JOURNAL OF CATALYSIS 156, 147-153 (1995)

IR Spectroscopic Study of the Skeletal Isomerisation of Butene by
Alumina-Supported Tungsten Oxide Catalysts

S. Meijers, L. H. Gielgens, and V. Ponec!
Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 2300 RA Leiden, The Netherlands

Received January 13, 1995; accepted May 12, 1995

The surface properties of supported tungsten oxide catalysts,
pure tungsten oxide, and pure alumina were studied by IR
spectroscopy, using pyridine and carbon monoxide as probes.
The interaction of these catalysts with n-butenes, molecules
which are isomerised selectively by the catalysts to isobutene,
has also been studied by IR spectroscopy. A correlation is found
between the catalytic properties of the catalysts and the strength
and nature of the acidic sites found on their surface. 1995
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INTRODUCTION

In the last five decades much research has been carried
out on the selective isomerisation of n-butenes to isobu-
tene. Isobutene is used in the synthesis of methyl-fert-butyl-
ether (MTBE), a well-known nonaromatic octane number
booster, which has the additional advantage of containing
an internal oxygen atom, reducing the amount of CO
formed during fuel combustion.

The skeletal isomerisation of butene is also of theoretical
interest. It was thought for a long period that skeletal
isomerisation is not possible with hydrocarbons containing
four carbon atoms (1). However, skeletal isomerisation
activity is found with butenes for a wide range of com-
pletely different catalysts, namely, supported metal oxides
(2-4), modified oxides (5-8), and zeolites (9-11). It is not
known whether the action of these catalysts has anything
in common, partly because the mechanism of the isomer-
isation is still being discussed.

A skeletal rearrangement in a classical carbenium ion
has very often been proposed in the literature as the mecha-
nism responsible for skeletal isomerisation (6, 12-14).
However, this would involve the formation of a primary
carbenium ion following the CHs shift, which is unlikely.
The cis/trans isomerisation and double bond shift of
n-butenes have been explained by many authors by opera-
tion of a m-allylic intermediate. This kind of surface com-

! To whom correspondence should be addressed.

pound has been observed using UV spectroscopy (15) and
IR spectroscopy (16, 17). A m-allyl species is also a reason-
able candidate for the intermediate in the skeletal isomer-
isation, since it has been shown by quantum chemical calcu-
lations that a w-allylic cation can rearrange via a cyclic
transition state. Breaking of the appropriate bond in the
cyclic moiety formed from n-butene should yield isobu-
tene (18).

Another possible intermediate for the skeletal isomer-
isation was suggested by Kazansky and Senchenya (19,
20). Many alkenes react, upon adsorption on oxides, with
surface hydroxyl groups to surface alkoxy compounds. The
C-0 bond in these stable surface species is covalent, but
in the excited state the C-O bond is stretched and becomes
more ionic, with positive charge on the C atom. Thus, a
short-living, carbenium ion-like species in which re-
arrangement might occur can be easily formed from a
stable and abundant surface compound. This makes the
surface alkoxy group an attractive candidate for the inter-
mediate in butene skeletal isomerisation. Moreover, the
required excitation of an alkoxy group has possibly a lower
activation energy than the direct formation of a classical
carbenium ion from an alkene (20). In zeolites, the exis-
tence of activated surface alkoxy groups has been proven
by NMR spectroscopy (21).

Finally, a bimolecular mechanism has been suggested
by Szabo et al. (14) for the skeletal isomerisation of butene
in the zeolite ferrierite. Rearrangement of butene dimers
(octenes) to branched octenes via a carbenium ion interme-
diate does not require a primary carbenium ion as in the
case of butene. After rearrangement, the dimers are
cracked to form two C, alkenes, at least one of which is
isobutene. The specific environment provided by the zeo-
lite matrix is supposed to stimulate this mechanism.

For this study, a series of alumina-supported tungsten
oxide catalysts was studied using FTIR and DRIFT spec-
troscopy. This series has been chosen since it allows the
comparison between catalysts with different catalytic activ-
ity and selectivity, but similar loading and specific surface
area, and which are prepared from the same starting mate-
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rial. Some of the supported tungstein oxides are very active
and selective in the transformation of n-butene to isobu-
tene and their catalytic properties and other characteristics
are well known (22). In this study, pyridine and CO adsorp-
tion were used to characterise the surface of the catalysts.
The adsorption modes of different butenes were studied
and a comparison is made between several active and inac-
tive supported tungsten oxides, the pure carrier (y-alu-
mina) and pure WO;.

METHODS

Supported tungsten oxide samples were prepared by
impregnation of y-Al,0; (Akzo CK300) with aqueous so-
lutions of (NH,),WO,'16H,O (Aldrich) and Na,-
WO, - 2H,O (Merck). The concentration of the solutions
was chosen in such a way that a load of 30 wt.% of WO,
on alumina would be obtained. With this loading the alu-
mina is covered with one monolayer of tungsten oxide (22).

The catalyst prepared from ammonium tungstate, which
will be referred to in this paper as W-NH,, was catalytically
active and selective as such. Analysis of the IR spectrum
excluded the presence of NO, on the surface of this cata-
lyst. Poisoning of the catalyst by 1 wt.% Na was achieved
by postimpregnation with a solution of Na,CO; and
calcination of the sample for 8 h at 400°C. This poisoned
W-NH, will be denoted as 1 wt.% Na/W-NH,. The cata-
lyst prepared from sodium tungstate (W-Na) has been
activated as described by Baker er al. (23, 24): the proce-
dure was a first washing with nitric acid, after which the
sample denoted as W-Na—Ac, then a reduction in a flow
of hydrogen, producing a sample denoted as W-Na-
Ac-H. The pure WO; studied was from Fluka A. G. Neu-
tron activation analysis was used to check for the presence
of any Na left in W—Na—Ac after the acid treatment. The
amount of Na left was 60 mg per kg of catalyst. A more
detailed description of the preparation method and charac-
teristics of the catalyst can be found in Ref. (22). The
catalytic activity of the samples was tested in a flow system
with a fixed bed reactor. Analysis of the products was made
by gas chromatography (22). Table 1 gives the catalytic
properties at 350°C of the samples used in this study. On
pure alumina and on the supported tungsten oxides the
relative amounts of the n-butenes were mutually in thermo-
dynamic equilibrium.

For the IR spectroscopic measurements pellets with a
diameter of 2.8 cm were made of about 50 mg of each
sample using a pressure of 1 X 107 Pa. The pellets were
placed in an infrared transmission cell equipped with CakF,
windows and connected to a conventional gas manipulation
and evacuation system. Spectra were recorded with a reso-
lution of 2 cm™! between 2400 and 1200 cm™' by a Mattson
Galaxy 3000 FTIR spectrometer. The samples were acti-
vated by outgassing in vacuum at 350°C. Due to insufficient
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TABLE 1

Catalytic Properties in the Isomerisation of Butene of Al,O;,
WO;, and Alumina-Supported Tungsten Oxides

Specific surface area Conversion S isobutene’

Sample (m?%/g) (%) (Wt.%)
Al,O, 200 80 5
WO, 10 ~0 0
W-Na ~100 0 0
W-Na-Ac ~100 80 22
W-Na-Ac-H ~100 80 31
W-NH, ~100 80 24
1 wt.% Na/W-NH,4 ~100 65 0

“Siso = 100 X (fSOfZ [rroducs) where I stands for FID signal (22).

transparency of the supported tungsten oxides in the C-H
stretching region, this part of the spectra of adsorbed bu-
tenes was not available for interpretation. Adsorption of
the butenes (Messer Griesheim), 2-butanol (J. T. Baker
B. V.), and pyridine (Aldrich) was carried out at room
temperature. Carbon monoxide (Messer Griesheim) was
adsorbed at —150°C.

Since the supported tungsten oxide prepared from so-
dium tungstate was not transparent after reduction, this
sample was studied using diffuse reflectance (DRIFT)
spectroscopy. In this case, the measurements were carried
out in a flow system with Ar as carrier gas. The cell used
was a Spectratech environmental DRIFT cell and spectra
were recorded by a Perkin—-Elmer 1760 X spectrometer.

RESULTS
Characterization by Pyridine Adsorption

The spectra of pyridine adsorbed on supported tungsten
oxides, y-alumina, and pure tungsten oxide were recorded
between 1700 and 1400 cm™' and assigned according to
Parry (25) and Boehm and Knézinger (26). The results are
summarised in Table 2.

The spectrum of pyridine adsorbed on pure alumina
shows after evacuation of the sample at room temperature
bands that can be assigned to hydrogen-bonded pyridine,
coordinatively bonded pyridine, and a very small amount
of pyridinium ions. The pyridinium ion is not frequently
found on pure Al,Oj;. Its presence or absence is a question
of the type of alumina used. Evacuation at 100°C has no
influence on the intensities of the bands arising from coor-
dinatively bonded pyridine and the pyridinium ion. In con-
trast, the spectrum of hydrogen-bonded pyridine decreases
considerably in intensity.

Pyridine adsorption on pure WO; produced bands as-
signable mainly to coordinatively bonded pyridine and a
very small amount of hydrogen-bonded pyridine. The pyri-
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TABLE 2

Bands (Wavenumber Values in cm™') Observed in the IR Spectra of Pyridine Adsorbed on ALO;, WO;, and
Alumina-Supported Tungsten Oxides and Their Assignments (25)

AlLO; WO, W-Na-Ac W-Na-Ac-H W-NH, 1 wt.% Na/W-NH, Assignment
1640 s 1639 w 1636 w Pl
1622 sh Pl
1612 s 1608 s 1616 m 1615 m 1613 s 1614 s CB
1592 s 1592 s 1597 s 1599 sh 1594 m HB
1577 m 1578 m 1577 m 1582 s 1577 m 1577 w CB
1525 w 1540 w 1546 m, 1543 m 1540 m, Pl
1537 m 1535 m
1490 m 1489 m 1490 1491 1490 s 1489 s CB. Pl
1482 sh 1482 HB
1440 sh 1444 s 1449 1447 1447 vs 1449 vs CB
1450 vs 1438 sh 1440 1442 sh HB

Note. HB, hydrogen-bonded pyridine; CB, coordinatively bonded pyridine; PI, pyridinium ion. W-Na is not included here since no adsorption

of pyridine was detected on this sample.

dinium ion was not observed. The bands were very weak
in comparison to pyridine adsorbed on alumina and disap-
peared upon heating in vacuum.

On W-Na no adsorption of pyridine is observed, which
means that no acidic sites of any type are detectable on
the surface of this sample. The spectrum of pyridine ad-
sorbed on the same sample treated with nitric acid, W-Na—
Ac, shows bands arising from coordinatively and hydrogen-
bonded pyridine and a small amount of pyridinium ions.
After the second activation step, i.e., reduction with H,,
the sample W-Na-Ac-H is dark blue and nontransparent
for IR radiation and can be studied only by DRIFT spec-
troscopy. Adsorption of pyridine followed by outgassing
atroom temperature produced a spectrum that shows again
bands of hydrogen-bonded and coordinatively bonded pyr-
idine, but in comparison with W-Na-Ac the band due to
the pyridinium ion has a much higher intensity and is split
into two components, with maxima at 1546 and 1537 cm ™.
Also a weaker band at 1640 cm ™! arising from the pyridin-
ium ion is now visible. Heating of both W-Na-Ac and
W-Na-Ac-H leads to a decrease in hydrogen-bonded pyr-
idine and a small increase in the amount of coordinatively
bonded pyridine, the latter probably due to the readsorbing
of some pyridine, released from weakly bonding sites, on
Lewis acidic sites.

Pyridine adsorbed on the W-NH, sample showed the
same spectrum as pyridine on W-Na-Ac-H: at room tem-
perature the hydrogen-bonded molecule, the coordina-
tively bonded molecule, and a considerable amount of the
cation. After heating in vacuum only the cation and the
coordinatively bonded pyridine remain. If this catalyst is
poisoned with 1 wt.% Na, the bands of coordinatively
bonded pyridine are weaker than on the other supported
tungsten oxides. Hydrogen-bonded pyridine and pyridin-

ium ion are found in the same amounts as on W-NH, and
W-Na-Ac-H. As on the latter sample, the main band of
the pyridinium ion is split into two components, with max-
ima at 1540 and 1535 cm™".

Characterisation by Carbon Monoxide Adsorption

On pure WO; the adsorption of CO at —150°C gives
rise to a band at 2193 cm™'. On W-Na the CO stretching
band is found at 2167 cm™!. After washing with nitric acid
the stretching band of CO adsorbed subsequently on
W-Na-Ac is found at 2206 cm™!. Also on the samples
W-Na-Ac-H and W-NH, the spectrum of adsorbed CO
consists of a single band at 2206 cm™'. CO adsorption on
the poisoned catalyst 1 wt.% Na/W-NH, produces one
band at 2167 cm™!, as on the W-Na sample.

Adsorption of Butenes

On alumina, pure WO, and W-Na no adsorbed butene
was seen in the IR spectra. The spectrum of 1-butene
adsorbed on W-Na-Ac is shown in Fig. 1a. A strong band
at 1632 cm ™! shows that butene is predominantly adsorbed
molecularly via 7-bonding of the C=C bond (in the gas
phase this band is found at 1646 cm™!). A shoulder at about
1653 cm™! arises probably from #-bonded cis- and trans-
2-butene (gas phase: 1667 and 1682 cm™!). Bands at 1463
and 1380 cm ™' arise from the symmetric and antisymmetric
deformations of methyl groups. The —CH,- deformation,
the vinylic =CH, deformation and the ~CH,- wagging of
1-butene are found at 1444, 1421, and 1345 cm ™', respec-
tively. Very weak bands at 1606, 1583, and 1550 cm™! are
probably due to some oxidation of butene by the IR beam-
irradiated sample, leading to the formation of carbonates
or carboxylates.
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FIG. 1. 1-Butene adsorbed on (a) W-Na-Ac and (b) W-NH,.

(c) 2-Butene and (d) 2-butanol adsorbed on W-NH,. All spectra were
recorded at room temperature and 10" Torr.

Adsorption of 1-butene on W-NH,, a selective skeletal
isomerisation catalyst, leads to a completely different spec-
trum (Fig. 1b). There is no band visible any more in the
C=C stretching region. A broad band at 1461 cm™! with
a shoulder at about 1445 cm™' and bands at 1385 and 1101
cm~! are very similar to bands observed by others after
adsorption of n-butenes on different oxides (27) and as-
signed to the methyl and methylene deformations and the
C-O stretching of a secondary surface butoxide. The spec-
trum is similar to that of 2-butene adsorbed on the same
catalyst and identical to the spectrum of 2-butanol ad-
sorbed on this sample, including two weak bands at 1299
and 1249 cm™'. Possibly a small amount of butanol is
formed next to the main product, the alkoxyl. Butanol
cannot be the main product of butene adsorption on
W-NH,, since it is not observed by gas chromatography
in the catalytic isomerisation of butene in continuous
flow (22).

Adsorption of 2-butene (Fig. 1c) on the same catalyst
produced a slightly different spectrum from that of 1-
butene adsorption. The intensity of the product bands is
higher, which indicates that at ambient temperature
2-butene is more reactive than 1-butene on this catalyst.
Further, the intensity ratio between 8,;,CH; and 8,CH; is
different. Two additional spectral features are visible in
the spectrum. First, there is a splitting of 8,;CHj; into two
components at 1467 and 1463 cm™!, which is identical to
the pattern observed after adsorption of 2-butanol (Fig.
1d). Second, a weak band occurs at 1341 cm™!, probably
due to a -CH- deformation. Bands found in the spectrum
of butanol near 1250 and 1300 cm ™' are not detected here.
Probably the spectrum of chemisorbed 2-butene consists
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of bands partly from the butoxide and partly from the
alkoxyl of a (branched) polymer, since the C=C double
band is absent, but a C-O stretching is not observed either.
A polymer alkoxyl could account both for the high inten-
sity of 8CH; and for the lack of observation of vC-0O,
since the number of C—O bands would be small compared
to the number of C-H bands, while the C-O stretching
band has already less intensity than the CH; stretching
bands in the IR spectra of alkoxyls.

The spectrum of isobutene adsorbed at room tempera-
ture on W-NH, is shown in Fig. 2. At 1153 cm™! a C-O
stretching band indicates that also isobutene reacts to an
alkoxyl on this catalyst. This spectrum coincides partly with
the one observed by Ledo et al. (28) after adsorption of
isobutene on vanadia—titania: bands at 1479 and 1470 cm !
from 6,,CH,, at 1393 and 1367 from 8,CH;, and at 1235
and 1202 cm™' from C-C stretchings. However, some of
the bands observed can be assigned neither to isobutene
nor to tert-butoxide. A small but sharp band at 1336 cm™'
and two weaker bands at 1320 and 1284 cm ™! arise probably
from alkane —CH,- wagging (1336 and 1320 ecm™') and
from a -CH= deformation (1284 cm~!). A C=C stretching
band at 1630 cm™' might be assigned to molecular isobu-
tene, but it seems more likely that this band, together with
the bands at 1336, 1320, and 1284 arises from an isobutene
dimer. Dimerisation of isobutene on isomerisation cata-
lysts has been observed before by IR spectroscopy (29)
and it is known also from catalytic activity measurements
that isobutene dimerises easily on oxidic catalysts, espe-
cially at temperatures below 150°C (30).

On the other selective skeletal isomerisation catalyst,
W-Na-Ac-H, the adsorption of butene had to be studied
by DRIFT spectroscopy since this catalyst was not trans-
parent for IR radiation. In contrast to the absorption spec-
tra of W-NH,, W-Na, and W-Na-Ac, the DRIFT spectra
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FIG. 2. Isobutene adsorbed at room temperature and 10 * Torr

on W-NH,.
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FIG.3. 1-Butene adsorbed on W—Na-Ac-H. Spectra were recorded

at ambient pressure in a flow of Ar at (a) room temperature, (b) 50°C,
and (c) 100°C.

of W-Na-Ac—H showed some very weak bands arising
from the overtones of W-O and W=0 stretching vibra-
ttons of tungsten oxide at 2025, 1611, 1456, and 1380 cm™".
The assignment of these bands is disputed (31), but from
their weakness it can be concluded that most of the tung-
sten species is present as a monolayer and very little of it
as bulk material.

The behaviour of butene on W-Na-Ac-H is similar to
that on W-NH,. However, at room temperature butene
is initially adsorbed molecularly and then slowly converted
to a surface alkoxyl under heating, whereas on W-NH,
the alkoxyl is observed exclusively. This difference might
be explained by the different circumstances under which
the two catalysts were studied, namely, W-NH, under
static conditions in vacuum and W-Na-Ac-H under atmo-
spheric pressure in a flow system. The spectra of 1-butene
adsorbed on W-Na—Ac-H are shown in Fig. 3. The band
near 1250 cm™! is an artefact of the instrument and not an
IR band of an adsorbed species. The spectral features are
less well resolved than in the transmission spectra since
the reflectivity of the sample is low. In the first minute the
spectrum consists mainly of butene bands. Methyl defor-
mations are found at 1463 and 1381 cm™!, the former having
a broad shoulder around 1450 cm™! due to the 1-butene
—CH,~- deformation. The C=C band is split into two com-
ponents, one at 1637 cm™' arising from 1-butene and one
at 1653 cm™! from 2-butene. The overtones of the vinylic
out-of-plane deformation modes at 1843 and 1828 cm™!
which were absent in the transmission spectrum are visible
in DRIFTS. Heating of the sample to 50°C in a flow of Ar
leads to the relative decrease of the 1637 cm™! component
of the C=C stretching band, the disappearance of the
vinylic bands around 1830 cm™!, and the growth of the
symmetric CH; at 1383 cm™'. These changes can be ex-
plained by the growth of a surface butoxyl group. At 100°C
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the overall spectrum is very similar to that of 1-butene
adsorbed on W-NH,. Next to the spectral features as-
signed to the alkoxyl a broad weak doublet is visible in
the C=C stretching region. This doublet arises probably
from some oligomerisation of 1-butene, which was not
observed under static conditions in vacuum, but which is
well known to happen under a higher pressure in a flow
system (22). Unfortunately, C-O stretching bands could
not be detected due to a high level of noise in the relevant
part of the DRIFT spectrum.

Adsorption of butene on the poisoned isomerisation cat-
alyst 1 wt.% Na/W-NH, is very weak. As with W-Na-Ac,
all the bands visible in this spectrum can be assigned to
molecularly adsorbed butene. Formation of a surface al-
koxy group is not observed.

DISCUSSION

Pyridine can be adsorbed on oxides in three different
ways, depending on the nature of the acidic sites present
on the surface: these are coordinatively bonded to Lewis
acidic sites (metal ions), hydrogen bonded to Brgnsted
acidic hydroxyl groups, which we will call A sites in this
paper, and as a pyridinium ion after interaction with an-
other type of, probably stronger, Brgnsted acidic hydroxyl
groups, which we will call B sites. Upon heating and evacu-
ation of the oxide the pyridinium ion and the coordina-
tively bonded pyridine usually remain on the surface,
whereas the hydrogen-bonded pyridine is desorbed. This
behaviour is found with all oxides discussed.

On the two most selective skeletal isomerisation cata-
lysts studied by us, W-Na-Ac-H and W-NH,, all types
of adsorbed pyridine are found, including a considerable
amount of pyridinium ion. On W-Na-Ac, which is also
selective to isobutene (but less than W-Na-Ac-H), the
number of Lewis acidic and A sites is the same, but the
number of B sites is lower than that on the two more
selective catalysts. On pure alumina, which has a selectivity
to isobutene of about 5%, pyridine is mainly adsorbed on
Lewis acidic sites, although a small amount of pyridinium
ion is observed, too. Pyridinium ion is absent on WO,
and on W-Na, which are both completely inactive in the
isomerisation of butene. Poisoning of W-NH, by 1 wt.%
Na does not reduce detectably the amount of pyridinium
ion formed, in comparison with pure W-NH,. On 1 wt.%
Na/W-NH, and on W-Na-Ac-H the strongest band due
to the pyridinium ion (near 1540 cm™') was split into two
subbands. This suggests the formation of the ion on two
types of Brgnsted acidic sites.

Lewis acidity is found on all samples except on supported
sodium tungstate (W-Na), which in fact cannot be consid-
ered as a butene isomerisation catalyst. On the supported
tungsten oxides the Lewis acidic sites are more abundant
and stronger than on pure Al,O; or on support-free WO;.
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Carbon monoxide is a sensitive probe for different types
of Lewis acidic metal ions in the oxide surface. Carbon
monoxide adsorbed on pure tungsten oxide causes an IR
adsorption band at 2193 cm™'. Yan ef al. (31) assigned a
band at 2198 ¢cm™! in the spectrum of CO on reduced
alumina-supported WO; to W>*. Two bands found by these
authors at lower wavenumbers and assigned to W*" in
different coordinations have not been observed by us. On
the supported tungsten oxides W-NH,;, W-Na—Ac, and
W-Na-Ac-H the adsorption of CO gives rise to a single
IR band at 2206 cm™'. This wavenumber is too low to
assign the band to CO adsorbed on W' ions (32). It is
most likely that it belongs to CO adsorbed on W3 in a
lower coordination than the W** found in pure WOj;. This
idea is supported by our observation in earlier work that
the most selective isomerisation catalysts contain very
small tungsten oxide particles (<20 A), which are expected
to have more edges and therefore more coordinatively
unsaturated surface ions than pure WOj; (22). Semiempiri-
cal predictions according to Zaki and Knozinger (32) that
consider the coordination number and valency of metal
ions reveal that bands at 2193 and 2206 cm™' can reasonably
well be assigned to CO adsorbed by W** in fivefold and
fourfold coordination, respectively.

The adsorption of CO on W-Na and on the poisoned
catalyst 1 wt.% Na/W-NH, gives rise in both cases to a
single IR band at 2167 cm™'. This band can be assigned to
CO adsorbed in the neighbourhood of Na* ions or on
them. For W-Na this is not surprising, since Na,WOy is
an inverse spinel compound with Na“ octahedrally sur-
rounded by oxygen ions. Many spinel compounds expose
at their surface mainly {110} and {100} planes containing
only those cations that are octahedrally surrounded in the
bulk (33-35). On the surface of the 1| wt.% Na/W-NH,
sample a sodium tungstate phase is probably created by
calcination of the impregnated catalyst. The Lewis acidic
sites observed by pyridine adsorption on this sample are
probably Al ions in the uncovered carrier material, since
the tungstate is present as microcrystals (22).

Combining all information on acidic sites obtained by
pyridine and CO adsorption with the results of butene
adsorption, we arrive at the following conclusion: adsorp-
tion of butene is observed only on supported tungsten
oxides which have W** ions in fourfold coordination at
the surface. On W-Na-Ac butene is adsorbed mainly mo-
lecularly; the shift of the C=C stretching band to lower
wavenumber shows that butene is 7-bonded by a metal
ion. On W-NH, and W-Na-Ac-H a butoxide is formed.
On alumina, pure WOj; and the sodium-containing sam-
ples, butene is only weakly (or not at all) adsorbed. Further,
pyridine is protonated to the pyridinium ion on all catalysts
which have the ability to transform n-butene to isobutene,
including the less selective W-Na-Ac and ALOj;. Thus, it
seems that the presence of B sites is the most important
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(but not the only) condition for butene skeletal isomerisa-
tion activity. However, almost equally important seems to
be the presence of W>* ions in fourfold coordination, which
enhance as Lewis acidic sites the adsorption of butene on
the surface. This is illustrated by 1 wt.% Na/W-NH,, which
has the same amount of B sites as W-NH, but whose
activity is greatly reduced due to blocking of the surface
by Na*. On the other hand, W-Na-Ac has W** jons in
fourfold coordination, but due to its low number of B sites,
only a low selectivity towards isobutene. In the two-step
activation of W-Na, the role of the treatment with nitric
acid is the transformation of supported sodium tungstate
into supported tungsten oxide, which has strong Lewis
acidic W** at the surface. The role of the reduction by
hydrogen is the creation of B sites rather than the reduction
of W ions in the surface. This idea is supported by the
facts that the reduction of W-Na-Ac by CO does not
increase the activity or selectivity (22) and that the same
type of W** ions are found in W-Na-Ac~H as in W-Na-
Ac. The catalyst W-NH, is active and selective without
pretreatment. This can be explained by the absence in
the precursor (ammonium tungstate) of metallic elements
other than W which might block W ions and by the possibil-
ity that B sites are created during the decomposition of
ammonium tungstate. Thus, both conditions for skeletal
isomerisation activity are fulfilled.

It is not possible to say whether the surface alkoxyl
which is formed upon adsorption of butene on the selective
skeletal isomerisation catalysts W-NH, and W-Na-Ac-H
is also the intermediate in the formation of isobutene.
Undoubtedly, B sites are necessary, and these groups have
the ability to react with butene to surface butoxyl groups.
However, it was shown by catalytic activity measurements
that the activity and selectivity to isobutene of supported
tungsten oxides decrease slowly during the experiment.
Obviously there is some poisoning of the active sites, and
the poison, or a precursor of it, might be the surface al-
koxyl. Nevertheless, the idea of a surface alkoxyl as the
intermediate in the skeletal isomerisation is tempting, since
it is observed on the active catalysts in considerable
amounts while it is absent on the others.

Although it was found that all n-butenes give the same
product distribution after reaction over W-NH, or W-Na-
Ac-H, the reactivity at room temperature of 2-butene on
W-NH, seems to be higher than that of 1-butene. How-
ever, this probably plays no role at 350°C, the working
temperature of the catalyst. Even more reactive than
2-butene is the branched butene isomer. In contrast to the
n-butenes, isobutene adsorbed on W-NH, gives detectable
dimerisation immediately, beside the formation of tert-bu-
toxide. Thus, dimerisation is expected to be a secondary
reaction of n-butene skeletal isomerisation. This suggests
that the main pathway of isobutene formation is monomo-
lecular, rather than a dimerisation-cracking mechanism,
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which must be suspected for producing various by-prod-
ucts. Possibly oligomerisation is the first step to catalyst de-
activation.

CONCLUSIONS

A strong correlation is found between isomerisation ac-
tivity and selectivity and the types of surface acidity identi-
fied by pyridine and CO adsorption on supported tungsten
oxide catalysts. Selective catalysts have Lewis acidic W*
ions in fourfold coordination as well as B-site -OH groups.
Lewis acidic sites play a role in the chemical adsorption
of butene on the catalyst surface. B sites play a role in the
skeletal isomerisation step itself, although it is not clear in
which manner. n-Butenes react with B sites to secondary
surface butoxyl groups, observed on all active and selective
catalysts, and butoxyl groups might be the intermediate in
the skeletal isomerisation of butene. Next to the butoxide,
also some bands assignable to butanol, dimers, and alkoxyls
of dimers are detected.

On a catalyst possessing W** in fourfold coordination
but having no B sites, butene was adsorbed as a 7-complex
and partly isomerised to 2-butene. Sodium-containing sam-
ples have no tungsten ions exposed on the surface. These
samples are not active in the isomerisation of butene since
they cannot bind the olefin effectively to the catalyst.

Isobutene dimerises easily on supported tungsten oxide
catalysts. It seems likely that on supported tungsten oxides
octenes are a secondary product of butene isomerisation
and that most isobutene is formed via a monomolecular
mechanism.

Evidence for other possible intermediates in the isomer-
isation of butene, such as w-allylic species, was not found
in our IR spectra.
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