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The surface acidity of both amorphous and crystalline mate-
rials belonging to the SiO,—Al,03 system (i.e., amorphous silicas,
amorphous silica—aluminas with different Al contents, HZSM5 and
H-ferrierite (FER) zeolites, and silicated and pure y-Al,03) have
been studied using the FT-IR spectroscopy of the surface hydroxy
groups and of adsorbed acetonitrile (AN) and pyridine (Py). Lewis
bonded and H-bonded species of AN have been observed, while a
protonated form of adsorbed AN has been characterized on HZSM5.
A molecular sieve effect has been found for Py adsorption on FER
and HZSM5. The catalytic activity of these materials in the skeletal
isomerization of 1-butene to isobutene has also been investigated.
The Bransted surface acidity scale found correlates well with the
catalytic activity in 1-butene conversion, measured after 20-40 min
time on stream. The selectivity to isobutene follows nearly an inverse
trend, except for FER, which shows both higher activity and higher
selectivity than silica—alumina, quite good resistance to coking, and
selectivity increasing with time on stream. Comparative analysis of
the behavior of these catalysts and of the spectrum of their surface
OH groups gives new light on the structure of the acidic OHs on ma-
terials belonging to the SiO,—Al,O3 system. The usefulness of zeolite
and alumina-based catalysts for skeletal isomerization of n-butene

to isobutene is also briefly discussed. @ 1998 Academic Press

INTRODUCTION

The skeletal isomerization of n-butene to isobutene and
of n-pentene to isoamylene are topics of increasing interest
(1, 2) because of the demand for isoolefins in relation to
the increasing request for branched ethers (MTBE, ETBE,
and TAME) for reformulated gasoline (3). Two main cata-
lyst types have been proposed for this reaction: those based
on aluminas (chlorided (4, 5), silicated (6, 7), and borated
Al;O3 (8, 9)) and those based on protonic zeolites. Among
zeolites, ferrierite (10, 11) was reported to be a unique cata-
lytic material for the conversion of n-butene to isobutene.
Other acid catalysts such as HZSM5 zeolite and silica—
aluminas are also active for this reaction, although selec-
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tivity is quite low due to the concurrence of oligomeriza-
tion, transmutation, disproportionation, and aromatization
reactions (1, 2). On the other hand, all catalysts tend to
deactivate by coking and need more or less frequent reac-
tivation treatments. Thus, the rate of deactivation and the
stability upon multiple activity/reactivation cycles are also
factors affecting long-term catalyst performance.

Most authors believe that this reaction is catalyzed by
protonic acids (12-14). However, the relations between the
catalyst’s activity and selectivity and the strength (15) and
density (16) of the Brgnsted acid sites and the shape selec-
tivity effect (9, 17-21) are still imperfectly known or under
debate. Other authors, in contrast, support the idea that
Lewis sites can act in this reaction (22), and discussion still
exist on the role of carbonaceous materials and of dimeric
intermediates (23, 24).

In a systematic investigation of the chemical features
of this reaction (7, 9, 25, 26) we studied several different
catalysts, both crystalline and amorphous, belonging to the
SiO,—-Al,O3 system. In this paper we report an attempt to
relate the surface acidity of these strongly related catalytic
materials, as observed by FT-IR spectroscopy, with their ac-
tivity in the n-butene to isobutene isomerization reaction.

EXPERIMENTAL

Data on some of the catalyst samples under study are
summarized in Table 1. Some catalytic materials are com-
mercial. Some silica and silica—alumina samples with vari-
able Al content are aerogels, prepared with a supercritical
drying procedure closely similar to that described previ-
ously (27). Silicas and silica—aluminas are amorphous to
XRD analysis. The ferrierite sample (Si/Al atomic ratio =
20) has been prepared following a procedure from the lit-
erature (10). XRD and skeletal FT-IR data show that it
is well crystallized, without any observable impurity. Pre-
vious to catalytic runs this sample was calcined at 823 K.
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TABLE 1
Characteristics of the Catalysts under Study

Si/Al Surface
Samples Notation atomic ratio Origin area m?/g
Pure silica S1 00 Fluka 750
Pure silica S2 %) Aerogel 870
Silica—alumina SA8 9.2 Aerogel 220
Silica—alumina SA13 5.8 Strem 330
Silicated alumina AS 0.02 Snamprogetti 190
Pure alumina A 0 Akzo 190

The HZSM5 sample was from Engelhard (Si/Al atomic
ratio = 23).

The IR spectra were recorded on a Nicolet Magna 750
Fourier transform instrument, using pressed disks of pure
catalyst powders, activated by outgassing at 773 K into the
IR cell.

The catalytic tests reported here were performed with
1-butene at 0.8 Atm (81.04 kPa, dilution with isobutane) un-
der the conditions reported in Table 2 with a fixed-bed tubu-
lar reactor (internal diameter 12 mm, with a coaxial internal
thermocouple with 5 mm external diameter). The catalyst
granulometry was 20-25 mesh. The products were recov-
ered integrally for either 20 or 40 min on stream and were
analyzed by on-line gas chromatography (HP 5890) using a
FID detector and a 50 m Chrompack PLOT Al,O3/Na,SO4
capillary column for 1-butene/isobutene separation and a
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50 m PONA capillary column for the analysis of all other
products.

RESULTS

(a) Catalytic Activity

The catalytic activities of some of the samples under study
are summarized in Table 2. They have been measured un-
der conditions similar to those for an industrial process
with catalysts based on aluminas (6-9). All catalysts deac-
tivate more or less rapidly upon stream. To have homoge-
neous data, the products are integrally recovered in a time
on stream range between t; and t;; At=t, —t; is generally
20 min after at least 15 or 20 min time on stream. Selectivity
to coke did not exceed 1% in all cases.

Alumina is quite an active catalyst for n-butene conver-
sion at 743 K and is highly selective for isobutene synthesis,
as already shown (1, 5, 7, 26). As already discussed (26),
n-butenes are in thermodynamic equilibrium, while the
isobutene amount is definitely lower than that possible in
thermodynamic equilibrium (28). The main side reactions
give rise to C3 and Cs hydrocarbons (mainly propene and
isopentenes, with significant amounts of n-pentene too), C4
paraffins, and Cgaromatics. According to our previous stud-
ies, we concluded that the “monomolecular” skeletal iso-
merization of n-butenes is competitive with its dimerization
to Cg compounds that give rise to C3 + Cs olefins by crack-
ing. Other by-reactions give rise mainly to Cg aromatics and

TABLE 2

n-Butene Conversion Data on Various Catalysts Belonging to the SiO,—Al,03 System

Weat LHSV T P1-cams ty t; Conv. Siso Sci-c3 Sca= Scasat Scs Sarom Sce+
Catal. g h-ta K atmP min®  min® % % % % % % % %°
A 15 4.4 743 0.8 20 40 34.8 71.0 6.9 6.5 0.8 13.1 1.2 7
15 10.2 753 0.8 20 40 34.6 80.0 4.7 4.4 0.7 8.8 1.1 4.7
AS 15 4.4 743 0.8 20 40 43.5 75.5 5.0 4.9 0.9 12.1 15 5
SA13 1 4.5 703 0.8 15 45 40.5 279 15.8 15.2 12.5 24.7 2.1 17
1 8.4 703 0.8 20 40 314 29.6 15.6 15.0 9.8 24.6 1.1 19.3
1.2 10.1 703 0.8 20 40 28.7 30.1 14.8 14.6 7.8 24.0 1.0 22.3
1 4.8 723 0.8 15 45 42,5 28.6 17.0 16.2 10.8 255 1.4 16.7
1 7.6 723 0.8 20 40 34.6 30.3 16.0 15.8 9.1 25.2 1.3 18.1
1 11.5 723 0.8 20 40 285 31.6 15.5 15.2 8.1 24.6 1.2 19
FER 0.5 6.0 703 0.8 20 40 55.4 62.4 11.2 9.6 3.4 10.2 1.1 11.7
0.5 6.0 703 0.8 1435 1455 36.9 88.0 1.6 15 1.1 1.9 0.3 7.1
0.5 8.7 723 0.8 20 40 45.2 78.1 5.4 46 2.9 4.2 0.2 9.2
HZSM5 0.6 20.3 733 0.8 20 40 87.8 10.4 24.4 18.3 11.6 17.7 3.6 32.3
0.6 23.6 723 0.8 20 40 84.5 13.1 16.4 13.6 8.3 23.2 2.7 36.3
0.6 27.3 723 0.8 220 260 84.3 13.6 20.7 16.9 6.5 23.1 2.1 34
1.0 11.4 703 0.8 20 40 98.1 1.6 19.0 0.5 19.3 125 11.9 35.7
11 8.9 703 0.8 20 40 98.6 1.4 20.5 0.8 20.1 14.5 13.6 29.9

8 LHSV = liquid hourly space velocity (liquid feed density = 0.6 g/ml).
b Pyt = 1 atm; dilution with isobutane.

t; and t, are the times on stream of starting and stopping product collection, respectively.

4 All aromatics, but maily C8 aromatics.
¢ Nonaromatic hydrocarbons.
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to C,4 paraffins. The catalyst cokes progressively, probably
primarily due to higher oligomer formation.

Silication of alumina definitely increases the activity and
also improves the selectivity to isobutene a little. In the
best conditions, selectivities higher than 80% at near 37%
conversion can be obtained over silicated alumina.

Silica—alumina is definitely more active than both pure
and silicated alumina. In fact, the same conversion levels
are attained at significantly lower temperatures. However,
the selectivity to isobutene at the same conversion level is
much smaller. Cracking of dimers to C3+ Cs compounds
is apparently the main by-reaction, but hydrogenation to
saturated butanes is also quite important. Instead, selectiv-
ity to aromatics is similar to that on alumina. By increasing
the space velocity the n-butene conversion decreases, as
expected, but selectivity to isobutene is increased only a
little. Interestingly, isobutene selectivity increases also by
increasing reaction temperature, while selectivity to Cz and
Cs compounds decreases. This further supports the idea
that C; and Cs products mainly arise from cracking of Cg
dimeric compounds, dimerization being unfavored by in-
creasing temperature.

FER iseven more active than silica—alumina. Conversion
is definitely higher at the same temperature. However, se-
lectivity to isobutene is much higher than on silica—alumina
although, for fresh catalysts, it is only slightly better than
for silicated alumina in comparable conditions. As already
shown (10, 11, 20), a main characteristic of this catalyst is,
among the more active ones, to retain significant activity
and to increase its selectivity strongly with time on stream.
In fact, as shown in Table 2, after 1435 min conversion is still
quite high and selectivity increased (up to 88%). In these
conditions, all by-reactions are definitely slowed down more
than the skeletal isomerization.

The catalytic activity of HZSM5 zeolite is far higher with
respect to all other materials investigated here, but with far
lower selectivities to isobutene and great production of all
byproducts except propene. Aromatics are also produced
in large amounts. By strongly increasing the space veloc-
ity conversion decreases to near 85% but selectivities to
isobutene do not grow so much (<149%). Isobutene yield
no higher than 20% can be obtained with this material.
These data again agree with the literature (1, 19, 20, 29).

As is well known, a debate is still occurring on the pos-
sible role of dimeric Cg species as intermediates in skeletal
isomerization on FER and other catalysts. To evaluate this
point, we have plotted the curves of selectivity to isobutene
and to Cg species vs conversion on both FER and silicated
alumina (Fig. 1) and extrapolated them as conversion — 0.
These plots suggest that both isobutene and Cg species are
primary products.

(b) FT-IR Spectra of the Catalyst’s Hydroxy Groups

In Fig. 2 the spectra of the surface hydroxy groups of
the catalysts, previously activated by outgassing at 873 K,
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FIG. 1. Selectivity vs conversion for FER (a) and silicated alumina

(b) catalysts.

are shown. The spectra of pure silica samples (Fig. 2g) are
just coincident, showing a single sharp band at 3745 cm™,
in agreement with a number of previous data, as reviewed
some years ago (30, 31). This band is certainly dominated
by the absorption due to the O-H stretching mode of a sin-
gle terminal Si-OH group (Scheme 1, Species I), although

it is agreed today that it also contains the O-H stretchings
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FIG. 2.
outgassing at 873 K.

of geminal silanols (Scheme 1, Species I1) (32, 33) and of
weakly perturbed vicinal pairs of terminal silanols (34),
both contributing to the tail at the low-frequency side of
the main band.

The spectra of the silica—alumina samples (Figs. 2e and 2f)
are, in these conditions, absolutely indistinguishable from
those of the pure silica samples. They also present a single
band at 3745 cm™, in agreement with most literature data
(30, 31).

It seems obvious to assign the bands at ca. 3745 cm~! ob-
served in the spectra of silica—alumina samples to the same
species as those observed on pure silica, due to the abso-
lute similarity of the spectra, and to their absorption region,
considered to be typical for terminal OHs (30). However, in
the literature a different species, i.e., a bridging hydroxide
between an Al and a Si atom (Scheme 1, Species 1), is
assumed (30, 31, 35, 36) to exist on silica—alumina and to be

FT-IR spectra of the catalysts HZSM5 (a), FER1 (b), FER2 (c), AS (d), SA13 (e), SA8 (f), S2 (g) in the O-H stretching region after

responsible for strong Brgnsted acidity. This will be further
discussed below.

The spectrum of the silicated alumina sample (Fig. 2d) is
more complex. As discussed previously (7), it is dominated
by the spectrum of the surface OHs of alumina (7, 26, 30,
31, 37, 38), with bands near 3790 (shoulder), 3770, 3730,
and 3680 cm™?, with an additional shoulder observed near
3738cm~L. This new band, made more evident after subtrac-
tion of the spectrum of the OHs of alumina (7), has been as-
signed by us to a silanol group such as Species | (Scheme 1),
but anchored on the surface of alumina (Scheme 1, Species
IV). The lowering of the O—-H stretching frequency from
3745 to 3738 cm~! for silicated alumina with respect to silica
or silica—aluminas agrees with that previously found for
silicated titania (39) and can be assigned to the formation
of three bonds from the hydrogen-orthosilicate species
H-O-SiO3; with Al (and Ti) cations. Such bonds are more
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ionic than those with other Si atoms, which are nearly
covalent, so that the electron density at Si can be enhanced.

The spectrum of the HZSM5 zeolite (Fig. 2a) agrees with
those reported previously for the same catalyst (40-42). It
shows a weak sharp maximum at 3747 cm~?, with a shoulder
at lower frequency (3730 cm™1), a broad band with com-
ponents at 3690 and 3677 cm~?, and, finally, a very intense
band at 3612 cm~?. According to the literature, the stronger
band is associated with the strongly Brgnsted acidic OHs
of the HZSM5 zeolite, which is usually depicted as type 111
of Scheme 1 (30, 31, 43-45), located in the zeolite cav-
ities. The weaker band at 3747 cm™! is usually assigned
to nonacidic silanol groups (Scheme 1, type I) related to
Al-free silicalite-type grains, exposed at the external sur-
face. The weak component at 3730 cm~! is likely associ-
ated with nonacidic silanols located in internal pores like
those of silicalite (46). Finally, the broad band in the 3700-
3650 cm~ region is due to the OHs of extra-framework
alumina. These data and the relative intensity of the above
vOH bands characterize our sample as a typical HZSM5
zeolite with high Al content and with significant amounts
of extraframework alumina.

Two main bands also characterize the spectrum of the fer-
rierite sample used in catalysis (FERL, Fig. 2b), one quite
broad centered at 3602 cm~* and the other, very sharp, de-
tected at 3746 cm~L. However, we also detect additional
quite broad components near 3710 and 3650 cm~. The lit-
erature data concerning the surface OHs of ferrierite are
few and disagree in part with each other. All papers agree
on the location of the main IR band assigned to the “ze-
olitic” bridging hydroxy group (Scheme 1, type I1l) near
3600 cm™, i.e,, slightly shifted to lower frequencies with
respect to HZSMS5 (3610-3620 cm™1). An exception is the
review of Jacobs (47) that places this band at higher fre-
quency for ferrierite than that for HZSM5 (MFI). All au-
thors also agree on the presence of the band of terminal
silanols (Scheme 1, type I, ca. 3745 cm™1). In contrast, while
the spectrareported by Naber et al. (48) and by Wichterlova
(49) only present such two bands, Jin et al. (50) show for one
of their samples additional bands at 3660 and 3645 cm™,
and Komarov and Malachevich (51) observed additional
bands at 3660, 3620, and 3560 cm ™.

To have information on the nature of the additional bands
we found, we also recorded the spectrum of a sample pre-
viously calcined at 573 K only. It actually only shows the
bands at 3746 and 3602 cm~! (FERZ2, Fig. 2¢). We concluded
that the additional bands found in the catalyst calcined at
823 K, used in catalytic experiments, are due to nonframe-
work species arising by the partial collapse of the structure.

(c) Interaction of Acetonitrile (AN) with the Surface
Hydroxy Groups

The spectra of the surface hydroxy groups of the different
catalysts in contact with acetonitrile (AN) vapor, used as a
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weak basic probe, are shown in Fig. 3, while those recorded
after following outgassing at r.t. are shown in Fig. 4.

In the case of pure silica we detect, in the presence of
the vapor (Fig. 3f), a strong broad but very symmetric band
centered at 3415 cm~ certainly formed at the expense of
the band of the free hydroxyls at 3745 cm~1. The shift we
measure upon adsorption (Av = ca. 330 cm™1) is similar to
that reported in the literature (52, 53). This band can rea-
sonably be assigned to the H-bonded species reported in
Scheme 2 (species I-AN).

The spectrum of the activated silica sample is quickly re-
stored by outgassing at r.t. (Fig. 4f) showing that H-bonding
of AN with Species | (Scheme 2) hydroxyls is quite weak.
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vapour (10 Torr).

The spectrum observed on silica—aluminas is different.
In this case in fact, a predominant quite broad band is
observed, but in this case it is centered at 3448 +5 cm™?
(Av =ca. 300 cm™Y), i.e., is definitely located at higher fre-
quencies than for silica. On the other hand, a broad tail is
also evident at the lower frequency side of this band (cen-
tered near 2950 cm™?, partly superimposed on the sharp
bands near 3000 and 2940 cm™!, due to C-H stretchings of
AN), and it seems to grow with increasing Al content. Thus,
a species with a very high O-H frequency shift (Av=ca.
800 cm~?) is also formed. This datum confirms the previ-
ous one of Sempels and Rouxhet (54). These authors, who
found in the spectrum of activated silica—alumina samples
only the band at ca. 3745 cm™?, concluded that two different
hydroxy groups give rise to asingle O-H stretching on clean
silica—alumina but to two different H-bonding species with
AN and other bases (55). In the case of the interaction of

FT-IR spectra (40002100 cm™) of the catalysts HZSMS5 (a), FER1 (b), AS (c), SA13 (d), SA8 (e), S2 (f) at 300 K in contact with acetonitrile

AN with silica alumina cracking catalyst (Fig. 3e), we find
also a component, very broad, centered near 2350 cm™!
(superimposed on the CN stretching bands that will be dis-
cussed below).

Outgassing does not completely restore the spectrum of
the activated sample, at least in the case of the cracking
catalyst SA13 (Fig. 4d), which still contains features due to
adsorbed AN and a weak and very broad feature extending
between 3600-2000 cm~! with an apparent maximum still
near 2950 cm~! (Av =ca. 800 cm™1). It is consequently be-
lieved that another adsorbed species, different from I-AN
(Scheme 2), is formed and involves silanol groups somehow
different from I or 11 (Scheme 1).

In the case of silicated alumina, AS, the spectrum
recorded in the presence of the gas (Fig. 3c) shows that
all hydroxy groups are more or less perturbed as a result of
the adsorption of AN. However, subtraction spectra (Fig. 5)



ACIDITY AND OLEFIN ISOMERIZATION

587

y 0.4 a.u.

a A

[————

1ib
=
£ 1
QL
1>
=
<
=2 |
g
S
w
=
< d k

e L

_f__JL

r.r. 1. 1 1 111+ 1 &+ 71+ 1+ 71T 1T 7T 711
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200

Wavenumbers (cm™)

FIG. 4. FT-IR spectra (4000-2100 cm™1) of the catalysts HZSMS5 (a), FER1 (b), AS (c), SA13 (d), SA8 (e), S2 (f) after acetonitrile adsorption at

300 K and successive outgassing at 300 K.

show that the OH responsible for the band near 3735 cm™!
(i.e., that assigned to the terminal silanol type 1V, Scheme 1)
is the most involved in reversible H-bonding, with a shift to
near 3540 cm~! (Av =ca. 200 cm~1). However, the shape
of the band is clearly asymmetric and shows an unresolved
component centered near 3300 cm™! (Av =ca. 450 cm™Y).
This suggests that, while most type 1V silanols (Scheme 1)
are less acidic than those of silica, some of them have a
slightly higher acidity.

In the case of FER in contact with AN vapor (Fig. 3b) the
band in the region 3450-3400 cm~tis present only asa broad
shoulder. The spectrum is dominated by the features near
2950 and 2350 cm ™2, i.e., similar to but far more intense than
one of the species also present on silica—alumina cracking
catalyst. These components resist outgassing at r.t. (Fig. 4b)
and can be assigned to very strong, quasi-symmetrical hy-
drogen bonding, where the proton is partially but incom-
pletely transferred to the base (Scheme 2, species I11). This

species gives rise to the so-called A, B (the features near
2950 and 2350 cm~tare called A and B components) or A, B,
C contours (when a third component appears at even lower
frequency) due to the Fermi resonance between the O-H
stretching fundamental and the first overtones of the out-of-
plane and in-plane O-H deformation modes of strongly in-
teracting hydroxy groups. This phenomenon, well known in
the field of fundamental IR spectroscopy, has been shown to
occur on the surface of oxide materials for phosphate cata-
lysts (56) and, more recently, it has been studied in detail for
zeolites (57): on the other hand, the main band at 3602 cm ™!
fully disappears upon interaction with AN and outgassing.

The spectrum observed on HZSMS5 in the presence of
AN gas (Fig. 3a) is very different, and essentially presents
extremely broad features. However, after outgassing at r.t.
(Fig. 4a) the spectrum definitely changes and the ABC
contour, with a very evident window at 2650 cm~* and ap-
parent strong maxima at 2800 and 2450 cm~! (components
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temperature with the spectrum of the activated catalyst subtracted.

A and B, respectively, with a third one, C, that can be seen,
weaker near 1630 cm~Y) appears. However, if we compare
the position and the relative intensity of the A and B compo-
nents in the spectrum recorded for HZSM5 and FER (both
after outgassing, Figs. 4a and 4b) we note that the bands
are shifted to lower frequencies in the former and the B
component is stronger than the A component in the case
of HZSM5 while the reverse occurs for FER. As described
very well by Zecchina and co-workers (57), this means that
the H-bonding of AN with Species 111 (Scheme 1) OHs is
definitely stronger on HZSM5 than on FER. On the other
hand, Species Ill (Scheme 1) is quite not detectable on
HZSMS5 in the presence of AN vapor (Fig. 3a). As will be
discussed elsewhere (58), this is due to the formation of
protonated dimeric species.

The data concerning the characterization of the Brgnsted
sites on these materials are summarized in Table 3.

(d) Interaction of Acetonitrile (AN) with the Surface Sites:
Analysis of the vC=N Modes

In Fig. 6 the spectra of the adsorbed species arising from
AN adsorption on the catalysts are also shown in the re-
gion 2450-2100 cm™2. For each sample the upper spectrum
is that recorded in contact with the gas (the gas-phase spec-
trum is subtracted) while the lower one was recorded after

outgassing. In this region liquid acetonitrile shows a strong
doublet at 2294, 2254 cm~?1, where the latter band is defi-
nitely stronger than the former. They are due to the Fermi
resonance between the C=N stretchingand a SCH3z + vC—C
combination (59).

For brevity, the results and the assignments are reported
in Table 4. The spectra have been interpreted as due to
the H-bonded species interacting with surface OHs and to
species interacting with AP Lewis sites, according to the
work of Krietenbrink et al. (60). The data fully agree with
those reported above concerning H-bonding on OHs and
show that on most of the above samples Lewis sites are
present together with Brgnsted sites. However, the strength
of Lewis sites is apparently similar in all Al-containing sam-
ples except HZSMD5, where Lewis sites are undetectable.

(e) Interaction of Pyridine (Py) with the Catalyst Surfaces

The interaction of pyridine with the silica samples gives
only rise to H-bonded species, desorbed upon outgassing,
in agreement with the literature (30, 31). The spectrum of
pyridine adsorbed on silicated alumina, AS, has been re-
ported and discussed previously (7). Coordination on AI**
Lewis sites and H-bonding, mainly on silanol groups, was
found, while no protonation occurs. The data arising from
the interaction of pyridine and HZSM5 (Fig. 9b) are also
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TABLE 3

Summary of the Data on the Catalysts Brensted Acidity

AN
Assignments
Catalyst Notation vOH AvOH Taes Notes Py OH types

Pure silica S1/S2 3746 300-330 300 H 111
Alumina A 3800-3600 ca 200 300 H Al-OH
Silicated alumina AS 3800-3600 ca 200 300 H Al-OH

3730 ca 200 300 H \Y

ca 450 300 H

Silica-alumina SA13 3745 = 300 = 1,11 unaccessible

3740 ca. 300 300 H 111

3742 ca 800 373 P I’
Ferrierite FER 3745 ABC 373 P I’, external

3602 ABC 373 = 111, internal
HZSM5 HZSM5 3745 ABC 373 P I’, external

3610 ABC 373 pump P 111, internal

300 excess AN

Taes = Temperature for the desorption upon outgassing; H = hydrogen bonding;

P = protonation.

in agreement with previous data, showing predominant
protonation to pyridinium ions and traces of coordination
(43, 61).

The interaction of pyridine with silica—alumina at r.t.
givesrise to the spectrum shownin Fig. 7a. The bands at 1597
and 1446 cm~! are due to the so-called 8a and 19b modes of
pyridine molecules interacting via H-bonding with weakly
acidic surface hydroxy groups, while the bands at 1623 and
1455 cm~* are due to the same modes of pyridine molecu-
larly coordinated on AP+ cations, acting as Lewis acid sites.

The bands at 1639, 1547, and 1492 cm™! are the most in-
tense modes of pyridinium cations, associated with a total
proton transfer from the Brgnsted acidic surface OH group
to the basic molecule. According to these assignments, out-
gassing at 373 K (Fig. 7b) causes the disappearance of the

TABLE 4
Summary of the Data on the Catalysts Lewis Acidity

vC=N Fermi resonance

Catalyst Notation components Assignments
Liquid 2294 2254
Pure silica S1/S2 2298 2265, 2255 Weak H-bond
Alumina A 2298 2260 Weak H-bond
2335 2300 Lewis site
Silicated alumina  AS 2298 2260 Weak H-bond
2335 2300 Lewis site
Silica-alumina SA13 2298 2260 Weak H-bond
2335 2300 Lewis site
2260 Weak H-bond
Ferrierite FER 2305 2280 Strong H-bond
2335 Lewis site
HZSM5 HZSM5 2309 2285 Strong H-bond

bands at 1597 and 1446 cm~* (due to H-bonded pyridine),
while the other, strongly held species are not perturbed. In
Fig. 8 the spectra of the free surface OH groups on the sil-
ica alumina sample after activation and in the presence of
adsorbed pyridine are shown. In these conditions we were
able to resolve two components in the vOH band (Fig. 8a),
the main sharp band at 3742 cm~! and an evident weaker
maximum at 3746 cm~L. In the conditions of Fig. 8b (i.e.,
after contact with pyridine vapor and outgassing at r.t.) the
component at 3742 cm™! is almost completely disappeared,
while aweaker and broad complex absorption with maxima
near 3746, 3742, and 3735 cm™! are apparent. Outgassing
at 373 K (Fig. 8c), causes only the very partial reappear-
ance of a component near 3742 cm~%, now only slightly
more intense than the highest frequency component, ob-
served at 3746 cm~1. We mention that in these conditions
H-bonded pyridine is disappeared but pyridinium ions are
still present, unaffected. This implies that the “acid” OHs
responsible for the pyridine protonation and the less acidic
OHs involved for H-bonding are both responsible for the
band near 3742 cm~1. These data indicate that the band at
ca. 3742 cm~ ! of silica—aluminas contains, in agreement with
the data arising from AN adsorption and the conclusions
of Rouxhet and co-workers (56, 55), the absorption of both
weakly acidic species that H-bond pyridine (such as for sil-
ica) and strongly adsorbed species that protonate it. The
species responsible for the component at 3745-3747 cm™?
is either nonacidic or not accessible.

The spectrum of the species arising from pyridine ad-
sorbed on FER is shown in Fig. 9a. The spectrum is clearly
dominated by bands certainly due to pyridiniumions (1638,
ca. 1610, 1544, and 1488 cm~1), while the bands due to coor-
dinated species (1622, 1455 cm™1) are observed to be quite
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FIG. 6.

FT-IR spectra in the C=N stretching region of the adsorbed species arising from acetonitrile adsorption on the catalysts HZSM5 (a),

FER1 (b), SA13 (c), AS (d), and S (e); for each catalyst, the upper spectra are recorded at 300 K in contact with the gas, the lower after further

outgassing at 300 K.

weak. This spectrum is similar to that previously reported
by Xu et al. (62). However, the simultaneous analysis of
the O-H stretching region (Fig. 10a) shows that the OHs
are almost unperturbed, after outgassing both at r.t. and at
higher temperatures. The subtraction spectrum shows that
pyridine adsorption on FER mainly perturbs the higher fre-
quency vO-H band (3747 cm™1) while it leaves the other IR
bands unperturbed. Additional complex absorptions, pos-
sibly due to resonance of the N-H stretching of pyridinium
with skeletal vibrations of the pyridine ring, are found in
the range 3400-2800 cm~!. These data suggest that pyri-
dine could not enter the FER cavities, in agreement with
their size, which does not allow the easy penetration of aro-
matics (43, 63). Thus, the pyridinium species are formed at
the expense of external OHs, which are apparently charac-
terized by the band at 3747 cm~2, in spite of their strong
Brgnsted acidity.

DISCUSSION

(a) Skeletal Isomerization and Nature
of the Catalyst Acidity

The data reported above show that the catalytic activ-
ity of materials belonging to the SiO,—Al,O3 system in the
conversion of n-butene could be correlated with the scale
of their surface Brgnsted acid strength, as determined by
FT-IR spectroscopy of adsorbed acetonitrile and pyridine.
In fact, from Tables 2 and 3, where the results on catalytic
n-butene conversion and surface acidity characterization
are summarized, the scale of both Brgnsted acid strength
and catalytic activity are A <AS <SA <FER <HZSMS5.
A different scale can be obtained for Lewis acidity, so that
this further supports the idea that this reaction is Brgnsted-
catalyzed over all these catalysts.
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FIG.7. FT-IR spectra of the surface species arising from adsorption of pyridine on a silica—alumina cracking catalyst (13% Al,O3, from Strem) at
r.t. (a) and after outgassing at 373 K (b).
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FIG. 8. FT-IR spectra of the surface hydroxy groups of a silica—alumina cracking catalyst (13% Al,Os, from Strem) after activation at 623 K (a),
after contact with pyridine vapor and outgassing at r.t. (b), and after outgassing at 373 K (c).



592 TROMBETTA ET AL.

0,010 a.u.

Absorbance (a.u.)

T T T T T 1
1700 1650 1600 1550 1500 1450 1400

Wavenumbers (cm™)

FIG.9. FT-IR spectra of the adsorbed species arising from contact of FER1 (a) and HZSM5 (b) with Py vapor (3 Torr) and successive outgassing
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FIG.10. FT-IR spectra of the surface hydroxy groups of FER1 after activation (a) and after contact with pyridine and successive outgassing at
373 K (b) and 473 K(c). (d) is the subtraction (c — a) showing the perturbation arising from pyridine adsorbed species still existing at 473 K.
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This is not the same scale observed for other acid-cata-
lyzed reactions. For example, in the case of methanol dehy-
dration to dimethylether, recently Xu et al. (64) found the
scale HZSM5 > A > SA inthe absence of water. In fact, this
reaction is known to occur with Lewis acid catalysis on alu-
minas (65) and with Brgnsted-acid catalysis over zeolites.

(b) On the Structure of the Brgnsted Acid Sites over
Catalysts Belonging to the SiO,—Al,O3 System

The O-H stretching bands related to Si atoms can be
found in two alternative regions. They can be alternatively
located in the range 3748-3730 cm™, certainly due to ter-
minal species (Scheme 1, Species I) and the other near
3600 cm™1, typical of protonic zeolites and quite reliably
assigned to bridging species like 111 (Scheme 1).

The data concerning adsorption of AN and Py and their
interpretation support the following conclusions:

(i) Thessilanol groups of pure silica are terminal and inter-
act weakly via H-bonding with both acetonitrile and pyri-
dine.

(i) The OHs onssilica—alumina are also apparently all ter-
minal (ca 3745 cm™1) but they are clearly inhomogeneous,
and comprehend at least two families of OHs, one of which
interacts weakly and reversibly with both AN and Py and
the other interacts strongly with AN and protonates pyri-
dine.

(iii) The silanol groups on silicated alumina are again
terminal. In spite of their lower O-H stretching frequency,
most of them interact even more weakly with AN and Py
than the OHs of silica. However, a fraction of more acidic
OHs is likely also present on SA.

(iv) The external silanol groups of FER are essentially
terminal, but they protonate pyridine.

(v) The internal OHs of FER and HZSM5 are bridging
(ca 3600 cm™Y). They interact strongly by H-bonding with
AN. In spite of the slightly higher O-H frequency, the inter-
nal OHs of HZSM5 are more acidic than those of FER.

(vi) Due to cavity size the internal OHs of FER are not
available to large bases such as pyridine.

These data only partly agree with the previous literature.
The existence of sites characterized by very similar O-H
stretching frequencies but showing very different Brgnsted
acidities partly contradicts the current idea that the
stronger is the Brgnsted acid, the lower is its O-H stretch-
ing frequency. Actually, IR spectroscopists recognized long
ago that the acidity versus O-H stretching function for even
strongly related species is not monotonic (66). Also on sur-
faces, this is actually already known; as for example, it has
previously been shown that preadsorption of ammonia on
Lewis sites of some metal oxides decreases the acid strength
of the surface OHs without shifting their frequency (67).
This can be rationalized considering that the strength of a
protonic acid is related to the difference between the free
energies of itand of its conjugated base. On the contrary, the
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O-H stretching frequency is a property of the acid and does
not takes into consideration the result of its dissociation.

Another current opinion that is not confirmed here is
that the Brgnsted acid sites on amorphous silica/alumina
are similar to those in the zeolite cavities. In fact, the differ-
ence of their O-H frequencies strongly suggests that these
sites are bridging in the zeolite cavities while are terminal
in amorphous silica/alumina and in the external surface of
FER.

The Brgnsted acidity in zeolites (and on silica alumina
too, following the literature) is considered to be related to
the defect of cationic charge arising from the substitution
of Al for Si in a silica-type framework, which is balanced
by protons with are weakly linked to oxygen atoms, which
are all bridging (Scheme 2, Species 111).

A different scheme must justify the Brensted acidity of
the terminal silanols of silica-alumina (and of the external
surface of FER). We suggest that also in this case, the inser-
tion of aluminum cause the creation of a defect of charge.
However, the bridge Si-OH-Al opens, due to the flexibility
of the amorphous and/or external surface structure, giving
rise to a terminal silanol and a Lewis acid site (Scheme 2,
species I).

The formation of a bridging OH between a Si and an
Al ion can be viewed as the result of a Lewis interaction
between the “basic” oxygen of a terminal silanol and a
Lewis acidic coordinatively unsaturated Al ion. However,
the basicity of the oxygen of a Si—-OH group is certainly very
weak, according to the covalency of the Si-O bond. Thus,
the silanol can prefer, when possible, to stand up in a termi-
nal arrangement more than bridge over the Al Lewis site.
When the proton is partly or totally transferred to a base,
the silicate oxygen, now anionic, is definitely more basic,
and can bridge easily over the Lewis acidic Al cation.

In this way, the presence of a near coordinatively un-
saturated Al ion does not perturb significantly the silanol
(which is still terminal) but stabilizes its dissociated forms
(that becomes bridging), so increasing the absolute value of
the negative AG of dissociation, i.e. increases the Brgnsted
acidity of the silanol.

The rigidity of the zeolite structures, instead, forces the
OHs to stay bridging (Scheme 1, type I11), also in the undis-
sociated form further increasing their own free energy and,
as a consequence, their acidity. At this point, its is still to
be rationalized why the OHs of FER are less acidic than
those of HZSM5. Moreover, the lower O-H stretching fre-
guencies found for them, with respect to those of HZSM5
(3610 cm™1), which look definitely more acidic, are to be
justified.

(c) Brgnsted Acidity Versus Skeletal
Isomerization of Butenes

These data can be interpreted with the reaction Scheme 3,
already proposed by us for n-butene skeletal isomerization
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SCHEME 3. Reaction network for 2-butene skeletal isomerization based on the main product.

(7, 25), and apparently valid to interpret the reaction prod-
uct distribution on all the materials investigated here.

According to Scheme 3, the reaction is catalyzed by the
catalyst Brgnsted acid sites, which protonate the n-butenes
to produce the sec-butyl cation (detectable sometimes as
an alkoxy group) that, through a protonated methylcy-
clopropane carbenium ion (12), gives rise, likely with a
concerted mechanism (7, 25), to the tert-butyl carbenium
ion. A proton elimination gives rise to isobutene, with a
monomolecular mechanism, according also to Houzvicka
etal. (2).

The hypothesis of a methylcyclopropyl carbocation-like
transition state is supported by (i) the detection of traces
(order of ppm) of methylcyclopropane as a reaction prod-
uct, (ii) the detection of C,-labeled n-butene starting from
C;-labeled n-butene after a short time on stream.

Dimerization to Cg carbenium ions isapparently the main
by-reaction in all cases. The evolution of the “Cg surface
pool” likely occurs via three main paths: (i) a “cracking
mode” leading mainly to propene and a “Cs surface pool,”
originating in the Cs olefins, either linear and branched,
whose distribution resembles the thermodynamic equilib-
rium, where at low conversion the ratio CsHg/ZCsHyg is
very close to unity; (ii) an “addition mode” to C;, species;
(iii) a “dehydrogenation mode” producing unsaturated
compounds up to aromatics (xylenes are detectable in the
product stream) and the so-called “coke.” According to
this scheme the main reaction (skeletal isomerization) and
its main concurrent reaction (dimerization) start from a
common intermediate (sec-butyl cation) and are Brgnsted
acid catalyzed. The selectivity is, consequently, determined
mainly by the rates of the following steps. The elimination

step from the tert-butyl carbenium ion to give isobutene
can be assumed to be an acid-base reaction, needing a “ba-
sic” site on the catalyst surface to locate the proton. So
this crucial step is certainly favored on weakly acidic cata-
lysts carrying basic oxygens, more than on strongly acidic
catalysts. This is the reason why, in our opinion, aluminas
and alumina-based catalysts (which actually have an acido-
basic character) allow high selectivities to isobutene.

In contrast, catalytic materials characterized by very co-
valent bonds lacking surface “basic” sites (such as silica,
high-silica silica—aluminas, and HZSM5) do not assist such
an elimination reaction, thus allowing dimerization to oc-
cur. On the other hand, dimerization is certainly favored by
high butene pressures and low reaction temperatures. This
is a further reason that very strongly acidic catalysts, which
are very active in producing carbenium ions, do not allow
good isobutene selectivity. In fact, although they can pro-
duce such ions at a low temperature also, in such conditions
dimerization and oligomerization are favored.

The unusual properties of FER are certainly related to
a shape selectivity effect. According to the above reaction
scheme and after the works of Millini and Rossini (19) and
of Houzvicka et al. (20), this effect should be related to the
hindered formation of Cg dimers into the FER pores, at
least after some time on stream, i.e., after some coking (10,
16, 62) that would further limit the pore sizes. The hinder-
ing of the formation of Cg dimeric carbenium ions is asso-
ciated not only to the decreased formation of the C3+ Cs
cracking products, but also to the decreased formation of
aromatics and of alkanes, which are major products on very
acidic catalysts such as HZSM5. The possibility of the for-
mation of aromatics, in the absence of shape selectivity
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effects, is very negative because the released hydrogen can
react with butenes, converting them into butanes. This is
what occurs on HZSM5 where isobutane, likely arising
from successive hydrogenation of isobutene, is formed in
big amounts. Thus, isobutene selectivity is also limited by
a successive reaction, i.e., its hydrogenation. This is what
occurs, according to Houzvicka et al. (20), in particular on
high-Al-content HZSM5.

It must, however, be emphasized that other authors pro-
posed a completely different reaction scheme, where FER
would work with a bimolecular mechanism, with the dimer
acting as an intermediate for isobutene formation (10, 18,
68, 69). However, Guisnet et al. (23) and Meriaudeau et al.
(68) concluded, more recently, that the mechanism is bi-
molecular only during the fast initial coking, and becomes
monomolecular after a few minutes on stream when the
behavior is highly selective (as in our conditions).

On the other hand, the data reported here suggest that
the good performances of FER can also be related to their
acido-basic properties and possibly to complex distribution
of its Brgnsted acid sites. As discussed above, the high alu-
minum content gives rise to not so strongly acidic OHs and
to the presence of more basic oxygen ions, which should be
more useful for the production of isobutene.

Thus, an alternative hypothesis can be proposed to ex-
plain the positive effect of coking on selectivity to isobutene
on FER. Itis not excluded that coking kills the OHs that are
still too acidic for isobutene synthesis, leaving those which
allow skeletal isomerization to occur selectively. This hy-
pothesis is, in our opinion, more satisfactory than the pre-
vious one, based on the limiting of the pore size by coke.
In this case, in fact, a further progressive growth of coke
would give rise first to a maximum in isobutene yield and
later to a sudden stop of the isobutene production, when the
pore size is reduced enough to allow skeletal isomerization
and/or accessibility to pores. On the contrary, the data of
Pellet et al. (11) show that FER samples (that after steam-
ing and acid treatment have been freed by extraframework
matter), show a very flat yield plateau even after extended
pilot plant evaluation. According to Xu et al. (62) the coke
formed on FER is aromatic and occupies only 11% of the
FER micropores. This means that the OHs still present are
not able to further produce coke. This definitely points to
the presence of two different OH groups on FER with dif-
ferent (but not too high) acid strengths, one killed by coking
and the other acting in catalysis.

The data reported above show that olefin skeletal isomer-
ization catalysis isa medium strength acid catalysis reaction.
Itis evident that excessive acid strength favors by-reactions
such as cracking, aromatization, and coking. However,
shape selectivity effects, such as those observed on FER,
can change the results, so that the best catalysts must be
searched for among either medium-acid solids (aluminas)
or shape-selective catalysts (FER). These two kinds of ma-
terials give quite comparable results in short-term experi-
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ments. However, stability to multiple reaction/regeneration
cycles, resistance to impurities possibly present in the feeds,
and low prices and availability are also required.

CONCLUSIONS

The conclusions from the present results are the follow-
ing:

(i) The surface Bragnsted acid strength of catalysts be-
longing to the SiO,—Al,O3; system, as studied through
AN and Py adsorption, is the following: SiO; < Al,O3 <
silicated Al,O3 < SiO2-Al,03 < FER < HZSMS.

(ii) The strongest Brgnsted acidic hydroxy groups are
terminal on SiO,, Al,Og3, silicated Al,O3, and SiO,—Al,O3,
while they are bridging on the zeolites FER and HZSM5.

(iii) On HZSM5, which carries the strongest Brgnsted
acidic hydroxy groups, protonation of acetonitrile to a
dimeric cation and of pyridine is observed, while on SiO,—
Al,O3 and FER pyridine is protonated and acetonitrile is
not. SiO,, Al,Ozandsilicated Al,O3 do not protonate either
base.

(iv) The Brgnsted acidity of the terminal OHs of SiO,—
Al,O3 is explained by the vicinity of coordinatively unsatu-
rated Al cations, where after dissociation, the Si-O~ group
can bridge.

(v) The same scale is found for n-butene conversion, so
that it is concluded, according to previous data, that this
reaction is Brgnsted acid catalyzed in all cases.

(vi) The scale of selectivities to isobutene is the reverse
one, except for FER, which presents high selectivity.

(vii) The analysis of the by-products suggests that
the main reaction consist in “monomolecular” skeletal
carbenium ion isomerization, while the main by-reactions
arise from dimerization of n-butene to Cg dimeric carbe-
nium ions.

(viii) The peculiar behaviour of coked FER is explained
by a coexistence of a shape selectivity effect with the pres-
ence of residual medium-strength Brgnsted acid sites.
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