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Abstract

The oligomerization of butene at 423 K and 1.5–2 MPa has been investigated over a series of zeolite, amorphous
Ž . Ž .silica–alumina ASA and ordered mesoporous aluminium-containing micelle templated silica MTS catalysts. While olefin

oligomerization into strongly adsorbed residue and fast deactivation prevailed on microporous catalysts and ASA,
mesoporous aluminosilicates with uniform pore openings near 3 nm in size exhibited high selectivity and good stability with
time for the production of branched dimers. The characterization of the surface properties of the solids, the nature of the
adsorbed residue on the spent catalysts, and the identification of reaction intermediates by in situ infrared spectroscopy of
co-adsorbed acetonitrile and butene, suggest that the unique catalytic behaviour of MTS-type catalysts is related to the
moderate strength and the high dispersion of the acid sites in the mesoporous structure. q 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Ž .Micelle templated silicas MTS constitute a
new class of inorganic molecular sieves with
well-controlled narrow pore size distributions
that can be tuned in the 1.5–10 nm range. Since
the first reports by researchers from Mobil and

w xWaseda University 1–5 on the synthesis of
this family of materials prepared via a self
assembly process, where positively charged
quaternary ammonium surfactant micelles act as

) Corresponding author.

templates for the negatively charged silicate
network, many related materials have been gen-

Ž w x w x w x w xerated M41S 1 , HMS 6 , TMS 7 , MMS 8 ,
w x w x w x w x.SBA 9 , MSU 10 , PCH 11 , FSM 4 by

using a variety of cationic, anionic or neutral
surfactants.

With regards to catalytic applications, the
MCM-41 member of the M41S family has been
the most extensively studied to date. Active
catalytic centres can be created by inserting

w x w x waluminium 1,8 , vanadium 12 , titanium 13–
x w x w x w15 , manganese 16 , iron 17,18 , gallium 17–
x w x w x19 , chronium 20 and boron 12 into the sili-

cate network, imparting acidic or redox proper-

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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ties. In the case of aluminium incorporation,
Bronsted and Lewis sites are created, as it is¨
usually observed for amorphous and crystalline
aluminosilicates. The surface acidity of MTS-
type materials has been often described on the
bases of models developed in the field of zeolite
science. It must be stressed however that the
surfaces of the two kinds of materials differ
significantly. First, the inner surface of a zeolite
is limited by a completely connected network of
tetrahedra, whereas the inner surface of MTS
interrupts a framework of amorphous silica–
alumina and is essentially lined by hydroxyl
groups. This situation leads to a rather flexible
framework in MTS in comparison to the rigid
zeolite networks. Second, the peculiar synthesis
mechanism of MTS, where the single-charged
aluminate anions preferentially react with the
silica layer already coating the micelles, severely
restricts the incorporation of aluminium at the
surface, limiting therefore the number of acid
sites accessible to the reagents. Previous spec-
troscopic characterizations of materials prepared
with widely varying compositions led to the
conclusion that no more than 1 aluminium per
60 tetrahedra was measured at the surface using

w xusual basic probes 21,22 .
On the other hand, MTS differ also from

amorphous silica–aluminas because of a more
uniform dispersion of the acid sites on the sur-
face of the former, owing to their formation

Ž .mechanism vide supra and to the surface areas
attained.

In view of the peculiarities of their textural
and acidic characteristics, mesoporous solid acid
catalysts have opened new perspectives for the
synthesis and conversion of large molecules
unable to enter the micropores of zeolites. Ex-
amples of such applications have been indeed

w x Ž w x.reported 23–26 for a review, see Ref. 27 ,
but amazingly, excellent activities and selectivi-
ties into gasoline and middle distillates in the
oligomerization of light olefins have been also
disclosed, under conditions where zeolites and
classical amorphous silica–aluminas are practi-

w xcally inactive 17,28–30 .

As the implications of porosity and acidity on
activity and selectivity in the conversion of
olefins have not been fully elucidated yet, we
undertook a comparative study of the reaction
of butene over a series of zeolites, amorphous
silica–alumina, and MTS-type catalysts with
different pore sizes.

2. Experimental

2.1. Catalysts

Aluminium-containing micelle templated sili-
cas were synthesized using cetyltrimethylammo-

Ž .nium CTMA or octyltrimethylammonium
Ž . Ž . ŽOTMA bromide Aldrich , Aerosil 200 V De-

. Ž .gussa or Zeosil 175 MP CECA silicas, alu-
Ž .minium sulfate Aldrich , sodium hydroxide

Ž .Prolabo and deionised water. The reagents
have been mixed at 343 K under stirring in a
stainless steel vessel, sealed and then heated at
393 K. The solid phase was then separated by
filtration, washed first with deionized water un-
til pH 9, then with ethanol, and dried at 353 K
w x22,31 . The alkali content of the samples being
always negligible with respect to the Al content,
acidic catalysts were prepared by calcining the

Ž .as-made solids in a flow 100 mlrmin of dry
air at 823 K for 7 h. The solids were then
re-equilibrated with ambient moisture for at least
two days.

The reference catalysts used for comparison
Žpurposes were a zeolite H-beta hereafter BEA,

w x.SirAls26, synthesized in the laboratory 32 ,
Ža zeolite H-ZSM-5 hereafter MFI, SirAls25,

.CBV 5020 from Conteka and amorphous sil-
Žica–alumina hereafter ASA, 13 wt.% alumina,
.from Ketjen .

2.2. Sample characterization

Ž .Powder X-ray diffraction XRD patterns
were recorded by using a CGR Theta-60 diffrac-ˆ
tometer with monochromated Cu K a radiation.
Textural properties have been characterized by
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nitrogen adsorption at 77 K, on calcined sam-
ples outgassed at 525 K, with a Micromeritics
ASAP 2000 apparatus. For the MTS family of

Ž .materials, the mesopore volume V was mea-
sured at the top of the type IV adsorption step,
and pore diameters were calculated by using the

w xformula D s4VrS 33 .4V r S BET

The composition and nature of the carbona-
ceous residue was investigated by combined
thermogravimetryrthermal analysisrmass spec-

Žtrometry TGrDSCrMS, Setaram DSC 111 an-
.alyzer interfaced with a Leybold Quadrex 200 ,

Ž .by infrared FTIR, Nicolet 320 and Diffuse
ŽReflectance UV–Visible UV–Vis, Perkin-

. 13Elmer Lambda 14 spectroscopies. C MAS
NMR spectra using the HP decoupling tech-
nique were recorded with a Bruker AM 300

Ž 1spectrometer 300 and 75.4 MHz for H and
13 .C, respectively using a 7-mm zirconia rotor
spun at 3 kHz in dry air. The spectra recorded
with the 1Hr 13C cross-polarization technique
were obtained on a Bruker ASX 400 spectrome-

Ž 1 13ter 400 and 100.6 MHz for H and C, respec-
.tively using 4 mm rotors spun at 5 kHz.

2.3. Acidity measurements and identification of
intermediates

The acidity of the catalysts was studied by
ammonia temperature programmed desorption
Ž .TPD and microcalorimetry, and by infrared
spectroscopy of adsorbed acetonitrile. Ammonia
TPD experiments were performed using a
homemade apparatus with continuous titration
of the effluent gases by conductimetry. The
heats of adsorption of ammonia were deter-
mined by microcalorimetry on a Tian-Calvet
type calorimeter from Setaram. The details of
the experimental procedures have been given

w xrecently 34 .
Identification of intermediate carbenium ions

in the course of butene oligomerization over
MFI and MTS-3 catalysts was performed by in
situ infrared spectroscopy on self-supported
wafers, according to the method depicted by

w xJolly et al. 35 . The catalysts were first satu-

Ž .rated with CD CN 3 kPa at room temperature,3

and then evacuated at 293–403 K in order to
regenerate 10 to 30% of the initial acid sites.
The sample was cooled at room temperature and
the cell equilibrated with 20 kPa of butene.

Ž .Spectra were recorded at room temperature
after various thermal treatments performed up to
523 K without intermediate evacuation.

2.4. Catalytic eÕaluation

The oligomerization of butene was investi-
gated in a down-flow stainless-steel reactor at
423 K with a nitrogenr1–butene flow contain-
ing 17% molar butene, a hydrocarbon space

Ž . y1velocity WHSV varying between 3 and 9 h
and a total pressure in the range 1.5–2 MPa.

Ž .The catalyst bed 100–250 mg, powder form
was activated for 4 h at 773 K under nitrogen
flow at atmospheric pressure. The reactor tem-
perature was then decreased to 423 K, and the

Žsystem pressurized with nitrogen. Butene 1-
butene, 99.7% purity, 0.2% cisq trans 2-

.butene, 0.1% butane was then fed using a
membrane pump. Analysis of the effluent gases
was performed by on-line gas chromatography
Žthe first analysis was performed 10 min after

.the butene stream was stabilized and recupera-
tion of the condensable products in a cold trap.
The latter were analyzed by combined CGrMS.
At the end of the runs, the catalysts were flushed
with nitrogen at the reaction temperature and
then recovered for characterization.

3. Results

3.1. Catalyst characterization

Table 1 gathers the main physico-chemical
characteristics of the six catalysts investigated.
The XRD patterns of the three MTS-type solids
Ž .hereafter MTS-1, MTS-2 and MTS-3 exhib-

Ž .ited the intense signal of the 100 diffraction
Ž . Ž .and the less intense 110 and 200 peaks,

characteristic of the hexagonal array of MCM-41



( )B. Chiche et al.rJournal of Molecular Catalysis A: Chemical 134 1998 145–157148

Table 1
Main properties of the catalysts used

2 cŽ . Ž . Ž .Catalyst SirAl Pore diameter nm Pore volume mlrg Surface area m rg Acidity % C
a bmeqrg D Hkjrmol

MTS-1 30 1.7 0.32 782 0.065 128 18.8
MTS-2 28 3.1 0.55 704 y 120 23
MTS-3 27 3.2 0.70 987 0.075 130 27
ASA 5.9 3–10 0.37 405 0.68 155 8.3
BEA 26 0.76=0.64 0.24 623 0.72 160 17.7
MFI 25 0.56=0.53 0.17 400 0.74 165 12

a Number of acid sites measured by ammonia TPD.
b Initial heat of adsorption of ammonia measured by microcalorimetry.
cAmount of carbon residue on the spent catalysts.

w xmaterials 1,2 . The samples also featured the
type IV reversible nitrogen sorption isotherm
typical of ordered mesoporous solids. MTS-1,
synthesized using OTMA as surfactant, was
characterized by a porosity at the border be-
tween micro- and mesopores. The difference in
pore volume and surface area between samples
MTS-2 and MTS-3 is accounted for by the
different wall thickness and the resulting differ-

w xent void fraction, as discussed previously 36 .
Several methods have been used to investi-

gate the surface acidity of the catalysts. In the
last columns of Table 1 are reported the amounts
of acid sites as determined by ammonia TPD
and the initial heats of adsorption of ammonia,
i.e., the heat of adsorption on the strongest sites,
measured by microcalorimetry. From these
measurements, two facts are apparent. On the
one hand, MTS-type materials exhibit a very
low population of acid centers that correspond
approximately to only 10% of their total alu-
minium content, whereas this proportion
amounts to 70–90% in the case of zeolites with
similar overall compositions. Our previous study
using carbon monoxide adsorption at 77 K led

w xto a similar conclusion 22 . On the other hand,
the strength of the sites is definitely higher for
zeolites and ASA than for the mesoporous solid
acids. Concerning this last statement, it has to
be mentioned that the acid strength of amor-
phous silica alumina has been reported to be

w x w x w xhigher 37 , lower 38 or identical 39 to that
of MCM-41, suggesting that the mode of prepa-

ration and of activation of both materials may
be critical for the generation of the active sites.

3.2. Nature of acid sites

The nature of the acid sites on the surface of
the MFI and MTS-3 samples was investigated
by infrared spectroscopy of adsorbed deuterated
acetonitrile. This probe is a weak base and the
frequency of the stretching vibration mode of
the CN bond is highly sensitive to hydrogen

w xbonding, protonation or coordination 35 .
Adsorption of CD CN on the MFI catalyst at3

room temperature led to the disappearance of
the signal due to bridging hydroxyl groups and
to the development of signals at 2114, 2284 and

y1 Ž .2323 cm Fig. 1a . The broad band at ca.
2400 cmy1 corresponds to one of the compo-

Ž .nents of the shifted n OH band of hydroxyls
strongly H-bound to the probe, splitted by the

w xEvan windows. According to literature data 35 ,
the different signals can be assigned to the

Ž Ž .stretching vibrations of CD groups n CD ,3 3
y1. Ž .signal at 2114 cm and to n CN vibrations

of deuterated acetonitrile interacting with
Ž y1. ŽBronsted signal at 2284 cm and Lewis sig-¨

y1.nal at 2323 cm sites. After desorption of the
sample at 373 K, the intensity of all the signals
decreased, but the relative proportion of the
peaks characteristic of the adsorbed base re-

Ž .mained the same Fig. 1b . Adsorption of trace
amounts of water to the sample led to a de-
crease of the intensity of the 2323 cmy1 signal,
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and to an increase of the one at 2284 cmy1 ,
typical of the transformation of Lewis into
Bronsted sites, as it is usually observed.¨

The adsorption of the probe on MTS at room
temperature revealed a much weaker interaction
of the base with the surface, since the broad

y1 Ž .band at 2400 cm Fig. 2a was not observed,
and the band characteristic of the interaction
with Bronsted sites was shifted to 2276 cmy1.¨
The latter signal was in fact constituted of two
components that became visible after desorption

Ž .at room temperature Fig. 2b , one at 2288
cmy1 due to interaction with Bronsted sites, and¨
the second at 2270 cmy1 attributed to aceto-
nitrile interacting with the surface by weak hy-
drogen bonding, more likely with silanol groups.
Rehydration of the sample with 1.3 kPa water
vapor at room temperature resulted in an in-
crease of the intensity of the signals at 2270 and
2288 cmy1, indicating that not only Bronsted¨
sites, but also silanol groups had been generated
upon hydration. Moreover, the peak characteris-

Ž .tic of Lewis acidity Fig. 2c was still detected.
Such a behaviour is in line with the high

Fig. 1. Infrared spectra of deuterated acetonitrile adsorbed on MFI
Ž . Ž .catalyst. Evacuation temperature: a Room temperature, b 373

K.

Fig. 2. Infrared spectra of deuterated acetonitrile adsorbed on
Ž . Ž .MTS-3 catalyst. a RT adsorption of 3 kPa of base, b evacua-

Ž . Ž .tion at RT, c rehydration with 1.3 kPa water vapour, d
evacuation at 383 K.

propensity of the surface of MTS to undergo
w xhydrolysis of siloxane bridges 33 , and shows

that water molecules do not disrupt totally the
interaction between Lewis sites and acetonitrile.

Ž .After evacuation at 373 K Fig. 2d , the base
interacting with silanol groups was totally re-
moved from the surface, a weak signal charac-
terizing Bronsted sites was still detected, but the¨
main contribution to acidity corresponded to
Lewis sites. The latter constitute therefore the
strongest sites on the surface of these materials,

w xas previously reported 22 .

3.3. Catalytic actiÕity

Fig. 3 compares the catalytic results obtained
on the six catalysts at 423 K at a total pressure
of 1.9 MPa and with a WHSV of 9 hy1. In
these experiments, the conversion corresponds
to the amount of butene consumed, and was
determined by the difference of its concentra-
tion between the inlet and the outlet of the
reactor. The results reveal three types of be-
haviours.
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Ž .i ASA, MFI, and BEA catalysts exhibited a
Ž .very low initial after 10 min on stream activity

and became totally inactive after some hours on
stream. Only trace amounts of gaseous products
other than the butene feed could be detected in
these experiments. Additional series of experi-
ments performed at atmospheric pressure on
these catalysts allowed to detect reaction prod-
ucts in the effluent stream in the initial stages of
the reaction. They consisted of mixtures of lin-
ear and branched C to C paraffins and olefins3 12

with odd and even number of carbon atoms,
whose formation can be well explained by clas-
sical carbenium ion chemistry involving
oligomerization, cracking and hydride transfer
as elementary steps.

Ž .ii MTS-2 and MTS-3 showed high initial
activity, then deactivated gradually with time on
stream and finally led to a nearly constant level
of conversion after ca. 10 h reaction. A closer
insight into the changes in catalytic behaviour
with time on stream is presented by Fig. 4
referring to a run performed using MTS-3 as
catalyst, with a WHSV of 4.7 hy1 at 1.5 MPa of
total pressure. The figure shows that the major
process in the initial stages of the reaction was
butene oligomerization into residue remaining
adsorbed on the catalyst. The products detected
at the outlet of the reactor consisted for 85% of
branched octenes, including methylheptenes

Ž .Fig. 3. Conversion of n-butene 17% molar in nitrogen at 523 K,
1.9 MPa and WHSVs9 hy1 on the different catalysts.

Fig. 4. Conversion of n-butene over MTS-3 catalyst. 523 K, 1.5
MPa, WHSVs4.7 hy1. q Total conversion, 0 Conversion into
products.

Ž . Ž .10–15% dimethylhexenes 70–80% and
Ž .trimethylpentenes 10–15% and for 15% of

butene trimers. Trace amounts of C –C olefinic3 6
Žand paraffinic hydrocarbons other than the three

n-butenes that were obtained in amounts ap-
.proaching thermodynamic equilibrium were

also detected. While increasing time on stream
the contribution to residue formation was re-
duced progressively and, after ca. 8 h on stream,
the selectivity into dimers was higher than 98%,
the remaining of the products being trimers, and
trace amounts of isobutane and isobutene.

Ž .iii The behaviour of MTS-1 was intermedi-
ate between those of the two series of catalysts
presented above, in the sense that it exhibited a
moderate initial activity and deactivated rapidly
Ž .Fig. 3 , but the dimerization activity could be
still detected after ca. 10 h on stream.

3.4. Nature of the adsorbed oligomers

Dosing the carbon content of the spent cata-
lysts by combined TGrDSCrMS using an oxi-

Ž .dizing gas flow 80:20 N rO mixture led to2 2

the overall amounts of hydrocarbon residues
listed in the last column of Table 1. The mass
loss occurred in two steps, in the temperature
ranges 473–573 K and 573–823 K, respec-
tively. The first desorption step occurred at a
temperature only slightly higher than the reac-
tion temperature, and the products detected in
the effluent stream consisted of C –C olefinic4 12
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and aliphatic fragments. The weight loss corre-
sponding to this desorption step was the most
important in the case of the three MTS-type
catalysts, amounting to 60–80% of the total
carbon content. In the second desorption step
hydrocarbons, including olefinic, aliphatic and
aromatic compounds, water and carbon dioxide
were formed by a degradationroxidation pro-
cess. It has to be noted that most of the hydro-

Žcarbon residue of MFI and BEA 80 and 60% of
.the total carbon, respectively and the totality of

the residue of ASA was degradated during this
second step, indicating that the deposits formed
in these series of solids were more refractory
than those produced on the MTS catalysts.

The difference in the nature of the adsorbed
residues on MTS- and zeolite-type catalysts was
confirmed by the characterization studies of the
spent catalysts MTS-3 and MFI by 13C MAS
NMR, infrared and UV–Vis spectroscopies.

The infrared spectra of used MFI and MTS-3
catalysts obtained on self-supporting wafers
Žoutgassed at only 393 K in order to avoid
alteration of the residue during sample prepara-

.tion are shown in Figs. 5 and 6 for the C–H

Fig. 5. Infrared spectra in the C–H stretching region of the
Ž . Ž .adsorbed residue on a MTS-3 and b MFI catalysts.

Ž .Fig. 6. Infrared spectra of the adsorbed residue on a MTS-3 and
Ž .b MFI catalysts.

stretching and deformation regions, respec-
tively. The spectra reveal several features com-
mon to both types of catalysts, due to saturated
hydrocarbon species, namely CH stretching3
Ž y1. Ž2960, 2874 cm and bending modes 1457

y1 . Ž y1cm , shoulder , CH stretching 2930 cm ,2
y1 . Ž y1.2865 cm , shoulder and bending 1465 cm

Ž . Žmodes and C CH deformation modes doub-3 2

let at 1380 and 1365 cmy1, with the higher
frequency band significantly stronger than the

.lower frequency one . Besides some differences
in the relative intensity of the various signals,
which suggest a different degree of branching of

Žthe hydrocarbon chains this issue will be dis-
. y1cussed later on , signals at 1508 and 1537 cm

were observed for the MFI sample. The UV–Vis
spectrum of the latter exhibited moreover a very
intense peak at 298 nm with shoulders at 370

Žand 450 nm the three aforementioned UV–Vis
signals were also present on the used BEA and

.ASA catalysts . All these features, which were
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absent from the spectra of MTS-3, are charac-
teristic of the presence of conjugated cyclic
andror acyclic allylic carbocations on the used

w xMFI catalyst 40–44 . Finally, on both solids, a
broad infrared signal in the region 1600–1650
cmy1 due to C5C stretchings was detected.
Since no bands attributable to sC–H stretch-

Ž y1.ings 3000–3100 cm were visible, the 1600–
1650 cmy1 signals can be assigned to substi-
tuted olefins or aromatics.

Fig. 7a,b depicts the 13C NMR spectra of
used MFI and MTS-3 catalysts recorded using
1Hr 13C cross-polarisation. The spectrum of
MTS-3 obtained with 13Cr 1H decoupling is

Ž .also given in the inset Fig. 7c . The chemical
w xshifts of the main distinct resonances 45 , all

corresponding to saturated carbon atoms, are
presented in Table 2. As it was already apparent
from the previous infrared data, the structure of
the strongly adsorbed products formed on the
two solids differ significantly, being highly
branched for MTS-3 and essentially linear for
MFI.

13 ŽFig. 7. C MAS NMR spectra of the adsorbed residue on MFI a,
. Ž .CP technique and MTS-3 b, CP and c, proton decoupling .

Table 2
13 Ž .Assignment of the main C NMR resonances ppm of the

adsorbed hydrocarbon residue

3.5. In situ characterization of reaction interme-
diates

Direct observation of aliphatic alkylcarbe-
nium ions inside inorganic matrices such as
zeolites has never been reported, probably on
account of the insufficient solvating ability of
the framework to stabilize these highly reactive
species. The recent results by the group of

w xLavalley in Caen 35 have demonstrated that in
the presence of preadsorbed acetonitrile, inter-
mediate carbenium ions could be trapped as
stable N-alkylnitriliun cations exhibiting in-

Ž .frared n CN vibrations with frequencies spe-
cific of the nature, secondary or tertiary, of the
carbenium ion involved in the complex. In situ

w x 13 w xinfrared 46,47 and C NMR 48 studies
demonstrated, moreover, that it was possible to
monitor the rearrangements that occur during
the reaction of olefins on acidic surfaces. In
spite of the difference in the experimental con-
ditions used in the course of in situ studies
Ž .static, low partial pressure and in our catalytic

Ž .runs dynamic, high pressure , we used this
procedure to further clarify the behaviours of
zeolite and MTS-type catalysts during butene
oligomerization.

The addition of butene at room temperature
to the MTS-3 sample, on which acetonitrile was
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Fig. 8. IR spectra of co-adsorption of CD CN and butene over3
Ž . Ž .MTS-3. a After adsorption and evacuation of CD CN, b after3

Ž . Ž .co-adsorption of butene at RT, c heated at 323 K and d heated
at 423 K.

pre-adsorbed, resulted in a slight increase of the
proportion of Bronsted sites, which was ex-¨
plained by some hydration of the sample during

Ž .operation Fig. 8a,b . No new signal appeared at
this temperature. Upon heating to 323 K, a new
band at 2362 cmy1 developed, assigned to a
nitrilium complex involving a tertiary carbe-
nium ion. The formation of tertiary cations is
explained by the rapid reaction of the initially
formed sec-butyl cations with feed butene
molecules to yield branched dimers as shown in
Scheme 1.

ŽFurther heating of the sample at 373 not
. Ž .shown and 423 K Fig. 8d affected the relative

intensities of the various bands, but did not lead
to additional signals in the spectrum, indicating
that the growth and rearrangement of the

Scheme 1. Formation of tertiary octyl cations.

Fig. 9. IR spectra of co-adsorption of CD CN and butene over3
Ž . Ž .MFI catalyst. a After adsorption and evacuation of CD CN, b3

Ž . Ž .after co-adsorption of butene at RT, c heated at 323 K and d
heated at 423 K.

oligomer implied exclusively tertiary carbenium
ions as stable intermediates able to react with
acetonitrile.

By contrast, the same series of experiments
performed on the MFI catalyst revealed a more
complex succession of events. Immediately af-
ter the addition of the olefin at room tempera-
ture, bands at 2364 and 2385 cmy1 due to
nitrilium complexes involving tertiary and sec-
ondary carbenium ions, respectively, became

Ž .clearly visible Fig. 9b . Heating for 5 min at
323 K led to an increase of the 2385 cmy1

signal and the almost complete disappearance of
y1 Ž .the one at 2364 cm Fig. 9c . These changes

are fully consistent with the rearrangement of a
branched dimer or oligomer into a linear one via

Scheme 2. Change in the degree of branching in carbenium ions.
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Scheme 3. Formation of allylic cations.

reactions involving protonated cyclopropanes
Ž .Scheme 2 .

Such a process has been reported previously
w x 13in the case of infrared 43 and C NMR stud-

ies of reaction of small olefins or alcohols on
acidic MFI-type catalysts, and is believed to be
driven by shape-selective effects induced by the

w xnarrow pore channels of the zeolite 44–49 .
After heating the sample at 373 and 423 K

Ž .Fig. 9d , the band initially centered at 2385
cmy1 broadened, and its maximum was shifted
to lower wave numbers. The position of the
maximum fell between those of tertiary and
secondary alkylnitrilium cations. A signal in
this frequency range has been observed in the
case of the adsorption of 1,3-cyclohexadiene on
ZSM-5 with pre-adsorbed acetonitrile, while the
usual peak at 2385 cmy1 was obtained with

Ž1,4-cyclohexadiene F. Thibault-Starzyk, per-
.sonal communication, 1997 . On the basis of

this finding, and owing to the data of Fig. 6b,
we can tentatively attribute the spectral changes

Ž .occurring at high temperature 373–423 K in
our in situ experiments to the formation of

Ž .allylic cations Scheme 3 .

4. Discussion

The very simple product distributions and the
nature of the adsorbed residue observed in the
reaction of butene over mesoporous MTS-type
materials under experimental conditions where
zeolites and classical amorphous silica–alumina
do not generate oligomer products in the efflu-
ent stream due to fast deactivation must be
related to the unique acidic and textural charac-
teristics of this new family of aluminosilicates.
Both parameters are believed to exert a positive
influence on the activity and stability of the
catalysts, and their influences will be discussed
below.

4.1. Influence of acidity on catalytic behaÕiour

The acid-catalyzed transformation of olefins
is a classic example of carbenium ion chem-
istry. Although there may still exist a debate
concerning the exact nature of the stable inter-
mediates involved in the reaction process
w x50,51 , the basic steps and sequences of them
have been established as early as in the 1930s
from studies performed in liquid sulfuric acid.
These studies showed that the transformation of
light olefins in moderately concentrated acid
Ž .-75% led exclusively to olefinic dimers and
trimers produced via olefin condensation fol-
lowed by rearrangement of the resulting carbe-
nium ion through hydride and methyl shifts
interconverting branched structures and finally

w xdeprotonation 52,53 . By contrast, in 96–98%
sulfuric acid, the olefins are converted into a
complicated mixture of paraffins and cyclo-
olefins by a sequence of oligomerization, rear-
rangement, cracking, hydrogen transfer and cy-

w xclization reactions 54 .
From the large amount of knowledge gath-

ered from in situ and ex situ mechanistic and
kinetic studies, it is now well established that
the very same elementary steps are involved on
solid acid catalysts such as crystalline or amor-
phous aluminosilicates. The extent to which each
individual step proceeds depends mainly on acid
strength, reaction temperature and catalyst struc-

w xture in the case of zeolites 44,49,55–57 . Be-
sides gaseous products, the above processes
generate bulky, immobile carbonaceous
residues, poisoning the active sites and respon-
sible for catalyst deactivation.

The high selectivity into dimers, as well as
the aliphatic nature of the adsorbed hydrocarbon
residue observed with MTS catalysts, indicate
that secondary cracking and bimolecular hydro-
gen transfer reactions hardly occur on the ini-
tially formed carbenium cations. Such a be-
haviour is typical for a low density of reactive
species on the surface, interacting weakly with
it. The acidity of the surface of MTS materials
is characterized by a moderate strength and a
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high dispersion of the sites. Actually, taking
into account the surface area developed in the
mesopores, and the accessibility of the acidic
sites, the density of sites in MTS catalysts is, at
least, 10 to 20 times lower than in zeolites and

Ž .silica–aluminas Table 1 . A low density of
weak acid sites well accounts, therefore, for the
observed data.

For zeolites and amorphous silica–alumina,
the reaction process disclosed in concentrated
sulfuric acid has been demonstrated several
times and it can be invoked here, albeit no
gaseous reaction products were detected. This
particular fact can be explained by the experi-
mental conditions we used which favor conden-

Žsation and hydrogen transfer reactions the latter
.leading to refractory compounds at the expense

of cracking, this process being the most acti-
vated one in the sequence of events taking place
on the surface. This proposal is supported by
recent results obtained in the reaction of propene
oligomerization showing that MFI-type zeolite
catalysts exhibit an activity level comparable to

Žthat of mesoporous aluminosilicates but with a
different selectivity, since a broad range of hy-
drocarbons with only moderate branching was

. Žobtained at significantly higher temperature by
.about 100 K , i.e., under conditions where

w xcracking can proceed at a significant rate 29,30 .

4.2. Influence of texture

One main peculiarity of the catalytic data
reported in this work is the preservation of a
stable dimerization activity of mesoporous
MTS-type catalysts in spite of the high content
of hydrocarbon residue retained on their surface
under steady-state conditions. The deactivating
effect of the strongly adsorbed hydrocarbon
residue can be due to site coverage and pore

w xblockage 58–60 . Assuming that the residue
Žhas a density of 0.75 grml a value intermedi-

.ate between those of octenes and dodecenes ,
the amounts of carbon dosed on the spent cata-
lysts lead to the conclusion that nearly all the
void volume of the microporous catalysts

Ž .MTS-1, MFI, BEA becomes filled with residue
in the early stages of the reaction, whereas half
of it remains accessible in the case of the meso-
porous catalysts MTS-2 and MTS-3. The lack
of activity of the former can be therefore readily
explained by pore blockage, while the availabil-
ity of some residual free acid sites could ac-
count for the activity of the latter. Such an
explanation would mean that the hydrocarbon
residue would form as patches on the surface,
on account to the large distance between acid
centers, rather than lining the mesopore walls.
Another alternative which could be invoked is a
contribution of the oligomer itself to the process
of dimerization. Consecutive alkylation, isomer-
ization, b-scissions reactions, all involving facile

w xtype A elementary rearrangements 61,62 be-
tween tertiary carbenium ions, occurring on the
adsorbed hydrocarbon chain could lead to octene
products, as depicted in Scheme 4. Such a
mechanism would also explain the formation of
trimethylpentenes from n-butenes avoiding the
intermediate participation of secondary carbe-
nium ions and protonated cyclopropanes.

Whatever the mechanism actually operating,
the difference in activity between MTS-1 on the
one hand, and MTS-2 and MTS-3 on the other,
highlights the positive influence of the open
porosity of mesoporous catalysts, since adsorp-
tion and desorption of feed molecules and
reagents is restricted in the former because of

Scheme 4. Formation of trimethylpentenes by oligomer rearrange-
ment and cracking.
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pore blockage, whereas no such limitation exist
in the latter.

It should be kept on mind, however, that
despite textural characteristics close to those of

Ž .MTS-type materials, the amorphous classical
silica–alumina catalyst severely deactivated un-
der our experimental conditions. In that case a
mechanical effect of the residue cannot be put
forward and site coverage by refractory, strongly
adsorbed species appears as more likely. As
discussed above, the nature of the hydrocarbon
residue is determined by the operating condi-
tions, but also by the acid characteristics. A
high density of strong sites on the surface of
ASA would indeed promote hydrogen transfer
reactions, and the formation of a more toxic
residue than in the case of MTS-type catalysts.

Without neglecting any positive influence of
an ordered mesopore size distribution on the
catalytic behaviour of aluminosilicates, our data
would emphasize therefore a prominence of the
acid properties over the textural ones.

5. Conclusion

Ordered mesoporous aluminosilicates of the
MTS-type convert selectively butenes into a
mixture of branched dimers at 423 K under a
total pressure of 1.5–2 MPa. The catalysts show
good stability with time on stream. Under the
same experimental conditions, microporous solid
acid catalysts are almost totally inactive due to
rapid pore blockage by hydrocarbon residue,
whereas classical amorphous silica alumina also
deactivates by accumulation of immobile hydro-
gen-poor residue that covers the active sites.

The moderate strength and the low density of
sites on the surface of MTS catalysts are proba-
bly the main factors responsible for the ob-
served catalytic behaviour. These unique acid
characteristics, in the absence of diffusional lim-
itations due to an open porosity, would result in
a low concentration of reactive species on the
surface with short residence times, and favour
deprotonation and desorption of the octyl

cations, thus preventing secondary reaction of
the olefinic products. The chemical nature of
the residue adsorbed on MTS catalysts, which
contains highly branched, reactive aliphatic hy-
drocarbon chains, could also explain the forma-
tion of some of the octene dimers.
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