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The occurrence in mesoporous supports of a confinement effect related to the adsorption strength of a reaction intermediate on

a metallic phase dispersed in the mesopores is examined, as well as its effect on the activity and selectivity. A model is proposed in

order to determine the catalyst requirements (size of the pores and of the metal particles), which would allow to maximise the

confinement. Alkyltrimethylammonium surfactants with increasing alkyl chain length were used to prepare MCM-41 supports,

with controlled pore size between 22 and 39 Å and Pt� particles of controlled size (from 11 to 18 Å) were formed in the porosity of

the MCM-41 supports. The reaction of hydrogenation of o-xylene was chosen as model reaction, because (i) previous studies have

highlighted the influence of the adsorption strength of 1,2-dimethylcyclohexene (DMCHE, reaction intermediate formed by cis-

addition of four hydrogen atoms on o-xylene) on the metallic surface on the selectivity toward trans-dimethylcyclohexane (trans-

DMCH) and (ii) the kinetic diameter of DMCHE (6.4 Å) is close to the distance between the metallic particle surface and the silica

wall of the series of Pt�/MCM-41 catalysts. Slight decrease in the turn-over frequency (TOF) and increase in the selectivity toward

trans-DMCH are observed for the smaller pore sizes, and the assignment of this effect to a confinement of the reaction intermediate

is discussed.
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1. Introduction

In the field of catalysis, the term confinement covers a
wide range of phenomena such as the controlled growth
of metal or oxide nanoparticles in the spatially con-
strained space defined by the porosity of the support
[1,2], the conformational constraint imposed by this
same space to reactant molecules and/or chiral catalysts
(with applications in the field of enantioselective catal-
ysis) [3–9], the electronic confinement [10,11], or the
capillary condensation of the reactant in the porosity of
the support [12–15]. Among those phenomena, the
confinement effect we address in this paper is related to
the influence of the pore size of the support on the
strength of adsorption of the reaction intermediate on
the active phase, and in turn on the activity and/or
selectivity of the catalyst. This effect was first discovered
by Derouane et al. [16,17], who showed that up to 40%
of the heat of adsorption of simple amines in the
porosity of zeolite (MFI, MOR) could be assigned to
confinements effects. Van der Waals interactions
between the organic molecule and the zeolite framework
would be responsible for this effect, and would account
for the high acidity of zeolites compared to amorphous
silica–alumina supports.

This kind of confinement effect has, however, not yet
been studied in the porosity of mesoporous supports,
because the pore size of these supports is, except for very
bulky reactants [18], usually much too large to allow the
observation of such effect. However, when a more
complex system is considered, composed of a nanopar-
ticle of active phase in a cylindrical pore, the residual
space between the nanoparticle surface and the silica
wall can be close to the size of a simple organic molecule
(see figure 1a). The purpose of this study is to determine
whether an effect of the pore size on the strength of
adsorption of the reactant on the active phase may exist
in such systems.

One of the difficulties of these systems is that only a
fraction of the nanoparticle surface is close enough to the
cavity to induce the confinement of the adsorbed reac-
tant (see figure 1). It is therefore necessary to determine,
depending on the pore and metallic particle sizes, the
fraction of the surface of active phase, which can confine
the reactant. A model was developed for this purpose
and is presented in the first part of this paper. This model
was also used to determine the catalysts characteristics
(pore size of the support, particle size of the active phase)
that would permit the observation of a confinement
effect. This study necessitates also the choice of an
appropriate catalytic reaction. The reasons for the choice
of the reaction of hydrogenation of o-xylene to cis- and
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trans-dimethylcyclohexane (cis-DMCH and trans-
DMCH) are explained in the second part.

A careful control of both the particle size and the
pore size is of importance in order to study this con-
finement effect. The samples used for this study are
therefore Pt�/MCM-41 catalysts with controlled and
adjustable pore size and similar Pt� particle size. The
pore size of MCM-41 supports was varied by changing
the synthesis conditions (length of the alkyl chain of the
surfactant, calcination temperature, and Pt� nanoparti-
cles of controlled size (�15 Å) were formed in their
porosity by ion-exchange of [Pt(NH3)4]

2+ at pH = 8
followed by washing, calcination and reduction. The
characteristics of the MCM-41 supports and of the Pt�/
MCM-41 catalysts are presented in the third part.

In the fourth part, the modification of the selectivities
and activities of the Pt/MCM-41 catalysts as a function
of the pore sizes of the MCM-41 support are presented
and compared to those of Pt catalysts supported on a
non-porous silica (areosil 380). The assignment of these
modifications to a confinement of the reaction inter-
mediate (1,2-dimethylcyclohexene, noted DMCHE) is
finally discussed.

2. Experimental

2.1. MCM-41 synthesis

MCM-41 supports were prepared according to the
procedure developed by Ryoo and coworkers [19],
which leads to a high condensation of the silica walls
and ensures therefore an optimum stability for the
mesoporous supports. The pore size was varied through
the use of surfactants of various chain lengths, namely
octyl (C8)-, dodecyl (C12)-, hexadecyl (C16)-trimethy-
lammonium chloride and decyl (C10)-trimethylammo-
nium bromide (Fluka). The molar ratios of the

precursors were the same for all the syntheses: 4SiO2/
1Na2O/1CxTMA/400H2O/3NaCl (where CxTMA is an
alkyltrimethylammonium, and x is the number of car-
bons in the alkyl chain, x = 8, 10, 12, 16). Ludox HS40
colloidal silica (Aldrich) was used as SiO2 source. The
surfactant was removed by ion-exchange followed by
calcination as described in [20]. The calcined supports
were denoted CxMCM-41 where x stands for the num-
ber of carbons in the alkyl chain of the surfactant.

2.2. Catalysts preparation

The compound used as Pt precursor was Pt(NH3)4(OH)2
(5 wt% aqueous solution, Alfa-Johnson Mathey).
CxMCM-41 and a non-porous reference silica denoted
Aero380 (Aerosil 380, Degussa, SBETG 380 m2 g)1) were
used as supports. Pt�/CxMCM-41, and Pt�/Aero380 sam-
ples were prepared following a procedure described by
Gonzalez et al. [21]. This procedure, which uses the fact that
the surface of silica is negatively charged above its point of
zero-charge (PZC G 2 for amorphous silica), allows the
adsorption on the silica surface of all the platinum
([Pt(NH3)6]

3+) initiallypresent in the solution (0.4–1.5 wt%
Pton silica) and is very efficient for the preparationof highly
dispersed nanoparticles on mesoporous supports [22]. The
samples were prepared as described in [23]. The samples
were reduced in pure H2 (2L h)1 g)1) at 573 K (rate:
2 K min)1) during 2 h with an intermediate step at 423 K
during 1 h.

2.3. Catalyst characterisation

The Pt content (wt%) in the calcined samples was
measured by ICP (Central Analysis Service of the
CNRS, Vernaison France).

N2 adsorption–desorption isothermswere obtained on a
Micromeritics ASAP 2010 system at 77 K. Before anal-

Figure 1. (a) Picture representing the confinement of DMCHE adsorbed on the Pt particle surface (d2 = 20 Å), the Pt particle is located in a

tubular pore of a MCM-41 (d1 = 30 Å); (b) model of confinement for a particle of 2 nm in a pore of 3 nm (grey grid). The light (orange) surface

corresponds to the part of the particle which is too close to the silica wall, the medium (green) surface corresponds to the part of the surface where

adsorbed reaction intermediate is confined and the dark (red) surface correspond to the part of the surface which is too far to the silica wall to

undergo confinement.
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ysis the supports and catalysts were degassed at 423 K,
under a pressure of 1 Pa for 5 h. The average pore sizes
(wd) were calculated using the DFT method and/or the
geometrical model proposed by Kruk et al. [24].

The metal dispersion in Pt�/CxMCM-41 was deter-
mined by H2–O2 pulse titration on a v-sorb apparatus�

(IFP’s Licence). The samplewas first reduced in situ under
pure H2, using the experimental conditions described in
the preparation part, and the temperature was decreased
to 298 K under a stream of H2. After 10 min purge under
He a titration with O2 (5% O2/He) was performed . The
titration reaction is based on the equation (1):

Pts--Hþ 3=4O2 ! Pts--Oþ 1=2H2O; ð1Þ

where Pts stands for a Pt atom at the surface of a Pt
particle.

The average Pt particle diameter dPt was deduced from
the Pt dispersion (D%, H2/O2 titration) assuming a cu-
booctaedral geometry for Pt particles [25] (equation (2)).

dPt ¼
6

q� SPt �D
; ð2Þ

where q is the metallic platinum density (21.45 g cm)3),
SPt the surface area of metallic platinum (275 m2 g)1).

Transmission Electron Microscopy of the reduced
catalysts was performed on a JEOL-TEM 100 CXII
apparatus, in order to determine the Pt� particle size
distribution and the average particle size. Ultramicro-
tomed slices were used to obtain extensive electron-
transparent regions, and to ascertain that the observed
particles were really located in the porosity of the mes-
oporous supports. The samples were prepared by
embedding the catalyst in a polymer resin subsequently
cured at 343 K for 2 days. Ultramicrotomed slices (ca.
70 nm thick) of the embedded sample were cut using a
diamond knife, and laid on carbon-covered copper
grids. In order to have an accurate comparison with
chemisorption measurements, the surface-averaged
particle diameter (d) was calculated from the particle
size distribution (estimated from ca. 500 particles) using
equation (3):

d ¼
P

nid
3
iP

nid
2
i

: ð3Þ

2.4. Hydrogenation of o-xylene: catalytic activities
and selectivities measurements

The gas composition at thermodynamic equilibrium
was calculated at 383 K (operating temperature) using
the thermodynamic parameters determined by Neyes-
tanaki et al. [26]: o-xylene conversion 90%, trans-
DMCH selectivity 50%, for [H2]/[o-xylene] = 10 (molar
ratio). To avoid the formation of preferential paths and
transfer heat phenomena through the catalyst bed, the
catalyst (0.25 g) was diluted with silicon carbide. The

reaction conditions were defined in order to obtain a
zero order kinetic with respect to o-xylene.

The absence of external diffusion limitations (diffu-
sion from the bulk to the surface of the support crys-
tallite) was established by varying the catalyst weight
with a constant contact time. A 2-fold increase in the
sample weight did not affect the conversion for a given
contact time. This shows that external diffusion limita-
tions are absent. The Weisz–Prater criterion [27] was
used to detect possible internal diffusion limitations.
This criterion is based on the calculation of a modulus F
s (see equation 4)): if F s > 1 no internal diffusion
limitations are to be considered, whatever the kinetic
rate of the reaction [28–30]. This criterion is easier to use
than the Thiele modulus because it contains exclusively
parameters that can be observed or measured.

Us ¼
r2p � Vs � s

4850 � r2e � Sg � Cs
�
ffiffiffiffiffi
M

T

r

for a spherical particle;

ð4Þ

where rp is the radius of the catalyst pellet (cm), Vs the
specific rate of the reaction (mol g)1 s)1), re is the
average pore size (cm), Sg the specific surface area
(cm2 g)1), Cs the concentration of reactant in the feed
(mol cm)3), M the molecular weight of the reactant
(g mol)1), T the reaction temperature (K) and s tortu-
osity factor of the pores. s is equal to 1 in perfect cyl-
inder, but could exceed this value when an active phase
is supported in cylindrical pores, because its presence
may result in constrictions in the pores. In any case, the
highest possible value of s is 10.

Prior to catalytic tests, catalysts were reduced in situ
using the experimental conditions described in the
preparation part. The test was performed in a continu-
ous fixed-bed quartz reactor under atmospheric pressure
at 383 K. The feed, 5 vol% of o-xylene in n-heptane,
[H2]/[o-xylene] = 10 (molar ratio), was injected by a
pump and vapourised in the catalyst bed. Effluents were
collected in a condenser filled with dry ice (T = 193 K),
and analysed every 30 min with a ‘‘Varian 3400’’ gas
chromatograph equipped with a 50 m length Pona col-
umn and a FID detector.

The conversions and selectivities were measured after
pseudo-steady states were reached (usually 2 h time-on-
stream) at two weight hour space velocity (whsv),
namely 34 and 68 h)1. The uncertainties of the mea-
surements (±2% on the conversion and ±1% on the
trans-DMCH selectivity) were evaluated from repro-
ducibility tests performed on the 0.8Pt/aero380 catalyst.

3. Results

3.1. Model of confinement

According to Derouane and Chang [16], the con-
finement of a molecule into a zeolitic cavity arises from
an increase of the heat of adsorption of this molecule,
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due to attractive van der Waals interactions with the
cavity framework. The model we propose in order to
examine the confinement effect in a mesopore is sket-
ched in figure 1b: a spherical particle of radius r1 is
located in a cylindrical pore of radius r2, and the particle
is covered by reactants and reaction intermediates (zero
order reaction i.e. the particle surface is saturated).
Among those molecules, some will undergo confine-
ment, some not, depending on their distance from the
silica wall. It is indeed commonly admitted that a mol-
ecule is confined if its size is at least 0.6 time the size of
the cavity [16]. The purpose of the model is to determine
what percentage of the surface of the particle (and in
turn what percentage of the adsorbed reaction inter-
mediate) is subjected to the confinement effect. In the
present case, we will assume that only the molecules
whose distance to the silica wall is smaller than dreactant/
0.6 undergo confinement. Moreover, we will exclude
from the calculation of the molecules lying below the
bottom part of the particle, and which may therefore be
too close to the silica wall to be easily accessible.

The percentage of confined surface was calculated as
follows: the origin of the coordinates was taken at the
centre of the sphere. The equation of the cylinder in
spherical coordinates is:

ðr sin h cosuþ r2 � r1Þ2 þ r2 sin2 h sin2 u ¼ r22: ð5Þ

The distance L of the sphere surface to the cylinder
being equal to r) r1, the following equation is obtained:

cosu ¼
L
r1
þ 1

� �2
sin2 hþ 1� 2 � r2r1

2 L
r1
þ 1

� �
� r2

r1
� 1

� �
� sin h

:

In the case of r1 = 1 nm and 1.35 nm £ r2 £ 1.65 nm,
the areas of three distinct zones of the sphere (defined

below) were calculated numerically using Mathematica,
by integration of the surface of the
sphereðS ¼ r1sin h � dh � duÞ with equation (6) to define
the limits

� L £ Lmin, corresponds to the bottom area of the
sphere (i.e. the part of the surface that might not be
easily accessible to the reactant molecules);
� Lmin £ L £ Lmax, is the part of the sphere where a

confinement of the adsorbed reaction intermediate
can be expected;
� Lmax ‡ L, is the part of the sphere, for which the

adsorbed reaction intermediate are too far from the
pore surface to undergo confinement.

The Lmax (1.2 nm) and Lmin (0.7 nm) values were
evaluated using the kinetic diameter of DMCHE
(dDMCHE = 0.64 nm): dminG dDMCHE and dmax =
dDMCHE/0.6 [16].

The graphical representations and numerical calculations
of these three surfaces for 1.35 nm £ r2 £ 1.65 nm (fig-
ure 2) show that the percentage of confined reactant is
maximum for 1.4 nm £ r2 £ 1.5 nm and represent about
30% of the overall particle surface, which should be large
enough to be detected.

3.2. Choice of o-xylene hydrogenation as model reaction

Previous studies showed that, in the reaction of o-
xylene hydrogenation, an increase in the selectivity to
trans-DMCH was observed upon decreasing the elec-
tron density of the metallic particle, either by increas-
ing the acidity of the support [31,32] or by changing
the nature of the metallic phase [33,34]. This effect was
assigned to a stronger interaction between the metallic
surface and the unsaturated hydrocarbon. The roll-
over mechanism, proposed first by Inoue et al. [35] for
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Figure 2. Calculation of the relative percentages of the three types of surfaces defined in figure 1b.
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the isotopic exchange of cyclopentane, was proposed
later to explain the selectivity of the o-xylene hydro-
genation reaction [26,32,36,37]. It accounts well for the
observed modification of the selectivity with the elec-
tronic density of the metallic phase: after fast adsorp-
tion of o-xylene and cis-addition of four hydrogen
atoms, adsorbed 1,2-dimethylcyclohexene (1,2-
DMCHE) is formed, and partly isomerised to 2,3-
DMCHE. The latter is either directly hydrogenated,
leading to the formation of cis-DMCH, or rolls over
on the opposite side of its aromatic ring, leading, after
hydrogenation, to trans-DMCH. According to this
model, the rate of formation of trans-DMCH is
determined by the relative rates of hydrogenation and
isomerisation of 1,2-DMCHE, and therefore by
adsorption strength of 1,2-DMCHE on metallic sur-
faces. This mechanism is still questioned and another
mechanism has been more recently proposed, which
involves the desorption of DMCHE and its readsorp-
tion followed by hydrogenation [38–40]. This alterna-
tive mechanism also accounts for the influence of the
adsorption strength of DMCHE on the cis/trans
selectivity. Moreover a higher heat of adsorption may
also result in a decrease of activity (Sabatier Principle).
Guillon et al. [34] observed for example dramatic
changes in the activity and in the selectivity, when the
metallic properties varied, upon changing the compo-
sition of the bimetallic phase for the reaction of
hydrogenation of o-xylene over bimetallic PtPd and
PtGe catalysts supported on alumina. In the present
paper, any electronic effect of the support [33] can be
discarded, as it is well known that pure silica is a non-
acidic support. The confinement effect we address being
related to a modification in the adsorption strength of
DMCHE, a decrease in the activity and/or an increase
in the trans-selectivity are expected when the size of the
reactant matches the size of the cavity formed between
the metallic particle surface and the silica wall.

3.3. Characterisation of the CxMCM-41 supports and
Pt�/CxMCM-41 catalysts

3.3.1. Characterisation of the support before and
after introduction of Pt

The synthesis procedure we applied for the prepara-
tion of CxMCM-41 was initially developed for the
preparation of C16MCM-41 [19]. We checked, using
XRD (result not shown) that the MCM-41 structure was
preserved upon replacing C16TMA+, by C12, C10 or
C8TMA+. However, whereas C16MCM-41 and
C12MCM-41 possess ordered hexagonal structures with
well defined (100), (110) and (200) peaks, the intensities
of these three peaks were much smaller for C10MCM-41,
and only one weak and broad peak corresponding to
(100) was observed for C8MCM-41. This reveals a less
ordered structure for the MCM-41 prepared with the
shorter surfactant chains. A shift in the position of
the (100) peak toward larger angles upon decreasing the
chain length of the surfactant is also clearly visible,
indicating a decrease in the d-spacing of the hexagonal
structure (table 1).

The sorption isotherms of C16MCM41 and C12MCM-
41 (figure 3, curves (a) and (b)) are characteristic of
ordered mesoporous supports (IUPAC type IV iso-
therm) with a steep N2 uptake at P/P

0 = 0.35 and 0.25,
respectively, whereas the sorption isotherms of the two
other samples (figure 3 curves (c) and (d)) were charac-
teristic of supermicroporous materials (pore size around
20 Å). BJH method being inadequate for materials
having pore size smaller than 20 Å, the geometrical
model proposed by Kruk et al. [24] and the DFTmethod
were used to calculate the average pore size wd (table 1)
and the pore size distribution was calculated using the
DFT method (figure 4). The average pore sizes calcu-
lated using the geometrical model are between 2 and 6 Å
larger than the pore size calculated using DFT, but they
follow the same trend with the surfactant chain length. A
decrease of 16 Å in the pore diameter is observed upon

Table 1

Structural features of MCM-41 supports synthesised with decreasing surfactant chain length

MCM-41 d100 (Å) Vp (cm3/g)a BET surface (m2 g)1)b wd (Å)c

C16MCM-41 40.6 0.94 1063 40 (34)

1.2Pt/C16MCM-41 39.9 0.79 939 () 12%) 39

C12 MCM-41 34.0 0.70 1020 32 (27)

1.0Pt/C12MCM-41 33.5 0.63 953 () 7%) 31

C10MCM-41 30.3 0.59 1049 27 (24)

0.7Pt/C10MCM-41 29.5 0.56 898 () 14%) 26

C10MCM-41(1223 K) 28.2 0.32 668 22 (20)

0.8Pt/C10MCM-41(1223 K) 28.0 0.31 640 () 4%) 22

C8MCM-41 28.5 0.45 960 24 (20)

0.8Pt/C8MCM-41 28.2 0.35 727 () 24%) 23

Aero380 – – 350 –

0.4%Pt/Aero380 – – 281 () 20%) (>80)

aVp calculated at P/P0 = 0.9.
bThe value between parentheses is the variation of the surface area after introduction of Pt.
cwd was calculated according to [24] and/or using the DFT model (value between parentheses).
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reducing the surfactant chain length from C16 to C8, in
agreement with the work of Kruk et al. [41]. Moreover,
the narrow pore size distributions and high surface areas

of the four samples confirm the possibility to prepare
high surface area MCM-41 supports with reduced pore
size and controlled porosity. The decreased intensity of
the XRD peaks characteristic of the hexagonal P6mm
structure observed with C10TMA and C8TMA surfac-
tants might therefore be assigned to a wormhole-like
structure with controlled pore size, and does not impede
the use of these supports for our study.

Calcination at high temperature is known to result in
a contraction of the MCM-41 structure and has there-
fore been used to decrease further the pore sizes of one
of the MCM-41 supports. After calcination of
C10MCM-41 at 1223 K instead of 823 K, a decrease of
about 5 Å of the pore size was observed (see table 1),
without any significant loss in the hexagonal structure
(XRD, not shown).

A careful control of the pore size of the catalyst is one
of the requirements imposed by the model presented in
section 3.1. It is therefore of importance to ascertain
that the structure of the support has not been altered
upon introduction of platinum. After introduction of
platinum, a slight decrease in the intensity of all the
XRD lines was observed (results not shown) associated
with a slight decrease in the pore volumes and surface
areas (see table 1). These changes, which indicate a
limited alteration of the structure upon introduction of
platinum, remain, however, moderate for all the cata-
lysts indicating that the MCM-41 structure is not sig-
nificantly damaged.

Aerosil 380, a non-porous pure silica support, was
used for the preparation of reference catalysts, for which
no confinement was expected. It was therefore essential
to establish that no porosity was generated upon
introduction of Pt. The sorption isotherms of 0.4Pt/
aero380 (results not shown), indicate the formation of a
new porosity, probably due to some sticking between
the silica particles during insertion of Pt. However, the
pore size of the resulting porosity is large compared to
the kinetic diameter of DMCHE: more than 90% of the
pore volume can be assigned to pores larger than 100 Å.
The confinement of the reaction intermediate in these
catalysts can therefore be neglected.

3.3.2. Size of the Pt nanoparticles
An accurate control of the average platinum particle

size and of the particle size distribution is required for
the study of confinement effect. The size of the Pt�
nanoparticles was evaluated using both chemisorption
and electron microscopy (table 2). Using TEM on thin
sections of the sample, we have been able to ascertain
that the particles observed on the TEM micrographs
were isolated and dispersed in the porosity of the sup-
port. The size of the Pt� particle being close to 15 Å (i.e.
close to 10 Å, the limit of detection of TEM), it has not
always been possible to detect enough particles to allow
the determination of the particle size distribution. The
average particle size determined by chemisorption and
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TEM are reported in table 2. The dispersion of the Pt�
phase is high, whatever the support, confirming that the
synthesis method used is well-suited for the preparation
of small Pt� nanoparticles. For all catalysts, the particle
size distributions determined from the TEM micro-
graphs are narrow (with more than 70% of the particles
having their size in a 5 Å interval) and centred at 15 Å,
and the average particle size is 17 ± 3 Å. These values
are consistent with the average particle size determined
by chemisorption (15 ± 4 Å). The values obtained by
chemisorption and TEM are rather different for Pt�/
C8MCM-41 and Pt�/C10MCM-41 for which very
high dispersions (close to 100%) were measured by
chemisorption. The very small size of the Pt� nanopar-
ticles on these catalysts might be at the origin of this
difference.

3.4. Hydrogenation of o-xylene

The reaction of hydrogenation of o-xylene on noble
metals (Pt�, Pd�), which leads to the formation of two
isomers, the cis-dimethylcyclohexane (cis-DMCH,
kinetic isomer) and trans-dimethylcyclohexane (trans-
DMCH, thermodynamic isomer), is well-suited for this
study. Indeed, the size of o-xylene (kinetic diameter
6.4 Å) is close to the size of the residual space for a
particle of 20 Å in a pore of 20–30 Å, and the reaction is
zero-order with respect to o-xylene under our experi-
mental conditions (T = 383 K, Pox = 0.04 atm).

The Pt/CxMCM-41 and Pt/Aero380 catalysts were
tested in the reaction of hydrogenation of o-xylene. The
conversion and selectivity values are reported in table 3.
Pt/Aero380 catalysts were used to determine the varia-
tion of the selectivity versus conversion in samples where
no confinement was expected. For these catalysts, a
linear increase in the selectivity to trans-DMCH with o-
xylene conversion was observed, (reference line in fig-
ure 5). This increase is rather moderate (less than 5%
over a wide range of conversions), in agreement with
previous studies, which have stated that the selectivity to
trans-DMCH is independent of conversion within small
(ca. 5%) conversion ranges [34]. Besides, a constant

value of the turn over frequency (TOF = 0.06 ±
0.01 s)1) was obtained for the three reference catalysts,
despite variations in the dispersion of the Pt� phase and
in the Pt loading (table 2). This result confirms that o-
xylene hydrogenation over Pt/SiO2 catalysts is a struc-
ture insensitive reaction.

The selectivities versus conversion data of Pt/
CxMCM-41 catalysts have thereafter been compared to
the reference straight line (table 3 and figure 5). For Pt/
C16MCM-41, Pt/C12MCM-41 and Pt/C10MCM-
41(823 K) the data are close to the reference straight line
and within the experimental error. However, for the two
catalysts having the smaller pore diameters (that is Pt/
C8MCM-41 and Pt/C10MCM-41(1223 K)) the data are
located above this straight line outside the experimental
error. Furthermore, whereas the TOF of the first three
samples is close to that of reference catalysts (0.06 ±
0.01 s)1), it is much lower for Pt/C8MCM-41 (0.03 s)1)
and slightly lower for Pt/C10MCM-41(1223 K))
(0.05 s)1).

4. Discussion

The purpose of this discussion is to determine whe-
ther the effects we observed on the o-xylene hydroge-
nation selectivity and activity upon decreasing the pore
diameter of the catalyst can be unambiguously assigned
to a confinement effect. As stated by Derouane [17] in
the case of zeolites, the confinement of an organic
molecule is due to its enhanced interaction with the
pore-framework, leading to a higher heat of adsorption.
The slightly higher selectivity to trans-DMCH, observed
for Pt/C8MCM-41 and Pt/C10MCM-41(1223) (table 3),
is therefore in agreement with a confinement effect
related to a higher heat of adsorption, and so does the
decreased activity in agreement with the Sabatier prin-
ciple. Although there is a distribution in pore sizes and
Pt� particle diameters in the real catalysts, one can use
the model of confinement described above in section 3.1
for a qualitative comparison of the five mesoporous
catalysts. The calculations are reported in table 4, and

Table 2

Pt/SiO2 catalysts dispersion and average particle size determined by TEM and chemisorption

Pt/SiO2 samples Pt (wt%) Dispersion (%) H2/O2 dparticle (Å) H2/O2 dparticle (Å) TEMa

0.4Pt�/Aero380 0.40 58 19 c

0.8Pt�/Aero380 0.79 57 19 17

1.5Pt�/Aero380 1.55 73 14 20

1.2Pt�/C16MCM-41 1.2 67 15 c

1.0Pt�/C12MCM-41 0.95 59 18 21

0.7Pt�/C10MCM-41(823) 0.74 91 11 18

0.8Pt�/C10MCM-41(1223) 0.81 78 13 19

0.8Pt�/C8MCM-41 0.78 95 11 17

aSurface-averaged diameter (equation (3)).
bd1 = wd (geometrical model, see table 1); d2 = dparticle H2/O2.
cNot determined.
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the ratios of the confined surface over the unconfined
one are consistent with the modifications in activity and
selectivity observed for Pt/C8MCM-41 and Pt/
C10MCM-41(1223). Indeed, the ratio is close or higher
than 1 for these two catalysts, whereas it is below 0.5 for
the three other catalysts, indicating that a confinement
effect can be expected for the two first catalysts only.
Our results are therefore consistent with these expecta-
tions.

One can note that the changes of TOF and selectivity
observed for the Pt/C8MCM-41 and Pt�/C10MCM-
41(1123) (table 3 and figure 5) are rather weak com-
pared to the decrease in o-xylene hydrogenation activity
and selectivity reported by Guillon et al. [34] for metallic
catalysts subjected to a modification of the electronic
properties of the active phase: these authors reported a
considerable variation in trans-DMCH selectivity (31%

for Pt/Al2O3, 43% for Pt50Pd50/Al2O3, and 69% for Pd/
Al2O3) and in the hydrogenation activity (230 mmol
h)1 g)1 for Pt/Al2O3, 10 mmol h)1 g)1 for Pt50Pd50/
Al2O3, and 4 mmol h)1 g)1 for Pd/Al2O3). In our case,
the weak variation in TOF and selectivity may be due to
the fact that only a fraction of the adsorbed reaction
intermediate is subjected to a confinement effect
(ca. 30%, see table 4) and that the TOF is the average
value of the TOFs of the confined and non-confined sites
while the selectivity is a TOF-weighted average (i.e. the
average of the selectivities of the confined sites and non-
confined sites weighted by their respective TOF).

The modification of selectivity and TOF observed for
Pt/C8MCM-41 and Pt�/C10MCM-41(1223 K) being
rather weak, they could as well be assigned to other
causes: an electronic effect of the support and/or the
formation of coke during the catalytic test (the values
reported in table 3 were obtained after 2 h time-on-
stream). Mass transfer limitations occurring in the nar-
rower pores could also account for the observed
decrease in the hydrogenation activity. We will try to
determine if these phenomena did occur and if their
amplitude could account for the effects we observed.

To evaluate the hypothesis of mass transfer limita-
tions, the Weisz–Prater criterion (equation (4)) was
considered. The values of Fs of some of the catalysts
reported in table 5 are far below 1, so according to the
charts compiled by Satterfield [29], internal diffusion can
be excluded.

An electronic effect of the support on the active phase
[33] can also a priori be discarded because silica is a non-
acidic support. However, Zhao and Gates [42] have
observed that the toluene hydrogenation activity of very
small iridium clusters (Ir4 and Ir6) supported on alumina
was an order of magnitude lower than that of Ir
aggregates of about 50 atoms. They concluded that the

Table 3

Activities and trans-DMCH selectivities of Pt/SiO2 samples tested in o-xylene hydrogenation

whsv (h)1) Conversion (%) trans-DMCH selectivity (%) TOF (s)1)a

0.4Pt�/Aero380 34 11 34 0.05

17 24.5 36 0.06

0.8Pt�/Aero380 68 12 34 0.06

34 23 35 0.06

1.5Pt�/Aero380 68 32 36 0.06

34 59 38 0.06

1.2Pt�/C16MCM-41 68 20.5 34 0.06

34 38 35.5 0.05

1.0Pt�/C12MCM-41 34 38 35 0.07

0.7Pt�/C10MCM-41 68 21 35 0.07

34 37 36.5 0.06

0.8Pt�/C10MCM-41(1223 K) 68 15 37 0.05

34 26 39 0.05

0.8Pt�/C8MCM-41 68 8 36 0.03

34 20 39 0.03

T = 383 K, P = 1 atm, 5% o-x/n-C7 vol., [H2]/[o-xylene] = 10 molar ratio, mcatalyst = 0.25 g, whsv = 68 and 34 h)1, t = 120 min.
aTOF was calculated using the Pt� dispersion determined by chemisorption.
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Figure 5. trans-DMCH selectivity as a function of o-xylene conver-

sion for Pt/SiO2 samples. (Test conditions: T = 383 K, P = 1 atm,

5% o-x/n-C7 vol., [H2]/6[o-xylene] = 10 molar ratio, mcata-

lyst = 0.25 g, whsv = 68 and 34 h
)1, t = 120 min)., reference Pt/aero380

catalysts; r, 1.2Pt/C16MCM-41; m, 1.0Pt/C12MCM-41; �, 0.7Pt/

C10MCM-41; s, 0.8Pt/C10MCM-41(1223); n, 0.8Pt/C8MCM-41.
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concept of structure insensitivity in metal catalyst could
not be extended straightforwardly to clusters smaller
than 10 Å. As the average particle size determined by
chemisorption for Pt/C8MCM-41 and Pt�/C10MCM-
41(1223) is close to 10 Å, a modification of the activity
related to the size of the particle could occur. However,
the fact that the activity and selectivity of Pt�/C10MCM-
41 (for which the average Pt� particle size is close to
10 Å, see table 2) are not significantly different from
those of the reference catalysts (table 3), tends to indi-
cate that this effect does not play a significant role.

The presence of ca. 4 wt% of carbon was detected on
the catalysts after test (t = ca. 4 h) in agreement with
the formation of coke on the metallic surface reported
by Neyestanaki et al. [26] for the same reaction. A
moderate deactivation ( £ 15%) similar for all the cata-
lysts was observed between 30 and 120 min. Deactiva-
tion did most probably occur at a larger scale during the
first 30 min of reaction if one refers to Neyestanaki et al.
[26]. Deactivation between 30 and 120 min is accom-
panied for all catalysts by a slight increase in the trans-
DMCH selectivity. The variation of selectivity with
deactivation seems to be more pronounced on porous
(+2%) than on non-porous (+1%) catalysts, but is of
the same order of magnitude as the experimental error
on selectivity. We cannot exclude that the variations of
selectivity were more pronounced during the initial

deactivation step. However, the experimental set-up did
not make possible the measurement of the initial activity
and selectivity. As a consequence, it is not possible to
ascertain that the effects we observed on the selectivity
and activity of Pt/C8MCM-41 and Pt�/C10MCM-
41(1223 K) were not due to different deactivation
behaviours of these two catalysts during the first min-
utes of reaction.

5. Conclusion

Pt�/CxMCM-41 with controlled pore and particle
sizes were prepared. Their TOFs and selectivities in the
reaction of hydrogenation of o-xylene were compared to
those of Pt� supported on non-porous silica, in order to
study the occurrence of confinement effects in the mes-
opores of MCM-41 materials. Slightly higher trans-
DMCH selectivity and lower TOF were observed for Pt/
C8MCM-41 and Pt�/C10MCM-41(1223 K), i.e. with the
catalysts having the smaller pore size and the higher
ratio of the confined surface over the unconfined one.
This result is consistent with a confinement effect on the
adsorbed reaction intermediate (1,2-dimethylcyclohex-
ene), and is consistent with the model of confinement
proposed in this paper. The weak amplitudes of the
observed effects can be explained by the fact that only a
fraction of the adsorbed reaction intermediates is close
enough to the silica wall to undergo confinement, but
they cannot be unambiguously assigned to a confine-
ment effect.

As mentioned in the introduction, confinement effects
in mesoporous supports is a very interesting and chal-
lenging emerging issue, and the results reported in this
paper deserve to be confirmed. Moreover, the confine-
ment effect we have addressed in this work is only one
among many effects one can expect within mesoporous
supports. An in-depth study of all these effects might
open new applications to this class of materials.
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Table 4

Calculation of the relative percentage of the three types of surfaces defined in figure 1b for the five mesoporous catalysts studied

Sample wd (Å) dparticle H2/O2 (Å) Unconfined (%) Confined (%) Unaccessible (%) Confined/unconfined

1.2Pt�/C16MCM-41 39 15 54 14 32 0.27

1.0Pt�/C12MCM-41 31 18 41 21 38 0.5

0.7Pt�/C10MCM-41(823) 26 11 40 19 41 0.47

0.8Pt�/C10MCM-41(1223) 22 13 20 31 49 1.55

0.8Pt�/C8MCM-41 23 11 46 28 26 0.93

‘‘Unconfined’’ represents the percentage of surface that is too far from the silica wall to undergo confinement, ‘‘unaccessible’’ represents the

percentage of surface that is too close to the silica wall to be easily accessible to the reactants and ‘‘confined’’ represents the percentage of confined

surface.

Table 5

Calculation of Fs/s using equation (4) for several catalysts

Pt/Aero380 Pt/C16MCM-41 Pt/C8MCM-41

102rp (cm)a 1.25 0.5 0.5

whsv (h)1) 68 68 68

Conversion (%) 12.5 20.5 8.2

108 Vs (mol s)1 g)1) 142 233 93

M (g mol)1) 106 106 106

106 Cs (mol cm3) 4.21 4.21 4.21

T (K) 383 383 383

107re (cm) 25 3.9 2.3

10)6S (cm2 g)1) 2.8 9.4 7.3

Fs/s 3.2 � 10)4 1.1 � 10)3 1.6 � 10)3

Fs
b <3.2 � 10)3 <1.1 � 10)2 <1.6 � 10)2

aThe value of rp was estimated by sieving the catalyst.
bs is always £ 10.
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sis, eds. G. Ertl, H. Knözinger and J. Weitkamp (Wiley VCH,

Weinheim, 1997).

[26] A.K. Neyestanaki, H. Backman, P. Maki-Arvela, J. Warna, T.

Salmi and D.Y. Murzin, Chem. Eng. J. 91 (2003) 271.

[27] P.B. Weisz and C.D. Prater, Adv. Catal. 6 (1954) 143.

[28] J.F. LePage (Paris, Technip, 1978).

[29] C.N. Satterfield (MIT Press, Cambridge, Massachusetts, 1970).

[30] C. N. Satterfield (McGraw-Hill Book Company, New-York,

1980).

[31] R. Gomez, G. Del Angel, C. Damian and G. Corro, React. Kinet.

Catal. Lett. 11 (1979) 137.

[32] M. Viniegra, G. Cordoba and R. Gomez, J. Mol. Catal. 58 (1990)

107.

[33] R. Melendrez, A. Alarcon, G. Del Angel and R. Gomez, React.

Kinet. Catal. Lett. 70 (2000) 113.

[34] E. Guillon, J. Lynch, D. Uzio and B. Didillon, Catal. Today 65

(2001) 201.

[35] Y. Inoue, J.M. Herrmann, H. Schmidt, R.L. Burwell Jr., J.B. Butt

and J.B. Cohen, J. Catal. 53 (1978) 401.

[36] A. Kalantar Neyestanaki, P. Maki-Arvela, H. Backman, H. Ka-

rhu, T. Salmi, J. Vayrynen and D.Y. Murzin, J. Catal. 218 (2003)

267.

[37] H. Backman, A.K. Neyestanaki and D.Y. Murzin, J. Catal. 233

(2005) 109.

[38] M.A. Keane, J. Catal. 166 (1997) 347.

[39] S. Smeds, D. Murzin and T. Salmi, Appl. Catal. A: General 150

(1997) 115.

[40] D. Murzin, S. Smeds and T. Salmi, React. Kinet. Catal. Lett. 60

(1997) 57.

[41] M. Kruk, M. Jaroniec and A. Sayari, J. Phys. Chem. B 101 (1997)

583.

[42] A. Zhao and B.C. Gates, J. Catal. 168 (1997) 60.

F. Letellier et al./Confinement effects in mesoporous supports124



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


