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In this paper, it is shown that confinement or curvature effects can significantly influence catalytic pro-
cesses when using mesoporous catalysts. MCM-41-type materials have been prepared and carefully
characterized to ensure that the only difference between these catalysts is the pore size. 1-Hexene used as
reagent has been adsorbed in siliceous MCM-41 materials featuring identical pore sizes to determine the
urface curvature
onfinement effects
electivity inversion
-Hexene isomerisation

different sorption processes as a function of pressure. Catalysts with a high Si/Al ratio have been used for
the isomerisation of 1-hexene into 2-hexene under different 1-hexene partial pressures corresponding
to those of the different sorption regimes. It is demonstrated that confinement/curvature effects impact
catalytic behaviour at two different levels: (i) different pore sizes result in different reaction and deacti-
vation rates and (ii) different reagent partial pressures (or sorption regimes) for a given pore size lead to

ectivi
a striking inversion of sel

. Introduction

Historically, confinement effects have been first studied using
eolites as model sorbents with the sorption of hydrocarbons, aro-
atics or water [1–4]. Models have been developed to understand

heir high efficiency for adsorbing any kind of species and curvature
ffects have been envisaged quite early to describe sorption prop-
rties of zeolites. Derouane has been one of the pioneers in this
eld with the concept of “nest-effect” developed in the late 80’. A
triking evidence of this concept is the demonstration that up to
0% of the heat of adsorption of amines in the porosity of zeolites
MFI, MOR) could be assigned to confinement effects [4]. Following
his concept, a rather similar type of approach allowed correlating
he enthalpies of adsorption in the case of any sorbing system to
eometric parameters related to both the zeolite and the sorbate
pecies [5]. Improving the understanding of zeolites as sorbents,
erouane also suggested that zeolites could be envisaged as solid

olvents so that the physicochemical properties of sorbed species
ould be driven by solvation effects [6]. Experimental studies con-

rmed this suggestion, for instance in the case of the measurable
orption of benzene in the ZSM-5 zeolite, despite the fact that ben-
ene has a larger size as compared to the pore opening of the zeolite.
erouane completed his view on the physical state of molecules in

∗ Corresponding author. Tel.: +33 467 163 484; fax: +33 467 163 470.
E-mail address: tchx@gmx.net (P. Trens).

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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ty between the cis- and trans-2-hexene isomers.
© 2008 Elsevier B.V. All rights reserved.

micropores, suggesting that these molecules could be in a pseudo-
supercritical state, with intermediate physicochemical properties
[7].

Mesoporous materials also allowed studying confinement
effects. This was made possible by the existence of Vycor glasses,
or more recently highly structured mesoporous materials such as
MCM-41 or SBA-15. These materials were at the base of both exper-
imental and theoretical studies devoted to the influence of various
parameters such as particle or pore size onto physicochemical prop-
erties of fluids like phase transformations [8–16], diffusion [17,18],
sorption [19–21] or catalytic properties [22]. In a recent paper,
Goettmann and Sanchez highlighted strong relationship between
confinement effects and heterogeneous catalysis [23], in the par-
ticular case of mesoporous materials.

They studied the catalytic activity of a rhodium complex
anchored on mesoporous MCM-41-type silicas of various pore sizes
in 1-hexene hydrogenation with different solvents. They could evi-
dence a particular pore size leading to a maximum conversion
of 1-hexene, without providing any molecular level explanation.
They concluded that “confinement effects” should rule this catalytic
reaction. By analogy with other systems they further proposed that
energy exchanges at the adsorbed phase/bulk phase interface could

play a major role in controlling the behaviour of a given phase.

The reaction chosen in this paper is the isomerisation of
1-hexene rather than its hydrogenation. The isomerisation of lin-
ear alkenes (1-butene, 1-pentene, 1-hexene, and 1-heptene) has
already been widely studied in the past [24–26]. This reaction is

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:tchx@gmx.net
dx.doi.org/10.1016/j.molcata.2008.11.017
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atalysed by acidic catalysts and occurs through the formation of
n intermediate carbocation resulting in the formation of cis- and
rans-isomers of the starting material. The reason for that is quite
imple: keeping the same physicochemical properties in the solvent
hase, made of the reagent and products, is more straightforward if
he products have properties similar to the reagent. This is precisely
he case of 2-hexene as product, keeping in mind that the aim here
s not to improve by any means this classical reaction, but more to
ake this reaction as a test to evidence confinement effects.

. Experimental

.1. Chemicals

1-Hexene used for this study has been provided by Aldrich
>99.0%). It was outgassed and stored over activated 3 Å molecular
ieve prior to use as adsorbate or reactant.

.2. Mesoporous solids preparation

The different mesoporous materials used in this work either as
dsorbents (purely siliceous) or as catalysts (mildly acidic materi-
ls containing Al within their framework) were synthesized in the
aboratory using hexadecyl trimethyl ammonium cations (namely
.3-Al-MCM-41 and 2.5-MCM-41) and swelling agents as hex-

decyl dimethyl amine (3.7-Al-MCM-41, 3.7-MCM-41, 4.4-MCM-41
nd 4.6-Al-MCM-41) and trimethyl benzene (8.4-MCM-41 and 9.3-
l-MCM-41) in order to modulate the pore size [27]. The acidic
esoporous materials used for the catalytic tests were prepared

y adding NaAlO2 to the reaction medium. A very high Si/Al ratio

Fig. 1. Typical N2 adsorption–desorption isotherms measured at 77 K for
talysis A: Chemical 305 (2009) 8–15 9

(Si/Al = 400) was used in order to confer a moderate acidity to the
mesoporous materials sufficient to catalyze the chosen test reac-
tion, while retaining textural properties as close as possible to the
purely siliceous materials. Templates were removed by calcination
in air flow (30 mL min−1) at 773 K for 8 h [28].

2.3. Textural characterization

2.3.1. Nitrogen adsorption measurements
The materials were characterized by nitrogen adsorption at 77 K,

using a Micromeritics ASAP 2010 automatic analyzer. Three typ-
ical nitrogen sorption isotherms are shown for the whole range
of pore diameters in Fig. 1. For all materials, the nitrogen adsorp-
tion results in type IV sorption isotherms, typical of mesoporous
materials. The sorption isotherms classically exhibit the different
adsorption steps: first the monolayer–multilayer adsorption step;
followed by a capillary condensation process, which steepness indi-
cates a very narrow pore size distribution (Fig. 1). A flat saturation
plateau obtained at higher equilibrium relative pressure indicates
the small extent of external surface on which the adsorption pro-
cess carries on. The textural properties of the materials are given
in Table 1. The pore size distribution has been calculated according
to the method developed by Broekhoff and de Boer [29,30] applied
to the adsorption branch of the sorption isotherms, which takes
into account the curvature of the pore section and has been proven
to be more precise than other methods of pore size evaluation

such as the 4 V/S method [31]. Specific surface areas were deter-
mined using the classical model developed by Brunauer, Emmett
and Teller, taking 0.162 nm2 as cross-sectional area for nitrogen [32].
The absence of micropores was checked by using the ˛s comparing
method.

three Al-MCM-41 materials: (a) 2.3 nm; (b) 3.7 nm; and (c) 9.3 nm.
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Table 1
Textural properties of the mesoporous materials.

Sample Surface area (m2 g−1) Pore diameter (nm) Pore volume (mL g−1) Si/Al Cell parameter (nm)

2.3 Al-MCM-41 – 2.3 0.52 400 ± 20 3.7
2.5 MCM-41 965 2.5 0.73 – 3.7
3.7 Al-MCM-41 981 3.7 0.96 400 ± 20 5.0
3.7 MCM-41 985 3.7 0.97 – 5.0
4
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mined at 303 K for the whole range of materials used in this
study are shown in Fig. 2. All the curves obtained are type IV
isotherms, typical of mesoporous materials. The adsorption pro-
cess in these materials is well known and can be described through
several steps. At low relative pressure, the adsorption follows a
.6 Al-MCM-41 861 4.6

.4 MCM-41 1180 4.4

.3 Al-MCM-41 781 9.3

.4 MCM-41 924 8.4

.3.2. X-ray diffraction measurements
Powder X-ray diffraction (XRD) spectra were obtained using a

iemens D5000 Diffractometer and monochromatic Cu K� radia-
ion. The materials with pore sizes up to 4.6 nm exhibited the XRD
attern typical of the P6mm structure of MCM-41-type materials,
haracterized by the [1 0 0] [1 1 0] and [2 1 0] reflections. The mate-
ials with pore sizes equal to 8.4 and 9.3 nm demonstrated a lower
egree of long-range ordering, as it is generally observed. The lattice
parameters of the calcined materials are given in Table 1.

.3.3. Characterization of the acidity
The acidity of the four samples containing aluminum was

videnced through IR measurements and thermodesorption of
mmonia. The IR spectra were recorded using a Bruker IFS55 in
he diffuse reflectance mode on the bare solids, in the presence
f pyridine (strong adsorbed base) and CO (weak adsorbed base).
hey revealed the sole presence of isolated and geminal silanols
roups with weak acid character. Strong acidic sites, associated with
he presence of aluminium atoms in the framework, could not be
etected with this technique, due to their very low concentration.
he programmed thermodesorption (TPD) of ammonia performed
n a homemade apparatus based on conductivity measurements,
ed to amounts of acid sites at the limit of detection of the method
<0.05 mmol g−1). These results are similar for the four samples,
hich can then be considered as equivalent in terms of acidity, and

re in line with the Si/Al ratio of 400 ± 20, determined by elemental
nalysis (SCA, Solaize, France).

.4. Adsorption experiments

Sorption isotherms of 1-hexene over purely siliceous samples
ere determined using a homemade apparatus fully described

lsewhere [33]. The adsorption apparatus is based on pressure mea-
urements, the adsorption/desorption processes being followed by
wo capacitative pressure gauges (10 and 100 Torr). The whole
pparatus is placed in a climatic chamber allowing a thermal sta-
ility better than 0.1 K from 250 K up to 350 K. The sample cell can
e disconnected from the system so that the samples can be ther-
ally treated at 523 K under vacuum (10−3 Torr) during 8 h between

ach experiment. Each experiment used ∼150 mg of solid and the
sotherms were determined for temperatures going from 293 K up
o 343 K.

.5. Catalytic experiments

The isomerisation of 1-hexene was investigated at 343 K in a
omemade continuous fixed bed reactor, which has been fully
escribed elsewhere [22]. The 1-hexene flow rate was maintained
onstant at 40 mL min−1, while the nitrogen flow rate ranged

etween 3.0 and 50 mL (STP) min−1 thus allowing a precise con-
rol of the 1-hexene partial pressure required to study its influence
n the whole sorption regimes. A correlation between equilibrium
elative pressures obtained for the adsorption isotherms and par-
ial pressures established as described above seems reasonable
0.77 400 ± 20 5.9
1.11 – 5.7
1.83 400 ± 20 14.2
1.99 – 12.2

since nitrogen does not adsorb onto aluminosilicate mesoporous
materials at 343 K. Thus, as the only role of nitrogen is the elu-
tion of 1-hexene to reach different partial pressures, the adsorption
isotherms can be used to determine the state of the pores for
a particular partial pressure, that is submonolayer completion,
mono-multilayer adsorption process or pores filled with sorbate.

On-line analysis of the gaseous effluents were performed
by gas chromatography using a capillary column Chromopack
Al2O3/KCl (dint = 0.53 mm; L = 50 m) at 403 K. Besides the remain-
ing unreacted substrate (1-hexene) and the main reaction products
(trans-2-hexene and cis-2-hexene), the only by-products observed
were (cis + trans)-3-hexene, 2-methyl-2-pentene and 2-methyl-1-
pentene in amounts always lower than 5% of the total amount of
products.

Preliminary catalytic tests were performed using purely
siliceous MCM-41 materials as catalysts. No measurable conver-
sion of 1-hexene could be observed. This point made clear, pure
siliceous MCM-41 could be used for the determination of sorption
isotherms of 1-hexene representative of the sorption isotherms that
could have been obtained using (Si/Al = 400) MCM-41 catalysts.

3. Results and discussion

3.1. Sorption isotherms of 1-hexene

Sorption isotherms of 1-hexene have been determined on the
purely siliceous materials featuring different pore sizes at tem-
peratures going from 303 K to 343 K. This insures that no catalytic
reaction takes place during sorption equilibria. The isotherms deter-
Fig. 2. Sorption isotherms of 1-hexene on different pore size materials at 303 K.
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ig. 3. (a) Sorption isotherms of 1-hexene on 4.4 MCM-41 and 8.4 MCM-41 at 293 K
lling fraction.

onolayer–multilayer adsorption mechanism, which is then fol-
owed by a capillary condensation process, characterized by a
trong sorbate uptake, and finally adsorption takes place on the
xternal surface. In our case, as it was already described elsewhere
34], the steep capillary condensation uptakes show the narrow dis-
ribution of pore size and the very flat plateaus are a proof of the
mall extent of external surface of our model materials. In the case
f the 2.5 MCM-41 material, the 2.5 nm pore size is at the frontier of
he microporous domain, thus exhibiting a hybrid type of isotherm,
etween type I and type IV. As shown in Fig. 2, the capillary con-
ensation begins before the end of the monolayer completion, thus
asking the knee that normally clearly appears before capillary

ondensation for mesoporous materials.
When comparing the different materials, and in accordance with

ther studies published in the literature, the increase of pore size
r temperature (not shown here) shifts the capillary condensation
ptakes towards higher relative pressures [35–39]. On the other
and, the effect of these two parameters on the hysteresis loop is
pposed, as an increase of temperature (not shown here) for a given
ore size leads to a narrowing, then disappearance of the loop, while
n increase of pore size at a given temperature leads to the appear-
nce and enlargement of this loop. It should also be noted that the
apillary condensation occurs at low relative pressures – between
.05 and 0.3 – for the three materials with the smallest pore size
2.5 MCM-41, 3.7 MCM-41, and 4.4 MCM-41), while it occurs for
elative pressures as high as 0.6–0.8 for the 8.4 MCM-41 material.
his point should be of importance as the catalytic process must
epend on the state of the reactant within the pores, thus directly
elated to the temperature, pore size and filling state of the pores
sed for the catalytic tests.

.2. Isosteric heats of adsorption

The heats of adsorption of 1-hexene on MCM-41 materials can
e derived from the sorption isotherms through the well-known

sosteric method. These heats of adsorption can be calculated from
set of sorption isotherms using an equation derived from the

lausius–Clapeyron equation (Eq. (1)):[ ]

adsḣ = −RT2 × ∂(ln p)

∂T
n

(1)

This method, which has already been described in detail else-
here, can be applied under several conditions: (i) the temperature
03 K and (b) corresponding heats of adsorption derived from the isotherms vs. pore

range in which the different isotherms have been determined must
not be too large; (ii) the structure of the adsorbed phase is supposed
to be unchanged throughout the considered temperature range;
and (iii) for a fixed adsorbed amount, the structure of the adsorbed
phase must be identical at the different temperatures considered
[38].

The results obtained for the 4.4 MCM-41 and 8.4 MCM-41
materials are shown in Fig. 3. The evolution of isosteric heats of
adsorption has been represented with increasing pore filling frac-
tion, which is the normalization of the adsorbed amount to the
amount adsorbed at the saturation plateau. This representation
has been chosen to facilitate the comparison between the differ-
ent materials as the adsorbed amounts are very different from a
solid to another (Fig. 3a). In the case of the 8.4 MCM-41 material the
adsorbed amount at saturation has been estimated by considering
that the density of 1-hexene is constant during pore filling, and by
using the total pore volume calculated from nitrogen adsorption
experiments.

The curves obtained (Fig. 3b) clearly exhibit the different steps of
the adsorption process. At low pore filling fractions (up to 0.1 and
0.3, respectively, for the 4.4 MCM-41 and 8.4 MCM-41 materials)
the monolayer–multilayer adsorption process takes place, followed
by the capillary condensation characterized by constant heats of
adsorption during the whole process thus indicating true first-order
phase transitions, and finally the residual adsorption on the exter-
nal surface of the materials leads to a divergence of the curves. The
affinity of 1-hexene for the silica surface allows to clearly distin-
guish the different steps of the adsorption processes as can be seen
in Fig. 3b. The results obtained in the case of the 2.5 MCM-41 mate-
rials (not shown here) exhibit a bell-shaped curve, thus confirming
that this material is at the limit between the microporous and meso-
porous domains, and in this case, the isosteric method should not
be applied.

The influence of pore size is also remarkable as the isosteric
heat of condensation (during capillary condensation process) is
found higher than the heat of condensation of 1-hexene in the bulk
(−30.6 kJ mol−1) in all cases. Moreover, these enthalpic excesses
increase when the pore size of the material decrease, even in the
case of the 2.5 MCM-41, where the whole curve is largely above the

curve obtained for the 4.4 MCM-41 material (the enthalpic excess in
this case is roughly 20 kJ mol−1). These results are consistent with
studies already published in the literature [40,41] and provide a
quantitative insight into the influence of the surface curvature of
the MCM-41 hosts on the adsorption process of 1-hexene.
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ig. 4. (a) Sorption isotherms of 1-hexene on different purely siliceous materials at 3
n (b) and (b) conversion vs. time-on-stream for the isomerisation of 1-hexene over

.3. Catalytic results

The chosen model reaction is the catalytic isomerisation of 1-
exene into cis- and trans-2-hexene over mildly acidic Al-MCM-41
atalysts, which presents several advantages: (i) this reaction is
onomolecular; (ii) it has been performed without any solvent (the

eactant playing the role of the solvent under certain pore filling
onditions, see below), thus eliminating a parameter which would
ave rendered the system more complex; and (iii) the reaction tem-
erature (343 K) allows the determination of sorption isotherms at
he same temperature as the catalytic tests, which allows to fix pre-
isely the pore filling conditions during the reaction. The reaction
as been performed at 343 K on Al-MCM-41 catalysts with pore
izes ranging from 2.3 nm to 9.3 nm, with Si/Al ratios of 400. The
igh ratio has been chosen for several reasons: (i) the goal of this
tudy is clearly not to obtain the highest possible conversions, but
o precisely control the reactivity under identical conditions for all
he catalysts with varying pore sizes and (ii) the amount of alu-

inium introduced in the catalysts is sufficiently low to consider
hat these catalysts are “identical” to their purely siliceous counter-
arts, meaning that the sorption isotherms determined for these

aterials can be used to set the pore filling conditions during the

atalytic tests.
A series of sorption isotherms of 1-hexene on the purely siliceous

CM-41 materials has been determined at 343 K, in order to deduce
he pore filling conditions at which the catalytic tests must be

ig. 5. (a) Initial conversion as a function of pore diameter for the isomerisation of 1-hex
f pore diameter for the isomerisation of 1-hexene at 343 K over Al-MCM-41 catalysts.
the dash line corresponds to the relative pressure used for the catalytic tests showed
CM-41 catalysts of different pore sizes for the same partial pressure p/p◦ = 0.32.

performed (Fig. 4a). Each catalyst was then tested for different 1-
hexene partial pressures, each partial pressure corresponding to a
single test, using fresh catalyst for each test. It must be recalled that
purely siliceous materials were tested and proved totally inactive.
The pore filling conditions within the catalytic reactor being fixed
by nitrogen and 1-hexene flow rates, the range of attainable par-
tial pressures – which correspond to the relative pressures of the
isotherms (see Section 2) – goes from 0.13 to 0.6 due to these techni-
cal limitations. This means that even at the lowest partial pressure
(0.13), the pores of the two smallest pore catalysts (2.3 Al-MCM-41
and 3.7 Al-MCM-41) are already filled, while at the highest partial
pressure (0.6) the adsorption process is barely at the end of the
monolayer completion for the largest pore catalyst (9.3 Al-MCM-
41). Consequently, the only catalyst for which the influence of pore
filling can be thoroughly investigated is the 4.6 Al-MCM-41 cata-
lyst, as the experimental conditions allow to go through the whole
adsorption process.

For the sake of clarity, the conversion versus time-on-stream
curves are presented here for different catalysts but for a single par-
tial pressure (0.32) (Fig. 4b). The same typical curves were obtained
for all the catalysts and all the partial pressures tested. All curves

indicate high initial activities with a fast deactivation, and a stabi-
lization for long times-on-stream. It can be noted in all cases that
the initial activity is inversely proportional to the pore size and
the smaller the pore size the faster the deactivation. Such a corre-
lation between overall activity and deactivation rate is commonly

ene at 343 K over Al-MCM-41 catalysts and (b) conversion at 250 min as a function
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ig. 6. (a) Adsorption isotherm of the 4.4 MCM-41 purely siliceous material at 343
nfluence of the pore filling conditions on the selectivity of the reaction at 343 K.

bserved in the case of acidic catalysts. The poisoning of the sites
ndeed results from the accumulation of heavy residues produced
s by-products via mechanism not different from those of the tar-
et reaction. The results clearly evidence therefore the influence
f pore size on the catalytic activity, either for short times-on-
tream, or after the deactivation period when the activity is stabili-
ed.

In order to assess more clearly the influence of pore size on activ-
ty, the evolution of the initial conversions and of the conversions
fter 250 min on stream have been represented in Fig. 5 as a function
f pore diameter. For each pore size, the value represented corre-
ponds to the mean value of all the partial pressures tested, the error
ar corresponding to the distribution of experimental conversions
btained. The chart representing the initial conversion versus pore
iameter confirms the direct influence of pore size on the catalytic
ctivity. It shows a decrease of initial activity with the increase of
ore size, the catalyst exhibiting the highest initial activity being
he 2.3 Al-MCM-41sample. As the four catalysts tested are chem-
cally identical, differences in acidities or surface state cannot be
nvoked to explain these results.

The conversion levels achieved after 250 min on stream reveal
bell-shaped curve which could apparently contradict the results
btained for short times-on-stream. However, the catalyst with the
mallest pore sizes (2.3 Al-MCM-41) is the most active catalyst as
ell as the catalyst that deactivated the fastest among the series.

he most plausible explanation could be that the diffusion within
he pores of the 2.3 Al-MCM-41 catalyst, at the frontier of the micro-
orous domain, is severely limited, due to the formation of heavy
roducts.

As already discussed in a previous work [22], the effect of pore
ize on catalytic activity can be qualitatively and quantitatively
ccounted for by the Nest effect model developed by Derouane in
he case of zeolite catalyzed reactions [6]. Derouane indeed clearly
emonstrated the direct relationship between catalytic activity
nd adsorption enthalpies of the reactant within the pores of the
atalyst. The enthalpic excesses found in the case of 1-hexene
dsorption over MCM-41 materials are inversely proportional to
he pore size. They can be associated with catalytic activity as the
ighest enthalpic excess (2.5 MCM-41) corresponds to the highest
atalytic activity, while the lowest enthalpic excess (8.4 MCM-41)
lso corresponds to the lowest catalytic activity either at short or

ong times-on-stream (cf. Fig. 5).

Because of the identical chemical nature of the catalysts, this
esult constitutes a clear evidence of the relationship between cat-
lytic activity and surface curvature, or so-called “confinement
ffects” in the case of mesoporous materials.
h line corresponding to a pore filling condition tested in the catalytic test and (b)

Conversion, however, is not the only indicator measuring the
influence of pore size or pore filling on the catalytic process. Selec-
tivity could as well be influenced by any of these parameters.

A most striking result was obtained when plotting the evolution
of the cis-2-hexene/trans-2-hexene ratio versus time-on-stream for
the different partial pressures (and degree of pore filling) tested for
the 3.7 Al-MCM-41 and 4.6 Al-MCM-41 catalysts. For technical rea-
sons the same series of experiments could not be performed for the
2.3 Al-MCM-41 and 9.3 Al-MCM-41 catalysts. With the former, the
pores were already totally filled at the lower pressure achievable,
while in the case of the later the highest partial pressure attain-
able with our set-up corresponded to only the end of monolayer
completion of the adsorption process.

As shown in Fig. 6 related to the experiments performed over
the 4.6 Al-MCM-41 catalyst, an inversion of selectivity clearly
occurs, particularly noticeable after some time on stream, when the
strongest acid sites have been poisoned. On the fresh catalyst, under
all pore filling conditions, at a conversion level of 22 ± 3%, all runs
led to a cis/trans ratio equal to 0.9. By contrast, after a few minutes
on stream the reactions carried out before and during the capillary
condensation (p/p◦ = 0.13 and 0.16) lead to a majority of trans iso-
mer (thermodynamically favoured product) while the experiments
carried out after the capillary condensation (p/p◦ = 0.25–0.6) lead
to a majority of cis isomer (kinetically favoured product). Because
deactivation results in a decrease in conversion, the selectivity data
have been reported as a function of conversion in Fig. 7a–c. As
expected, this representation confirms that the different degrees
of pore filling lead to different catalytic systems and accordingly
to different kinetic regimes: at low partial pressures, the system
is characterized by an adsorbed phase/vapour phase equilibrium,
with a strong enthalpic excess due to the occurrence of an inter-
face [42,43], while at the high partial pressures, when the pores are
saturated with the liquid reagent, the reaction proceeds in the pres-
ence of a solvent. These two different situations definitely impact
adsorption–desorption constants of the reactant and products and
as a consequence the overall free energy profile of the isomeri-
sation process changes. The cis-2-hexene is indeed known to be
slightly more basic than the trans isomer, thus leading to a strongest
adsorption on the surface of the catalyst at low partial pressure,
which could favour the formation of trans product. In the case of
higher partial pressures, the complete filling of the pores and a

higher 1-hexene partial pressure could force the desorption of the
cis isomer, and lead to the observed inversion of selectivity. This
hypothesis would be in line with the conclusions of a recent study
on confinements effects in heterogeneous catalysis which stated
that confinement effects could promote selective adsorption [44].
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ig. 7. Influence of the conversion on the selectivity of the isomerisation (a) a
hexene/(phexene + pnitrogen) = 0.25 and (c) at completely filled pores (phexene/(phexene + p

. Conclusion

In this paper, it is shown that confinement and/or curvature
ffects in mesoporous materials can affect selectivity in hetero-
eneous catalysis. These effects could be demonstrated by using
CM-41-type materials prepared with a wide range of pores

izes and carefully characterized, ensuring that the only difference
etween these materials is pore size. 1-Hexene used as reagent
as been adsorbed in siliceous MCM-41 materials in the temper-
ture range relevant to catalytic studies to allow the determination
f the different sorption processes as a function of pressure. Cata-

ysts with a high Si/Al ratio have been used for the isomerisation of
-hexene into 2-hexene with different 1-hexene partial pressures
orresponding to those of the different sorption regimes. The effect
f the confinement is apparent at two levels: (i) different pore sizes
esult in different reaction and deactivation rates and (ii) different
eagent partial pressures (or sorption regimes) for a given pore size
llow a striking inversion of selectivity between the cis- and the
rans-2-hexene isomers. It is assumed that the latter effect results
rom a change in the solvent properties of the n-hexene reagent
hich, in turn, affect the sorption characteristics of the products.

uch a phenomenon could constitute a new tool for the orienta-
ion of the selectivity in catalytic processes involving low energy
arriers between competing paths.
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