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Basic Cs-Pt/MCM-41 catalysts: Synthesis, characterization
and activity in n-hexane conversion
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Cs-Pt/MCM-41 catalysts with basic character have been prepared by selective adsorption of Pt(NH3)4(OH), at pH =8 on pure silica
MCM-41 followed by incipient-wetness impregnation of CsNOs, then oxidation and reduction. The influence of the amount of Cs (0, 2
and 4wt%) on the size of the reduced Pt particles and on their catalytic behavior in the conversion of n-hexane has been investigated.
Whatever the Pt content (0.7 or 2.0 wt% Pt), the addition of Cs results in a higher Pt dispersion, a higher initial activity and a higher
selectivity for aromatization. On the more basic Pt-richest MCM-41 sample (4wt% Cs, 2wt% Pt) the selectivity to benzene reaches
values close to those obtained on Cs-enriched Pt/Cs-BEA zeolite. However, the catalytic stability is lower. The catalytic trends are
discussed in view of the physicochemical properties of the solids determined by chemical analysis, N, physisorption, XRD and TEM

before and after catalytic test.
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1. Introduction

In recent years, a growing amount of attention has
been paid to basic porous oxides due to their specific
performances as new heterogeneous catalysts (fine chem-
istry) [1,2] or as new supports for active phases. One
example is that of the industrial Pt/KL zeolite, which
attracted strong interest in the 1980s owing to its high
aromatization behavior in the conversion of n-paraffins
[3]. The numerous research works conducted to explain
the specific properties of Pt in basic KL have led to
three main hypotheses that have been reviewed recently
[4,5]. They are (i) a steric effect related to the channel
geometry [6—8], (ii) an electronic enrichment of the
metal particles by interaction with the basic KL support
[9], and (iii) the very small size of the platinum clusters,
which may change the electronic structure and thus the
catalytic behavior of the Pt surface atoms [10]. The
particle-size effect has been confirmed by showing that
the Pt(111) terraces are the most active surfaces for both
aromatization and terminal hydrogenolysis [11]. The
influence of the basicity of the support on the catalytic
activity of Pt in the conversion of n-paraffins has also
been investigated using zeolitic supports other than KL
[12], as well as non-zeolitic oxides such as SiO, [13] and
Mg(Al)O [14]. Some authors [15] have reported that the
presence of K™ or Mg" additives in a neutral (non-acid)
catalyst promotes aromatization of n-hexane.
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Recently, we have compared the characteristics of Pt
particles in Pt/alkali-BEA catalysts in which the basicity
of the support was increased either by decreasing the
electronegativity of the counter alkali cation [16,17] or
by exchanging progressively the Na cations by Cs ones
[18]. We have shown that an effect of basicity is to
stabilize the metal species by generating stronger
metal—support interactions [19], a consequence being a
higher Pt dispersion after reduction [17,18]. We have
also observed that the metal dispersion could be further
raised by incorporating excess Cs in the Cs-exchanged
BEA support [20]. The Pt nanoparticles with sizes
<10 A thus obtained showed properties close to those
already reported for Pt/KL, and we proposed that this
reaction can be taken as a test reaction to identify high
metal dispersions in Pt-supported catalysts [20].

The addition of Cs in excess as compared to the cationic
exchange capacity of a zeolite is known to generate strongly
basic Cs,O clusters dispersed in the microporosity [21,22].
Recently, the increase of the basicity by the addition of Cs
has also been reported for non-zeolitic oxides such as MgO
[23-24] and SiO, [25]. Furthermore, recent publications
have reported on the introduction of caesium in the
porosity of ordered mesoporous MCM-41. On the one
hand, Perez et al. [26] have observed that the impregnation
of MCM-41 supports with Cs acetate followed by calcina-
tion causes severe damage to the structure, especially in
the case of Al-containing materials. On the other hand,
Kloetstra and van Bekkum [27,28] have shown that
Cs-exchanged, as well as Cs-impregnated MCM-41, are
active basic catalysts for the Knoevenagel condensation.
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One advantage of ordered mesoporous oxides as
compared to disordered ones is their well-controlled
porosity [29]. They also show high surface area, which
allows one to achieve a high dispersion of the active
phase. Moreover, their surface properties, as for instance
the Cs/Si ratio, can be easily varied by post-synthesis
treatment. Finally, their larger pore size [30] compared
to zeolites could prevent pore blocking by bulky Cs
cations.

The aforementioned advantages of mesoporous
materials prompted us to extend our study of the
behavior of Pt in Pt/Cs-BEA to the case of Pt/MCM-41
basified by the addition of Cs. This could help to identify
further the roles of basicity and porosity in the formation
of Pt nanoparticles and contribute to a better understand-
ing of their reactivity in the conversion of n-hexane. To this
purpose, we have prepared Cs-impregnated Pt/MCM-41
catalysts containing Cs (0, 2 and 4wt%) and Pt (0.7 and
2.0wt%), and have characterized them by N,
physisorption, XRD and TEM. The physicochemical
properties of the samples are discussed at each step of
the preparation, and their catalytic behaviors in the
conversion of n-hexane are compared to those of basic
zeolitic Pt/Cs-BEA [31] taken as a reference.

2. Experimental
2.1. Materials

Synthesis of MCM-41. The parent silica molecular
sieve with MCM-41 structure was synthesized according
to the procedure described by Kim et al. [32]. This
synthesis, which includes three pH adjustments and the
addition of salt after a first heating period, improves
greatly the stability of the MCM-41 material toward
water. 58.6g of colloidal silica (Ludox HS40 from
Dupont, 40wt% SiO,) was added to 192g of a | M
NaOH solution under stirring at 75 °C and this mixture
was left at the same temperature under stirring until a
clear solution was obtained. This solution was cooled
to room temperature and added dropwise to an aqueous
solution of hexadecytrimethylammonium chloride (64 g
of HTACI 25wt% in water (Aldrich) mixed with
198 ml of water). The white mixture was transferred
into a polypropylene bottle and kept in an oven at
95 °C for 24 h. After this first heating period, the mixture
was cooled to room temperature, pH was adjusted to 10
with a 30% acetic acid-water solution and the mixture
was heated again at 95°C for 24 h. After this second
heating period, 8.7 g of NaCl was added under stirring
to the mixture. The pH adjustment procedure was
repeated after a third heating period of 10 days and a
fourth heating period of one day. After that, the precipi-
tate was filtered and dried overnight in an oven at 90 °C.
The surfactant was removed by a 2h washing of the
precipitate with a 0.1 M solution of NH,CI in ethanol

at 78°C (50ml per g of precipitate), followed by a
calcination under air flow (100mlmin~" g™") at 550 °C
(heating rate 1°Cmin') for 5h.

Introduction of Pt. The driving force for the adsorp-
tion of Pt in solution is the electrostatic interaction of
[Pt(NH;),]*" with the silica surface. Thus, the choice of
the pH is very significant since it should be high
enough to favor the formation of Si—O~ (ion-exchange
sites) at the surface, but not too high to avoid a dissolu-
tion of the silica which would induce a collapse of the
MCM-41 structure. pH = 8 seems to be a good compro-
mise since at this pH the dissolution of silica is very slow
but the surface charge is high enough to favor the inter-
action with cationic species [33]. Samples Pt,MCM,
where x = 0.7 (respectively 2) represents the wt% of Pt
in the calcined solids, were prepared as follows: 70 ul
(respectively 200 ul) of an aqueous tetraminoplatinum
(IT) hydroxide solution (Pt(NHj3)4(OH),, 10 wt% Pt in
water) were mixed with 100 ml of distilled water. 1 g of
previously calcined MCM-41 was added and the pH
was adjusted to 8 by adding NH,OH upon stirring for
approximately 10min. The mixture was left under
stirring for 3h and the white precipitate was recovered
by filtration, washed with water, rinsed with ethanol
and dried overnight at 90 °C.

Addition of Cs. CsNO3 was chosen as the Cs precursor
in order to ensure the neutrality of the impregnation
solution and the easy decomposition upon calcination
in air. Increasing amounts of Cs (0, 2 or 4wt%) were
incorporated in the Pt/MCM-41 samples by incipient-
wetness impregnation with appropriate amounts of an
aqueous CsNOj; solution (CsNO3z 99% purchased from
Fluka). The impregnated samples were dried at 90 °C
overnight and finally calcined under O, flow
(Ilmin'g™") at 300°C (heating rate of 1°Cmin"'
until 200°C and 0.25°Cmin~! until 300°C) for 2h
before their characterization. They are henceforth
referred to as samples Pt,Cs,MCM, where x and y are
the wt% of Pt and Cs in the calcined solids, respectively.

Reference samples. Sample Pty ;CsBEA (Si/Al=15)
containing 0.7wt% of Pt was prepared as detailed
elsewhere [31]. Its Cs content (atomic Cs/Al ratio of
1.2) is slightly higher than that required for charge
equilibrium (Cs/Al=1), indicating the presence of a
small excess of Cs (=23 wt% among the total 13 wt% of
Cs) in the Cs-BEA zeolitic support. Sample Pt;Cs4SiO,
(1wt% Pt, 4wt% Cs) was prepared as described for
Pt,Cs,MCM, but using Aerosil 380 (Degussa, 380 m?/g,
non-porous silica) as support.

2.2. Characterization

The contents (wt%) of Cs and Pt in the calcined
samples were measured by atomic absorption (Central
Analysis Service of the CNRS, France).

X-Ray diffractograms were collected on a Siemens D
500 X-ray diffractometer (Cu K, wavelength =1.54 1&).
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The scanning range was set from 1.7 to 8° (26) with a step
size of 0.02s.

N, adsorption-desorption isotherms were obtained at
—196 °C on a Micromeritics ASAP 2010 instrument, after
outgassing the samples at 150°C under a pressure of
1073 Torr for 5h. The pore sizes were evaluated from the
desorption branch of the isotherm using the BJH model.

Transmission electron microscopy (TEM) of the
microtomed catalysts was used to determine the size
and the location of the Pt particles in the samples
previously reduced in flowing H, (41h~'g™") at 500°C
(5§°C/min) for Sh. The micrographs were examined on
a JEOL-JEM 100 CXII apparatus. Bulk mesoporous
materials were embedded in a resin and cured at 70 °C
for two days. Ultrathin sections (approximately 70 nm)
were cut from the embedded sample using a diamond
knife (Leica Ultra Cut UCT). They were laid on
carbon-coated copper grids.

Thermogravimetric (TG) analysis of the catalysts
after reaction was performed on a Setaram TG-DSC92
thermobalance. The coke formed during catalytic
measurements was burnt under air flow (50 mImin~")
in the 25-800 °C temperature range (2°C min~').

2.3. Catalytic measurements

The n-hexane conversion reaction was performed in a
semi-continuous flow reactor, at 450 °C under a total
pressure of 1 bar. The calcined samples were reduced
in situ in a flow of H, (41h~' g™ ') at 500 °C (5°C/min)
for Sh. The reaction feed consisted of a mixture of
hydrogen and n-hexane (molar ratio H,/n-Cq=06),
which was homogenized in a preheated (80 °C) vaporizer.
H, was used as the carrier gas and the space velocity was
kept constant (WHSV = 15h™!). The reaction products
were separated and identified by an on-line Hewlett-
Packard chromatograph, equipped with a 50m plot
capillary column (PONA) and a flame ionization
detector (FID). The reproducibility of the tests was
estimated at +5.0%. The results are reported as con-
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versions (percent of n-hexane reacted) and product
selectivities (weight of product divided by weight of n-
hexane reacted, in percent).

3. Results and discussion

The procedure for the preparation of the Pt,Cs, MCM
samples was chosen to provide a stable mesoporous
MCM-41 structure, easily tune the amount of incor-
porated Pt and Cs, and achieve a high Pt dispersion.
The platinum contents (table 1) indicate that all the Pt
atoms of the Pt(NH;)4,(OH), solution have been
adsorbed onto the MCM-41 support during preparation,
thus confirming that the experimental conditions used
(pH =28) favored electrostatic interactions between the
MCM-41 surface and the metal precursor cations.

3.1. Structure of the Pt,Cs,MCM samples.

The XRD pattern (figure 1(a)) and N, physisorption
isotherm (figure 2(a)) of the support after removal of
the surfactant by washing in the NH,Cl/ethanol solution
and calcination are characteristic of hexagonal mesopor-
ous MCM-41, with well-defined (100), (110), (200) and
(210) diffraction peaks, and a high surface area
(990 m?/g, table 1).

The fact that the MCM-41 structure has been preserved
upon successive additions of Pt and Cs is shown by the
XRD and N, physisorption data. A typical evolution of
the XRD pattern along the preparation steps (figure 1)
shows that the diffraction peaks of the MCM-41 structure
are still well identified after the introduction of Pt, in spite
of a small decrease of the peak intensities (figure 1(b)), and
the decrease is more pronounced for the Cs-impregnated
sample for which the (210) diffraction is no more visible
(figure 1(c)). This reveals a progressive distortion of the
long-range ordering of the hexagonal structure. The
latter is associated with a progressive decrease of both
the total surface area and pore diameters, as shown by

Table 1
Physico-chemical properties of the samples.

Samples Chemical analysis N, physisorption before and (after) catalytic test TEM
average
Pt Cs Surface area Pore volume @ pores particle size

(Wt%) (Wt%) (m*/g) (em’/g) (A) @A)
MCM-41 - - 990 0.9 29 -
Pt,;MCM 0.7 0 874 0.80 27 18
Pt,MCM 2.0 0 923 (896) 0.83 (0.80) 28 (25) 23
Pt,Cs;MCM 2.0 2.0 696 0.56 25 n.d.
Pt,,Cs;MCM 0.7 3.6 763 (647) 0.66 (0.48) 25 (22) 13
Pt,Cs; MCM 2.0 3.8 791 0.68 27 15
Pt,Cs,Si0O, 1.0 4.0 ~300 - non-porous n.d.
Pt ,CsBEA 0.7 13* 450 0.16 <7 11

*Cs in reference Pty ,CsBEA includes exchangeable Cs* cations (2210 wt%) and excess Cs (223 wt%).

n.d. Non-determined.
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Figure 1. XRD patterns of (a) MCM-41, (b) Pty;MCM and (c)

Pt0v7CS4MCM.

the N, physisorption data (figure 2 and table 1). The loss of
order and porosity after impregnation with Cs could be
due either to a pore blocking by Cs,O clusters or to a
partial collapse of the structure during this preparation
step. In spite of these modifications, the surface area,
pore volume and pore diameter remain important for all
Pt,Cs, MCM (>700m’g"', >0.55mlg™' and >25A,
respectively, table 1).

3.2. Platinum particle size

The Pt° particles after reduction have been character-
ized by TEM. A typical micrograph (reduced
Pt,Cs;MCM, figure 3(A)) shows that the Pt particles
are well dispersed inside the mesoporous channels. The
distributions of the Pt particle sizes in the MCM-41-
based and reference Pty;CsBEA samples have been
determined by measuring the diameters of about 200
particles (figure 4). The average sizes evaluated from
these profiles are reported in table 1.
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Figure 2. Nitrogen adsorption-desorption isotherm of (a) MCM-41, (b)
Pty;MCM and (c¢) Pty;Cs;MCM (open symbols denote adsorption,
closed symbols desorption).

For most samples, the sizes of the metal particles
detected by TEM are in the range 5-30 A. A few larger
particles (30—40 A) are present in Cs-free Pt-rich
Pt;MCM (figure 4(b)), in which the average size (23 A,
table 1) is slightly higher than in Pt-poorer Pty;MCM
(18A). By contrast, the metal particles detected by
TEM are significantly smaller in all Cs-containing
Pt,Cs,MCM (figure 4, table 1) and their sizes, in the
range 5—15 A, are close to those in reference Pty ;CsBEA
containing excess Cs (figure 4(a)). Thus, Cs-impregna-
tion results in an increase of the Pt dispersion which
could be due, as already proposed for Pd/FAU [34]
and Pt/Cs-BEA [17,18], to an interaction between the
metal species and the basic Cs-enriched MCM-41
support along the successive preparation steps, leading
to a stabilization of dispersed Pt. In the case of Pt/KL
[35-37] and Pt/Cs-BEA [17], chemisorption and/or
EXAFS have shown that additional Pt nanoparticles
with sizes below the limit of detection of TEM could

Figure 3. Transmission electron micrographs of reduced Pt,Cs;MCM. (A) Before and (B) after catalytic measurement.
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Figure 4. Particle-size distribution of (a) M, Pto;MCM; , Pt,,Cs;MCM; 0O, Pt,;CsBEA and (b) M, Pt; MCM; , Pt,Cs;MCM.

also be present. Probably, this also takes place in the
Pt,Cs,MCM catalysts, as supported by preliminary
EDS analyses, which suggest the presence of Pt in
zones of the mesoporous support where particles are
hardly identified by TEM. Additional experiments are
being performed in order to clarify this point.

3.3. Catalytic results

The catalytic performances of the reduced Pt MCM
and Pt,CsyMCM samples have been studied in the
conversion of n-hexane, compared to those of the
reference zeolitic (Pty;CsBEA) and silica (Pt;Cs;SiO,)
catalysts. A blank test performed on a Pt-free MCM-41

containing 4 wt% of Cs showed no conversion, confirming
the absence of active sites on the mesoporous support
itself, on which no acidic sites are indeed expected
(silica-based materials). In agreement, the main products
of reaction formed during transformation of n-hexane
on the Pt-containing MCM-41 catalysts corresponded to
a conventional monofunctional reaction network occur-
ring on metallic sites. They are C;—Cs hydrocarbons
(hydrogenolysis products), 2- and 3-methylpentanes
(skeletal isomers), methylcyclopentane (MCP, originating
from hydrocyclization), benzene (main aromatization
product) and other C¢ hydrocarbons containing olefins
(present mainly on the deactivated catalysts). Table 2
details the conversions of n-hexane and selectivities to

Table 2
Conversion, selectivity to the main products, yields to aromatics, deactivation coefficients and terminal cracking index during transformation of n-hexane on
the Pt-supported catalysts; coke content after catalytic experiment.

Catalysts Conversion * Selectivity® (wt%) Aromatic Do’ TGA weight TCI¢

(%) yields (%) loss (%) ¢
C,-Cs 2MP-+3MP  MCP C6 =-+others  Aromatics

Pty MCM 19 15 18 28 17 22 4.2 79 0.6 0.8
(4) (11) (9) (20) (56) (4) (0.2)

PtLMCM 25 20 18 21 16 25 6.3 64 - 1.1
9) (18) (10) (17) (41) (14) (1.3)

Pt,Cs,MCM 28 8 24 12 21 35 9.8 - 2.1 2.9

Pt,,Cs;MCM 25 7 30 14 20 29 7.3 84 2.2 1.8
(4) (4) (8) (16) (69) (3) (0.1)

Pt,Cs; MCM 34 9 23 18 8 35 11.9 79 - 2.2

(7) (11) (12) (19) (39) (19) (1.3)

Pt,Cs,SiO, 23 9 31 12 22 26 6.0 87 0.2 2.1
(3) (8) (11) (8) (66) (7) (0.2)

Pty ;CsBEA 23 13 15 14 15 43 10.3 33 2.8
(3) (11) (10) (15) (34) (32) (5.1)

* After 7min and (120 min) time on stream.

® Deactivation coefficients Deony (%) = [(X7 — X129)/X7] x 100, where X; and X5, are the conversions of n-hexane at 7 and 120 min time on stream,

respectively.
¢ TGA weight loss in the 150350 °C temperature range.

4 TCI (terminal cracking index) (n-Cs/n-C,) determined at isoconversion (20%).
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Figure 5. Conversions of n-hexane on the catalysts containing (a) 0.7 wt% Pt and (b) 2.0 wt% Pt.

the above products after 7 and 120 min time on stream for
the various catalysts. It also reports the yields of aromatics
and the coefficients of deactivation calculated as the ratios
Deonv. = [(X7 — X129)/X7] x 100, where X7 and X1,y are
the conversions of n-hexane after 7 and 120 min time on
stream, respectively. The conversions after 7, 60 and
120 min time on stream are also compared in figure 5.

3.3.1. Catalytic activity and stability

The comparison of the conversions after 7 min time on
stream for the samples with low Pt loading (figure 5(a))
reveals that close conversions are obtained on all the Cs-
enriched samples (ca25% conversion on Pty ;Cs;MCM,
Pty ,CsBEA and Pt;Cs,Si0,), whereas a lower conversion
is reached on Cs-free PtyMCM (figure 5(a), table 2).
Similarly, the addition of Cs in the 2wt% Pt-containing
MCM-41 catalyst induces an increase of the conversion
at 7min on stream, the latter being about one-third

higher on Pt,Cs;MCM than on Pt,MCM (figure 5(b),
table 2). Such increases could be related to the higher Pt
dispersions obtained in the Cs-impregnated samples.
The activity also increases with an increase of the Pt
content in both the Pt, MCM and Pt,Cs MCM series
(compare data in figure 5(a) (0.7wt% Pt) and figure
5(b) (2wt% Pt)). Since the dispersion of Pt as evaluated
by TEM is about the same for the two Pt contents, we
could expect, for this monofunctional reaction, an
increase in activity proportional to the platinum loading.
However, as for Pt/Cs-BEA [20], no proportionality is
observed for the mesoporous materials, as shown for
instance by the X5 value that is only one-third higher
for Pt,CsyMCM than for Pty;Cs;MCM (34% and
25%, respectively, table 2). The possibility that very
small particles (<1 nm) not detected by TEM could be
present in different amounts in the two samples, leading
to different Pt dispersions, cannot be completely
dispelled. However, the absence of correlation most
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probably reflects the fact that a large part of the activity
has already been lost during the first minutes of the run
and that deactivation can vary from one sample to
another, especially for catalysts containing different
amounts of metal active phase.

The fact that deactivation took place during the
catalytic runs is confirmed by the progressive decrease
of the conversions on all the catalysts (figure 5). How-
ever, the activity loss is much more important on all
the mesoporous (MCM-41-based) and non-porous
(silica) catalysts than on the Pty,;CsBEA zeolite. Thus,
all the Pt MCM and Pt,Cs,MCM catalysts, and the
Pt;Cs4Si0, reference, show a progressive and strong
deactivation (D¢, around 80-85%) leading to a very
low activity after 120 min time on stream, whereas the
deactivation coefficient is two to three times lower for
Pty ;CsBEA (table 2). This higher stability of the zeolitic
catalyst agrees with the proposal made for Pt/KL that
microporosity plays a role in the stability of the metallic
sites during transformation of n-paraffins [13,38,39].
Furthermore, the low stability of Pt;Cs4SiO, is in line
with the usual observation made on Pt/SiO, [15,40].

The important deactivation levels observed on the
MCM-41-based catalysts can suggest (i) a sintering of
the metallic particles, (ii) a pore blocking due to coke
formation or to a collapse of the MCM-41 structure
and/or (iii) a poisoning of the catalytic site through
coke deposit. In order to discriminate between these
hypotheses, representative samples have been character-
ized after catalytic run. Firstly, the comparison of the
micrographs of Pt,Cs;MCM before and after test
(figure 3) shows that the sizes of the Pt particles are
comparable, indicating that no sintering visible by
TEM occurred during reaction. If present, a particle-
size effect would therefore require that very small Pt
particles invisible by TEM be involved. Secondly, the
N, physisorption data recorded after catalytic measure-
ment for both Pty;Cs;MCM and Pt,MCM (table 1)
indicate that the surface area, pore size and pore
volume are slightly lower after catalysis. However, the
decrease seems too small (5—15%) to explain the high
level of deactivation on the basis of a pore blocking
solely. Another argument against this hypothesis is that
pore blocking could not justify the low catalytic stability
of non-porous Pt/silica. Therefore, it is probable that
deactivation mainly takes place through inhibition of
the metal active sites by coke deposit.

The amount of coke present in the solids after the
catalytic runs has been characterized by TGA (weight
loss during combustion of coke). Unexpectedly, the
data (table 2) reveal that the coke amount is the highest
in used Pty,CsBEA, although this catalyst shows the
lowest deactivation level (lowest D.,,,. value). Further-
more, we have observed, for both the mesoporous and
the non-porous silica-based catalysts, the formation of
yellow-brown liquid polyaromatics deposits in small
amounts (not measured) at the exit of the reactor.

These compounds, which are formed by cyclization/
dehydrogenation reactions on these supports with low
steric hindrance, lead to a progressive poisoning of the
active metal sites by competitive adsorption/transforma-
tion/desorption between the polyaromatic precursor
species and the n-hexane reactant. The formation of
such bulky species is inhibited in the restricted BEA
microporosity, which protects better the dispersed Pt
active sites from deactivation. It has already been pro-
posed that the Pt/zeolites with the lowest Pt dispersions
and containing some Pt particles at the external surface
of the zeolite crystallites undergo the greatest deactiva-
tion rates during n-heptane transformation, and that
catalytic stability is related to the dispersion of very
small Pt particles inside the zeolite channels [16,20]. There-
fore, although the mesoporous structures make it possible
to obtain catalysts with high Pt dispersions, their pore
systems do not protect the active Pt particles as in zeolites,
making them more sensitive to deactivation.

3.4. Aromatization properties

On most samples, the main products obtained after
7 min time on stream are aromatics, and the selectivity
to these products decreases upon deactivation, the
reaction then leading mostly to Cg4 olefins produced by
isomerization/dehydrogenation (table 2). The selectiv-
ities to aromatics are plotted in figure 6 as a function
of the conversion. The latter was changed through
deactivation occurring with time on stream. We have
checked in a previous work [18], by changing the
operating conditions, that the deactivation process does
not modify the intrinsic selectivity behaviors with con-
version. Table 2 details the selectivities to aromatics on
all fresh and used catalysts.

As in the case of Pt/CsBEA [20], the impregnation of
the Pt.MCM catalysts with Cs induces a significant
increase of the selectivity to aromatization. Thus, at
isoconversion (20%), the selectivity to aromatics is
about 1.4 times higher on Cs-enriched Pt,,;Cs;MCM
than on Cs-free Pty ;MCM with same Pt loading, and it
approaches that on Pt,,CsBEA (figure 6(a)). As for Pt/
BEA [17,18], this increase seems to follow the
progressive decrease of the average particle sizes from
18A (Pty;MCM) to 13A (Pty;Cs;MCM), then 11A
(Pty;CsBEA). Similarly, for the samples of the MCM-
41 series with 2wt% Pt, the selectivity to aromatics
increases with the addition of Cs (figure 6(b), table 2)
and this increase is associated again with the decrease of
the particle size, the effect being slightly more pronounced
than above however. This is in line with the higher differ-
ence in particle size between Pt,MCM and Pt,Cs; MCM
(23 and 15A, respectively) than between Pty ;MCM and
Pty,Cs4sMCM (18 and 13 A, respectively). Also, the
increase of the selectivity to aromatics is progressive
with Cs content, as illustrated for the Pt,Cs,MCM
series (compare selectivities at isoconversion, figure 6(b)).
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Figure 6. Selectivities to aromatics as a function of n-hexane conversion on the catalysts containing (a) 0.7 wt% Pt and (b) 2.0 wt% Pt.

In 1990, Tauster and Steger defined a terminal crack-
ing index (TCI) as the molar ratio of the n-pentane to n-
butane (Cs/C4) formed during conversion of n-hexane
[6]. Initially, these authors explained the high values
observed on Pt/KL in terms of a molecular die effect
involving the porous characteristics of the support.
More recently, it has been proposed that this ratio is
rather determined by the morphology of the Pt particle:
the greater the particle size, the lower the TCI and the
selectivity to aromatization [17,41]. In order to check if
these trends also take place on the Pt-supported MCM-
41 catalysts, we report the TCI values obtained at
isoconversion (20%) for all samples (table 2). As
expected, TCI is the lowest for the Cs-free catalysts
(<1.1) with largest particles and lowest selectivities to
aromatics. On the contrary, TCI is close to or higher
than two for all Cs-containing samples, such high TCI
values being in accordance with those reported for Pt-
supported catalysts with high aromatization behavior
[7,10].

4. Conclusions

MCM-41 samples containing increasing amounts of
Pt and Cs have been prepared. XRD and/or N, physi-
sorption data indicate that the mesoporous structure is
well preserved after the introduction of Pt and Cs in
the support, as well as after catalytic tests. The most
interesting feature is that the impregnation of Cs on
the Pt-containing samples prior to calcination results in
a drastic decrease of the size of the metal particles after
reduction, whatever the Pt content. The Pt nanoparticles
detected by TEM in the reduced Cs-enriched Pt/MCM-
41 catalysts thus have sizes in the range 5-15A, and
they are as small as those identified in a Pt/Cs-BEA
catalyst taken as a reference. Furthermore, the decrease
in the size of the Pt particles upon addition of Cs in the
MCM-41-based catalysts induces, as in the case of the
zeolitic supports, an increase of the selectivity to
aromatization. This indicates again that highly dispersed
Pt plays a major role for product selectivities in this
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reaction. Moreover, the porous system has a strong
influence on catalytic stability and on the characteristics
of deactivation in this reaction. Thus, the importance
of the confined microporous channels for protecting
the active metal sites during conversion of n-hexane
is confirmed. However, such a requirement could be
secondary for other catalytic reactions with different
deactivation mechanisms for which Cs-enriched MCM-
41 could represent a promising ordered support, with
basic properties allowing the preparation of new
catalysts for applications in which bulky reactants are
involved.
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