acid-
ity (12, 13). Besides, the choice of the Pt precursor and the
mode of its deposition followed by a suitable calcination
treatment have been thoroughly studied (11, 14–16). The
main hypotheses which have been proposed to explain the
properties of the Pt clusters on basic supports are (i) the
role of the basicity of the support and of the metal–support
interactions (17, 18), (ii) the infuence of the geometry of the
channels leading to the concepts of the molecular die (19,
20) and of the structural recognition and preorganisation of
the alkane molecule (21), and (iii) the platinum cluster size
(13, 22). The available physicochemical and catalytic data
on these factors have recently been reviewed (23, 24).

In spite of the basic character of the alkali-exchanged β
zeolite and of its potential interest as a support for platinum,
few reports have been devoted to the Pt/alkali-β system for
the conversion of n-hexane (25, 26). Recently, Pt/Kβ and
Pt/BaKβ catalysts were shown to be active in this reac-
tion and their catalytic behavior was found to depend on
the conditions of pretreatement (oxidation, reduction) of
the catalyst (26a). Moreover, the catalytic performances of
acidic Pt/β zeolites were investigated and it was shown that
decreasing the acidity of theβ support by exchange with Cs+

cations could enhance the selectivity to benzene (26b). The
Pt/Kβ catalysts were more sulfur resistant than the Pt/KL
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ones (26b). Furthermore, we have shown that cesium gives
unique properties to the Pt/β system in comparison to the
other alkali cations (27).

These features have encouraged us to investigate the in-
fluence of the cesium content on the physicochemical prop-
erties and on the catalytic behavior of Pt clusters supported
on basic NaCsβ in the conversion of n-hexane. There-
fore, Pt/NaCsβ catalysts with different Na/Cs atomic ra-
tios were prepared and their characterization by several
techniques was performed. The results were compared to
those obtained on a Pt/KL system taken as a reference.
The reduction of platinum precursors was characterized by
temperature- programmed reduction (TPR) and the size of
the reduced particles determined by transmission electron
microscopy (TEM). The electronic and/or geometric effects
affecting the platinum particles were probed by FTIR of ad-
sorbed CO. Finally, the catalytic activity of the solids was
tested in the conversion of n-hexane. These investigations
constitute an attempt to understand the role of the differ-
ent above-mentioned factors in the catalytic efficiency of
the samples.

EXPERIMENTAL SECTION

1. Materials

Zeolitic Supports

The parent organic-free β zeolite was supplied by Exxon
Chemical Europe (Belgium) in a partially protonic form
(HNaβ). This material was exchanged twice with a 0.5 M
NaNO3 solution in order to ensure a complete exchange
of the protons. The ion exchange was carried out during
2 h under vigorous stirring at 80◦C, using a ratio “volume
of solution (mL)/weight of zeolite (g)” of 70. The sodium
exchanged solid (sample Naβ) was recovered after centrifu-
gation and washed with deionized water. Partially (samples
Na75Cs25β, Na60Cs40β, and Na25Cs75β) and totally (sam-
ple Csβ) cesium-exchanged samples were obtained as fol-
lows: four portions (2 g each) of the sodium form zeolite
(Naβ) were exchanged during 2 h under stirring at 80◦C in
140 ml of CsCH3COO solutions with increasing concentra-
tions (3× 10−3, 6× 10−3, 9× 10−3, and 0.5 M). The exchange
with the 0.5 M solution was repeated twice in order to en-
sure a complete exchange of Na by Cs ions. After recovering
by centrifugation, washing, and drying overnight at 100◦C,
the samples were calcined in flowing dried air (3 L/h · g)
at 500◦C for 2 h. The KL zeolite was a commercial sample
from UOP (United States).

Pt-Loaded Zeolites

The KL and sodium and/or cesium-exchanged NaCsβ

supports were ion exchanged with Pt(NH3)

2+
4 by contact-

ing 1 g of each sample with a 5× 10−4 M aqueous solution
of Pt(NH3)4(NO3)2 during 4 h at room temperature under
-HEXANE ON Pt/NaCsβ 245

stirring. The expected platinum loading was 0.5 wt%. The Pt
loaded zeolites (samples Pt/NaCsβ and Pt/KL) were subse-
quently filtered, washed with distilled water, and dried for
12 h at 100◦C. The catalysts were then calcined in a pyrex
reactor in flowing dried air (3 L/h · g) up to 300◦C (heating
rate of 2◦C/min) and maintained at this temperature for
2 h. After calcination, the samples (called below “calcined
samples”) were cooled down to room temperature, purged
with helium, and kept in a dessicator at room temperature
before characterization.

2. Techniques of Characterization

Physicochemical Characterizations

The X-ray diffraction (XRD) patterns were recorded on
a Siemens D500 automatic diffractometer with a Cu Kα

monochromatized radiation source. Structural bands of the
NaCsβ supports were characterized by using KBr pellets
(0.5 mg of zeolite in 200 mg of KBr) on a Bruker IFS 66 V
Fourier-transform spectrometer.

Dynamic adsorption of cyclohexane was carried out on
the NaCsβ and KL supports using a Setaram TG-DSC92
thermobalance. After pretreatment under N2 at 500◦C
(2◦C/min) for 10 min, the samples were cooled down to
90◦C. Once the sample weight stabilized, the N2 flow was
switched to a N2-cyclohexane flow obtained by bubbling N2

(50 mL/min) in a cyclohexane saturator at 14.6◦C and the
weight increase was measured as a function of time.

Elemental analysis of the solids before and after Pt load-
ing was obtained by atomic absorption from the Service
Central d’Analyse du Centre National de Recherche Sci-
entifique (Vernaison, France).

Pt(NH3)4
2+ Decomposition and Reduction

The decomposition of the tetraammine platinum com-
plex in oxygen (TPO, 5% O2 in He, 5 mL/min) or in helium
(TPHe, 5 mL/min) was studied by mass spectrometry (MS)
using a Quadruvac PGA 100 mass spectrometer. The exper-
iments were conducted at a heating rate of 5◦C/min from
room temperature to 900◦C and 70 mg of sample were used
for each run.

Prior to TPR experiments, the calcined Pt/NaCsβ and
Pt/KL samples (100–200 mg) were heated at 200◦C for 1 h in
argon (25 mL/min) and subsequently cooled down to room
temperature. The Ar flow was then switched to a 5% H2/Ar
mixture flowing at the same rate. For the TPR experiments,
the temperature was ramped at a rate of 10◦C/min up to
800◦C while the H2 consumption was monitored by a TCD
detector.

Characterization of the Metal Particles
TEM images of the platinum particles were obtained
on a Jeol 100CXII microscope. The calcined zeolites were
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reduced in flowing hydrogen (3 L/h · g, 2◦C/min) up to a tem-
perature of 200◦C for 2 h, then at 500◦C for 5 h. Histograms
of the metal particle size distributions were established by
counting about 1000 particles. The mean particle diameter
was calculated by using the formula dm =

∑
ni di /ni , where

ni is the number of particles of diameter di .
Transmission FTIR spectra of CO adsorbed on the sup-

ported platinum clusters were collected at a resolution of
4 cm−1 and after accumulation of 128 scans using a Bruker
IFS 66 V Fourier-transform spectrometer. Self-supported
wafers (ca 20 mg, 18 mm in diameter, pressed under a pres-
sure of 103 kg · cm−2) of calcined Pt/NaCsβ and Pt/KL sam-
ples were placed on a quartz holder which was introduced
into an infrared cell equipped with KBr windows and con-
nected to a classical vacuum line. The wafers were in-situ
reduced in flowing hydrogen at 500◦C for 5 h, then out-
gassed (P< 5× 10−5 mbar) for one hour at this temperature
and cooled down to room temperature. The background
spectrum was that of the sample after reduction. Carbon
monoxide was first adsorbed at a pressure of 5× 10−2 mbar
at room temperature (RT) for 15 min. In order to achieve a
good distribution of the CO molecules on all the metal par-
ticles and to minimize the dipole–dipole interactions, the
samples were then heated in the presence of this residual
CO pressure at 100◦C for 1 h, and subsequently outgassed at
that temperature for 1 h (P< 10−5 mbar). After this treat-
ment, the dipole–dipole contribution strongly decreased.
An outgassing treatment at 150◦C for 15 h led to an al-
most complete disappearance of the CO bands. It was also
checked that the unloaded supports did not give rise to a
CO adsorption signal. Peak positions were determined by
the Bruker Fit curve procedure.

Catalytic Tests

The n-hexane conversion reaction was performed in a

flow reactor, at 450◦C under a total pressure of 1 bar. The content increases results mostly from a higher X-ray ab-

calcined Pt/NaCsβ and Pt/KL catalysts were in-situ reduced
by flowing hydrogen at 500◦C for 5 h. The reaction feed con-

TABLE 1

Chemical Composition of the Samples before and after Pt Loading

Before Pt loading After Pt loading

Atoms per unit-cella Atoms per unit cella

Pt
Supports Na Cs K Al Si δO

b Catalysts (wt%) Pt Na Cs K Al Si

Naβ 3.6 — — 4.0 60.0 −0.313 Pt/Naβ 0.58 0.13 3.7 — — 4.0 60.0
Na75Cs25β 2.6 0.9 — 4.0 60.0 −0.314 Pt/Na75Cs25β 0.53 0.12 2.7 0.9 — 4.0 60.0
Na60Cs40β 2.4 1.4 — 4.0 60.0 −0.315 Pt/Na60Cs40β 0.48 0.11 2.3 1.2 — 4.0 60.0
Na25Cs75β 0.9 3.0 — 4.0 60.0 −0.317 Pt/Na25Cs75β 0.43 0.10 0.8 3.0 — 4.0 60.0
Csβ — 3.5 — 4.1 59.9 −0.318 Pt/Csβ 0.27 0.06 — 3.9 — 4.1 59.9

sorption coefficient of cesium. A small loss of crystallinity
of the NaCsβ samples after calcination, estimated from the
KL — — 8.9 9.0 27.0 −0.391 Pt/

a Unit cell of 64 and 36 tetrahedra (Si, Al atoms) for the β and L structu
b Average Charge on the Lattice Oxygens on the Zeolitic Supports.
ET AL.

sisted in a mixture of hydrogen and n-hexane (molar ratio
of 6 to 1) which was homogeneized in a preheated (80◦C)
vaporizator. The space velocity (WHSV) varied from 15 to
45 h−1, H2 being used as a carrier gas. The reaction prod-
ucts were separated and identified by an on-line Hewlett–
Packard chromatograph, equipped with a 50 m plot capil-
lary column (PONA) and a flame ionization detector (FID).
Results are reported as conversions (percentage of n-
hexane moles reacted) and product selectivities (weight of
product divided by weight of n-hexane reacted, in percent).

RESULTS

1. Chemical and Textural Characterizations

Zeolitic Supports

The unit-cell compositions of the KL and NaCsβ zeo-
lites, deduced from atomic absorption analysis of Si, Al,
Na, and Cs, are reported in Table 1. The results confirm
that the compensating cations in the β zeolite are easily ex-
changeable. This table also reports the average charge on
the oxygen atoms of the Pt-free zeolites, calculated using
the Sanderson equalization principle of electronegativities
(8). It is noteworthy that the average charge on the oxygen
atoms of the β zeolite lattice does not change to a large
extent by varying the cesium amount, due to the high Si/Al
ratio (low number of countercations).

The crystallinity of the β zeolite after Na and/or Cs
exchange was checked by FTIR spectroscopy and X-ray
diffraction (spectra not shown for the sake of brevity). For
all the NaCsβ samples, the FTIR bands in the wavenumber
range 700–400 cm−1, associated with skeletal modes char-
acteristic of highly crystalline β (28), are retained. More-
over, the XRD patterns are charateristic of the β structure.
The lower intensity of the diffraction peaks when the Cs
KL 0.35 0.05 — — 8.8 9.0 27.0

res, respectively.
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FIG. 1. Dynamic adsorption of cyclohex

area of the most intense peak at 2θ = 22.5◦, corrected from
the X-ray absorption changes due to the different Na/Cs ra-
tios (29), was observed. The values obtained indicate that
the NaCsβ catalysts remain highly crystalline since only the
Csβ catalyst loses around 7% of crystallinity.

Figure 1 compares the dynamic adsorption of cyclohex-
ane in the various NaCsβ and KL zeolitic supports. In
spite of an initial rate of adsorption larger for KL than for
the NaCsβ samples, the adsorption capacity is significantly
smaller in KL, in agreement with the smaller pore volume of
this unidirectionel microporous structure. For comparison,
the micropore volumes classically reported for β (30) and
L (31) zeolites are around 0.25 and 0.16 mL/g, respectively.
Besides, the amount of cyclohexane adsorbed at equilib-
rium decreases proportionnally to the cesium content as
illustrated on Fig. 2. It is noteworthy that the adsorption
capacity of the NaCsβ supports tends to that of the KL
zeolite with increasing cesium loading.

Pt Loaded Zeolites

The NaCsβ and KL zeolitic supports were exchanged by
platinum tetraammine in identical conditions, correspond-
ing to the same expected amount of platinum (0.5 wt% cor-
responding to 0.12 Pt atoms per unit cell). In spite of these
constant experimental conditions, the Pt loading in KL is
about 30% lower than that in Naβ (Table 1). Moreover, in
the NaCsβ series, it decreases when the Cs/Na atomic ratio
increases and the decrease is proportional to the increase of
the cesium content as already observed for the cyclohexane
(Fig. 2). It is unlikely that the lowering
adsorption and of the Pt exchange ca-
sing the Cs/Na ratio in β are related to
ne in the NaCsβ and KL zeolitic supports.

a partial collapse of the zeolite framework since the XRD
patterns, and the FTIR structural bands of NaCsβ samples
show that the samples remain highly crystalline. This low-
ering rather suggests a partial blockage of the β porosity by
the bulky cesium cations.

Besides, no peaks characteristic of a Pt metallic phase
are detected by XRD after reduction of the catalyst sam-
ples. This was expected in view of the weak Pt loading and
it confirms that the Pt particles are small. Furthermore,
no FTIR bands of framework-bridged hydroxyls (Brönsted
acid sites) at 3610 cm−1 are detected in the reduced Pt sam-
ples (spectra not shown), suggesting that the amount of
FIG. 2. Capacity of cyclohexane adsorption and number of exchanged
Pt atoms per unit cell as a function of the number of Cs atoms per unit cell
in the NaCsβ zeolites.
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FIG. 3. Evolution of NH3 (mass 17), N2 (mass 28), N2O (mass 44), and
NO (mass 30) during decomposition upon heating (5◦C/min) in (A) oxygen
(5 mL/min 5%O2/He) or in (B) He (5 mL/min He) of the Pt(NH3)

2+
4

complex exchanged in the NaCsβ and KL zeolites. The TPO curves in (A)
are identical whatever the zeolitic support.

protons produced by reduction of the platinum ions is too
small to be detectable in the FTIR spectra of the β samples.

2. Decomposition of the Platinum Tetraammine Precursor

The thermal decomposition in oxygen (TPO) or in he-
lium (TPHe) of the ammonium ligands of the exchanged
Pt tetraammine complexes is revealed by the evolution of
NH3 (masses 14 to 17), N2 (masses 14 and 28), N2O (masses
30 and 44), and NO (masses 14, 16, and 30).

When the decomposition is performed in oxygen (TPO),
the MS spectra are identical, regardless of the zeolite sup-
port. A typical spectrum is reported in Fig. 3A. The zeolite
is dehydrated below 200◦C (mass 18, not shown) and the
ammine ligands are subsequently decomposed in the tem-
perature range 200–300◦C as revealed by the evolution of
N2, N2O, and NO. The decomposition in oxygen of the am-
mine complexes in alkali β zeolite is achieved below 300◦C.

The decomposition in helium (TPHe) contrasts with the

above observations and some differences are observed
from one sample to another (Fig. 3B). The process of
the Pt tetraammine decomposition is similar for the Na-
ET AL.

containing NaCsβ supports as shown by the curves reported
for the Naβ and Na25Cs75β ones, the ammine ligands being
first released as NH3 (with some N2) around 320◦C, then
as N2 around 500◦C. The process is significantly different
for the Pt/Csβ and Pt/KL samples for which the evolution
of NH3 occurs at a temperature lower than above and in
at least two steps centered around 200 and 300◦C. It is well
known that autoreduction occurs during the decomposition
of metal tetraammine complexes in helium, leading to large
particles with no practical interest for catalysis. However,
the similarity of the behaviors of the Pt/KL and the Pt/Csβ
compounds, as far the NH3 removal is concerned must be
emphasized.

3. Platinum Reducibility and Particle Size

The TPR profiles of the calcined Pt/NaCsβ and Pt/KL
samples are compared in Fig. 4. For the sake of clarity, the
curves for the intermediate Pt/Na40Cs60β and Pt/Na75Cs25β

(close to that of Pt/Na25Cs75β) are not reported. The TPR
profiles of Pt/Naβ and Pt/Csβmarkedly differ. Thus, a single
sharp peak around 400◦C is observed for the Pt/Naβ sample,
whereas two peaks centered around 230◦C and 450◦C (with
a shoulder around 400◦C) are found for Pt/Csβ. Moreover,
the quantitative analysis of the curves indicate that the con-
sumption of H2 corresponds to a H/Pt ratio of 1.9 for the
Pt/Naβ sample, whereas it equals 7 for the Pt/Csβ zeolite.
In the case of the intermediate Pt/NaCsβ samples, the peak
around 400◦C is the only one identified but it is significantly
broader (380–520◦C) than that observed for the Pt/Naβ ze-
olite. It may be underlined that the Pt/KL zeolite also ex-
hibits two peaks, corresponding to a high consumption of
H2 (H/Pt= 9), with maxima at temperatures around 230
and 420◦C, close to those observed for the Pt/Csβ sample.
FIG. 4. TPR profiles (25 mL/min 5% H2/Ar, 10◦C/min) of Pt/NaCsβ
and Pt/KL samples previously calcined at 300◦C.



          
AROMATIZATION OF n

FIG. 5. Distribution of the platinum particle sizes (expressed as a
number of particles percentage) in the reduced Pt/Naβ, Pt/Csβ, and Pt/KL
samples.

TEM images of the Pt/Naβ, Pt/Csβ, and Pt/KL zeolites

were taken after reduction of the solids at 500◦C. The size
distribution of t
are reported in

order to allow the comparison of selectivities in ranges of
range 25–70%
d in the range
he metal particles visible in the micrographs
Fig. 5. The narrowest distributions are ob-

close conversions. The conversions are in the
for the Na-containing Pt/NaCsβ samples an
FIG. 6. Selectivity to benzene as a function of n-hex
-HEXANE ON Pt/NaCsβ 249

served for the Pt/KL and Pt/Csβ samples with a mean di-
ameter dm of about 17 Å. Unfortunately, this evaluation
cannot take into account the very small particles possibly
present but not detectable by TEM (Pt particles with a di-
ameter lower than 7 Å are not detected by our microscope).
For the Pt/Naβ sample, some scarce but large particles
(40< d< 180 Å) are also observed (particles with d> 100 Å
not seen in Fig. 5). These particles are obviously located at
the external surface of the zeolite but their amount is neg-
ligible, in comparison with the total number of particles.
The presence of these large particles suggests that some
autoreduction occured during calcination in air (32) which
is indeed confirmed since the calcined Pt/Naβ sample al-
ready exhibits Pt particles before reduction (histogram not
given).

4. Catalytic Results

The catalytic results in the n-hexane transformation of
the Pt/NaCsβ and Pt/KL catalysts are reported in Tables 2
and 3 and in Figure 6. Table 2 gives the conversions of
n-hexane and selectivities to the main products of reac-
tion (aromatization, isomerization, and cracking) for the
Pt/NaCsβ and Pt/KL catalysts for the “fresh” and “used”
catalysts (corresponding to 0.1 and 2 h of time on stream,
respectively). Figure 6 plots the selectivities to benzene ob-
tained during the runs as a function of conversions. Due
to higher activities of the Na-containing Pt/NaCsβ cata-
lysts, as compared to the Pt/Csβ and Pt/KL ones (Table 2),
the WHSV were modified by varying the contact times in
ane conversion on the Pt/NaCsβ and Pt/KL catalysts.
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TABLE 2

Conversion, Product Selectivity, and Coefficient of Deactivation during n-Hexane
Transformation Reactions at 723 K on the Pt/NaCsβ and Pt/KL Catalysts

Product selectivity

WHSV Conversion Benzene Isomers Cracking Dbenzene
c

Samples (h−1) (%) (wt%) (wt%) (wt%) (%)

Pt/Naβ
fresha 45 56 10 72 18
usedb 28 1 93 6 95

Pt/Na75Cs25β

fresha 35 69 14 61 25
usedb 26 7 85 8 80

Pt/Na60Cs40β

fresha 25 70 20 50 30
usedb 31 7 83 10 84

Pt/Na25Cs75β

fresha 15 66 23 52 25
usedb 32 8 82 10 83

Pt/Csβ
fresha 15 39 32 47 21
usedb 20 26 57 17 58

Pt/KL
fresha 15 49 45 35 21
usedb 28 41 41 18 48

a Fresh: after 0.1 h time on stream.

b Used: after 2 h time on stream.

c Coefficient of deactivation towards benzene: D

yields of benzene after 0.1 and 2 h of time on strea

10–50% for the Pt/Csβ and the Pt/KL samples. Table 3 gives
the selectivities at isoconversion (39%).

It can be observed that our reference Pt/KL sample is
less efficient (lower stability and selectivity) than the best
samples reported in the litterature (11–13). This is probably
due to differences in the preparation mode.

For all samples, the conversion and selectivities to aroma-
tization and cracking decrease with time on stream, whereas
the selectivity to isomerization increases (Table 2). For the
Na-containing catalysts, isomerization is the main reaction

TABLE 3

Product Selectivity at Isoconversion (39%) in the n-Hexane
Transformation Reactions at 723 K on the Pt/NaCsβ and Pt/KL
Catalysts

Product selectivity (wt%)

Samples Benzene Isomers Cracked molecules

Pt/Naβ 9.9 86.6 3.5
Pt/Na75Cs25β 7.2 80.0 12.8
Pt/Na60Cs40β 8.1 80.0 11.9
8.0 81.0 11.0
32.0 47.0 21.0
43.5 37.0 19.5
benzene= (Y0.1–Y2)/Y0.1, where Y0.1 and Y2 are the
m, respectively.

and after 2 h the selectivity to isomer compounds is more
than 80%, while that to aromatics is less than 10%. By
contrast, the selectivity to aromatics always remains in the
range 25–45% for the Pt/Csβ and Pt/KL catalysts (Table 2).
At isoconversion (39%), the selectivity to aromatization is
at least three times higher for the Pt particles supported on
the Csβ than on the NaCsβ zeolites, drawing the Pt/Csβ
catalyst close to the Pt/KL one (Table 3 and Fig. 6). More-
over, the Pt/Csβ and Pt/KL samples are more stable towards
aromatization as shown by the lower coefficients of deac-
tivation Dbenzene (%) calculated as the ratio (Y0.1–Y2)/Y0.1,
where Y0.1 and Y2 are the yields of benzene after 0.1 and 2
h of run, respectively (Table 2).

These catalysts exhibited the same behavior in the trans-
formation of n-heptane into toluene as observed for the
conversion of n-hexane in Fig. 6, with a higher selectiv-
ity to toluene for Pt/KL and Pt/Csβ, in comparison to the
Na-containing catalysts (figure not shown for the sake of
brevity) (63).

5. FTIR Study of CO Adsorbed on Pt Particles

The spectra of CO adsorbed on the Pt/NaCsβ compounds

are shown in Figs. 7A (adsorption at room temperature)
and 7B (subsequent heating at 100◦C and outgassing for
1 h at the same temperature). For all samples, the linear
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FIG. 7. FTIR spectra of CO adsorbed on the Pt metal particles in
Pt/NaCsβ and Pt/KL samples recorded after evacuation (A) at room tem-
perature and (B) at 100◦C.

CO species (1900–2150 cm−1) are predominant, the inten-
sities of the bridging CO bands (1750–1900 cm−1) being
very low as usually observed for small Pt particles (33). The
frequencies of the maxima of the bands of linearly bound
CO molecules are reported in Table 4.

For CO adsorbed at room temperature (Fig. 7A), a single
and smooth peak is observed for the Na-containing β sam-
ples with slight differences in its position (2080–2071 cm−1).
A broadening towards the low frequencies appears for the
Pt/Na25Cs75β sample but the shape of the signal is not sig-
nificantly modified. In contrast, the spectra of Pt/Csβ is
strongly different and resembles that of Pt/KL with the
presence of at least two components at much lower fre-
quencies (2043, 1997 and 2057, 1983 cm−1 for Pt/Csβ and
Pt/KL, respectively).

At 100◦C, a decrease in intensity can be noticed for the
Na-containing β samples with a shift to lower frequen-

TABLE 4

Frequency of the Maxima of the FTIR Bands of CO Adsorbed
on Pt Metal Particles in the Pt/NaCsβ and Pt/KL Catalysts

νCO (cm−1) νCO (cm−1)
Samples adsorption at RT after treatment at 100◦C

Pt/Naβ 2080 2062
Pt/Na75Cs25β 2076 2068
Pt/Na50Cs50β 2076 2067

Pt/Na25Cs75β 2071 2065
Pt/Csβ 2030 1997
Pt/KL 2055 1983
-HEXANE ON Pt/NaCsβ 251

cies due to decreased dipole–dipole coupling interactions
(Fig. 7B and Table 4). For the Pt/Csβ and Pt/KL samples,
a significant increase of the intensity of the low frequency
component is observed at the expense of the high frequency
component . One more time, the Pt/Csβ compound shows
an analogous behavior with that of the Pt/KL catalyst, with
the same CO band shape and with similar wavenumbers of
the maxima.

DISCUSSION

On the basis of the TPR, TPHe, FTIR, and catalytic
data, two sets of samples may be distinguished among the
Pt/NaCsβ and Pt/KL zeolites which are, on the one hand,
the Na-containing Pt/NaCsβ samples and, on the other
hand, the Pt/Csβ and Pt/KL ones. An analogy between the
Csβ and KL supports is also found in terms of cyclohex-
ane adsorption and Pt-exchange capacities which are lower
than in the Na-containing β samples.

Considering the Pt/KL reference catalyst, a considerable
number of investigations have been already carried out and
several proposals reported to explain the high aromatiza-
tion properties of this system in comparison to Pt supported
on conventional acidic (silica and alumina) and basic (mag-
nesia) supports. The main factors which are thought to
determine the catalytic properties have recently been re-
viewed (23, 24). Among these factors, one may quote the
interaction of Pt with the basic sites of the L zeolite, leading
to an increase in the electron density of the metal particles
(14, 17, 18, 34). Other hypotheses are the molecular die con-
cept, based on the terminal end-on adsorption of n-hexane
on the Pt clusters favoring the C6-ring closure and leading
to aromatics (19, 20) and the so-called confinment model
which involves the structural recognition and preorganiza-
tion of the alkane molecule (21). Other studies comparing
the aromatization properties of small Pt particles dispersed
on KL, on microporous and macroporous silica, and on
carbon call into question the confinment and/or collima-
tion models since these supports do not exhibit a peculiar
microporous channel system (13). Moreover, recent investi-
gations on Pt supported on Mg(Al)O showing the efficiency
of this system outline the importance of the support basicity
(22). Finally, the very small sizes of the platinum particles
generated in the Pt/KL zeolites (<1 nm) and their stabi-
lization within the channels appear as a determinant factor
responsible for their high aromatization efficiency (13, 22,
35–37).

Turning now to our Pt/NaCsβ catalysts, we have to ex-
plain the peculiar behavior of the totally Cs-exchanged
Pt/Csβ sample, which brings it close to the Pt/KL zeolite.
In view of the above literature data we will consider in

the discussion hereafter, the possible roles of (i) the elec-
tronic effects related to the metal/basic–support interac-
tion (electronic enrichment of the surface of the particle by
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polarization or by transfer of electrons from the support to
the metal) (38), (ii) the distribution of the size of the plat-
inum particles involving possible electronic effects due to
different particles morphologies and different unsaturated
Pt sites (geometric effect), and (iii) the location of the al-
kali in the zeolitic porosity and its vicinity to the platinum
particles.

1. Catalytic Behavior and Particle Sizes

For the Na-containingβ samples, isomerization is the pre-
dominant reaction and a strong deactivation in aromatiza-
tion and cracking occurs during the catalytic runs. These
results cannot be explained by the residual protonic acid-
ity produced by the reduction of platinum since no well-
defined OH bands at 3610 cm−1 are observed in the FTIR
spectra of the reduced catalysts, suggesting a low amount
of protons. The catalytic results may rather be understood
by considering the size of the platinum particles.

In the Pt/Naβ sample, metal particles with an average di-
ameter d= 21 Å are formed, embedded within the zeolite
framework. This size, higher than that of the β channels
suggests a local destruction of the zeolitic walls. Larger par-
ticles (50< d< 200 Å) are also present at the external sur-
face of the zeolite. Such large particles are known to favour
isomerization and hydrogenolysis and to contribute to the
deactivation (24). In the case of the Pt/Csβ and Pt/KL sam-
ples, the Pt particles are slightly smaller, with an average
diameter d= 17 Å.

A difference in the average particle size of 4 Å is not
sufficient to explain the difference in selectivity to arom-
atization exhibited by our β samples. Moreover, the mean
diameter of 17 Å measured for Pt/Csβ is significantly higher
than that usually evoked in the literature for the plat-
inum particles in Pt/KL (d ≈ or < 10 Å) responsible for
increased aromatization and lower deactivation. Thus, very
small Pt clusters of 5–6 atoms have been proposed from
EXAFS analysis (16, 37, 39). The hypothesis of Pt clus-
ters with d< 10 Å is in line with the H/Pt ratios higher
than 1 found for hydrogen chemisorption measurements
(14, 37). Moreover, TEM images of Pt/KL have shown
that the Pt particles are hardly detectable (15, 20a, 40).
Therefore, these data lead us to consider the existence
of very small particles, not detected by TEM and not in-
cluded in the calculated average diameter, in our Pt/KL and
Pt/Csβ samples which show higher stability and selectivity
to aromatization than the Na-containing Pt/NaCsβ cata-
lysts.

In 1979, Bernard et al. reported a high selectivity to ben-
zene for Pt/KL samples (1% Pt), exhibiting Pt particles with
a mean size around 20 Å (41). Thus, taking into account
the more recent hypotheses, it is likely that the high ef-

ficiency of those catalysts is due to the presence of small
particles not detected by the microscope available at that
time.
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2. State of Platinum before Reduction

TPR profiles of Pt-supported zeolites strongly depend on
the conditions of the sample preparation. They are related
to the nature (bare Pt cation or Pt oxide) (42)) and oxidation
state (Pt2+ or Pt4+ ions) (15, 42b, 43) of the platinum atoms
present after calcination. They also depend on the metal–
support interaction (44).

For the Pt/KL system, various TPR profiles were re-
ported. Three peaks at 11, 80, and 150◦C, assigned to the
reduction of PtO and of two Pt2+ species, respectively, were
found for a Pt ion-exchanged sample, whereas a peak at
250◦C, assigned to Pt4+ ions, was observed for an impreg-
nated sample (15). Recently, two peaks at 120 and 230◦C
were reported for the reduction of a Pt/KL sample pre-
pared by impregnation (45). The above data suggest that
the reduction is achieved below 250◦C. This could be in
line with the fact that the best dispersion of Pt in Pt/KL
(23, 46) and Pt/BaKL (12) is obtained when the reduction
in flowing hydrogen is performed around 300◦C. However,
a high-temperature TPR peak centered around 430◦C was
also found for Pt/KL (32) and Pt/Kβ (26a), together with
a lower temperature peak (range 200–230◦C), indicating
that temperatures higher than 430◦C may be required for
complete reduction of the Pt ions. The high-temperature
peak was also found for Pt/Hβ (43) . For the β zeolite,
the peaks at 195 and 430◦C were respectively assigned to
Pt2+ ions located in the main channels and in hidden sites
(26a), the nature of the latter being unknown. These peaks
strongly resemble those found for our Pt/KL and Pt/Csβ
samples.

Although different Pt locations may exist in our Pt/KL
and Pt/Csβ samples (for instance, surface or core of the ze-
olite particules, location in defect sites), a 220◦C difference
between the 230◦C and 450◦C TPR signals cannot be ex-
plained in terms of diffusional constraints, since hydrogen
molecules diffuse very rapidly. It is likely that these two
peaks reveal the contribution of species of a different na-
ture (oxide or bare ions), different oxidation degrees (2 or
4), and/or different strengths of metal–support interaction.
Work is under progress to discriminate between these fac-
tors. However, the abnormally high H2 consumption found
during TPR reduction of the Pt/KL and Pt/Csβ samples
(corresponding to H/Pt= 9 and 7, respectively) implies that
species other than Pt2+ and Pt4+ are reduced. These results
may be understood if we take into consideration the exis-
tence of very small Pt clusters as mentioned above, which
could migrate close to alkali species. These species could
then be reduced by hydrogen molecules activated on these
Pt clusters, contributing thus to the high H/Pt ratio. From a
thermodynamic point of view, the reduction of alkali ions
at 500◦C is unlikely to occur. Therefore, it is proposed that,

during the preparation, a part of the alkali species are sta-
bilized as an oxidized species such as K2O and Cs2O. A pos-
sible effect of highly basic oxides on the surface structure
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of the metal clusters was reported (23). The above inter-
pretation is speculative and further experiments, where Cs
is incorporated as an oxide, are being performed.

By contrast with the results discussed above, the H/Pt
ratios close to 2, observed for the Na-containing Pt/NaCsβ
samples, suggest the presence of Pt species at an oxidation
degree 2+. Moreover, the single high temperature peak at
400◦C, observed for these samples in agreement with the
results of Lee et al. (43), suggests that they correspond to
bare Pt2+ ions.

3. Infrared Results of CO Adsorbed at 100◦C

The assignment of the high (HFB) and low frequency
band (LFB) on Pt/KL zeolite have been the matter of con-
troversial interpretations. Many investigations on CO ad-
sorption are performed at high CO coverages, thus includ-
ing effects of vibrational coupling and chemical shifts (17b,
47, 48). For CO adsorbed at atmospheric pressure, the mu-
ticomponent bands have recently been proposed to arise
from the formation of Pt carbonyl complexes (49).

The high frequency band was thought to result from CO
adsorption on larger particles while the position of the LFB
was shown to depend on the alkali ion (17b, 50). Therefore,
the shift to lower frequencies has been interpreted by an
increase of the electronic density of the d orbitals of the
platinum particles, leading to increased occupation of the
2π∗ orbital and subsequent weakening of the CO bond (17b,
18, 41, 51). The transfer of electrons to the metal particle was
attributed to the basicity of the oxygen atoms in the vicinity
of the alkali ion (17b, 18, 41, 52) . For the multicomponent
LFB, Ostgard et al. suggested that these bands correspond
to CO bonded to PtnH+ clusters with various degrees of
electron deficiency (15). In our case, the absence of a well-
defined OH band characteristic of protons (at 3610 cm−1)
rules out this hypothesis.

An alternative explanation to the electronic effect of the
metal–support interaction is the so-called geometric effect,
where the morphology of small particles exhibit unsatu-
rated sites (corners, kinks, edges, and faces of platinum
particles) with modified electronic structure. Blyholder’s
model indicates that the more unsaturated the site, the
lower the CO frequency (53). The overlapped components
below 2000 cm−1 represent different unsaturated sites of
platinum particles (17b, 54, 55). Thus, a linear decrease
of the position of the CO band with decreasing number
of coordination was found (54, 55).

Recently Lane et al. (56), in a comparative study on
K-containing supports (zeolites and silica), attributed the
HFB and LFB of the Pt/KL sample to CO adsorbed on Pt
located in different environments. The LFB was attributed
to the electrostatic interaction of the oxygen atom of the

+
CO molecule with the potassium cation (Pt-CO · · ·K ),
whereas the HFB corresponded to unpertubed CO (Pt-
CO). This interpretation was supported by Kappers et al.
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(47), who showed that adsorption of water on the K+ ion
screened this effect and led to higher CO frequencies.
Moreover, the broadness of the multicomponent bands was
mainly explained by the distribution of the platinum size
particles (57).

The effect of water on the spectra of CO adsorbed
on Pt/KL was recently reinvestigated by Menacherry and
Haller (58a). In contrast to the experimental conditions of
Kappers et al. (57), their working conditions corresponded
to a redistribution of the population of the CO oscillators
and to decreased dipole–dipole interactions. These authors
find a redshift of the CO frequency with increasing uptake
of water and completely disagree with the attribution of the
LFB to the interaction of CO with K+ cation.

The effect of the alkali promoters on the frequency of
CO has extensively been studied from a theoretical point
of view (59). The downward shift is explained by the trans-
fer of the alkali electrons to the 2π∗ antibonding CO or-
bitals. With alkali cations acting as Lewis acids, a direct
electrostatic interaction is considered as for organometal-
lic salts (60). Experimental results of the CO shifts, when
alkali ions are present, indicate low CO frequencies in the
1700–1800 cm−1 (61, 62). In our opinion, the position of the
LBF observed on Pt/KL around 1930 cm−1 is too high and
thus cannot be assigned to a direct electrostatic CO–K+ in-
teraction. However, the study of Lane et al. (56) obviously
shows the influence of the K+ ion. The effect of the alkali
cation may rather be attributed to the increased basicity
of the oxygen atoms close to the alkali cation and to the
platinum particle, leading to decreased CO frequency.

Turning now to our samples, the Na-containing samples
show a single band in the 2073–2000 cm−1 range (HFB)
for CO adsorption at 100◦C, while the Pt/Csβ and Pt/KL
samples show a broad band composed of two multiplets
at lower frequencies (Fig. 7B). Considering the channel-
structure of these zeolites in comparison with conventional
supports, it seems difficult to discard the metal–support in-
teraction as one of the main factors leading to a shift of
the CO frequencies. Although the basicity of the Pt/Csβ
compound calculated from the average oxygen charge of
the zeolite framework (Table 1) appears negligible, as com-
pared to that of Pt/KL or Pt/CsX, the basic character of the
β zeolites has already been shown (6, 9, 10), and thus, other
factors may contribute to this basicity (6, 7).

CONCLUSION

The infuence of Cs on Pt/NaCsβ zeolites was investigated
in the n-hexane transformation. The efficiency of these sys-
tems was compared to that of the Pt/KL zeolite. A set of
catalysts with different Na/Cs ratios was prepared and Pt

was introduced by exchange from the Pt tetraammine pre-
cursor. The reduced catalysts were mainly characterized by
TPR, TEM, and FTIR of CO probe molecules. The catalytic
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results, as well as the TPR and IR results (existence of a low
CO frequency band), pointed out the peculiar behavior of
the 100% Cs-exchanged beta and of the Pt/KL samples.
A significant increase in the selectivity to aromatization to
benzene was found, in comparison to the Na-containing
samples. Platinum particles embedded in the zeolite lattice
with a mean size of 17 Å were observed for the Pt/Csβ and
Pt/KL samples while the Pt/Naβ exhibited some large par-
ticles at the external surface of the zeolite (d= 21 Å). The
enhanced selectivity to aromatization and the correlative
decrease in deactivation was explained, assuming the pres-
ence of very small Pt clusters which could not be detected
by TEM. This hypothesis is strengthened by the TPR re-
sults which show a high H/Pt ratio for these two samples
(H/Pt> 7) suggesting the reduction of part of alkali species
(as oxides) in the proximity with small Pt clusters where
hydrogen is activated.

Controversial interpretations are reported to account for
the LFB observed in the presence of K+ ions in Pt/KL. First,
the electronic effect through the metal–support interaction.
Then, a geometric effect related to the morphology of small
particles, inducing a modification of the electronic structure
of unsaturated surface Pt atoms. These two hypotheses have
often been chosen one at the exclusion of the other. A third
model corresponds to the direct effect of alkali metals or the
electrostatic interaction of the K+ ion with CO. Indeed, all
these factors contribute to lower the CO frequency. Thus, it
seems not possible to discard the metal–support interaction
as in previous studies (54). In our samples, the experimental
position of the LFB (1990 cm−1) seems too high to account
for an electrostatic interaction of the K+ ion with the CO
dipole, and therefore, the metal–support interaction has to
be considered. The existence of alkali ions in the proximity
of small Pt clusters would increase the basicity of neigh-
bouring oxygen atoms of the support and favour an elec-
tron transfer to the metal particle. Our interpretation is in
line with the recent work of Menacherry and Haller (58b).

For the Na-containing samples the selectivity results
could suggest that Pt particles ignore the Cs+ ions and are
near the Na+ ions. In fact, the IR results show that Pt par-
ticles are neither in close contact with Na+ nor with Cs+

ions up to a 75% exchange into Cs. The whole results sug-
gest that only very small Pt clusters generated in a Pt/Csβ
(Pt/KL) sample can migrate in the zeolites channels and be
stabilized near the Cs+ (K+) ions. In this case, the efficiency
in aromatization properties increases and the basicity of
these ions increases the metal particle electron density.
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