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Abstract

WOs/carbon nanotube (CNT) catalysts with different WO3 loadings were prepared by wet impregnation with ammonium paratungstate as
precursor, characterized by X-ray diffraction, temperature-programmed reduction, transmission electron microscopy and X-ray photoemis-
sion spectroscopy. These materials were tested for Cg olefin skeletal isomerization in different activation (pre-reduction) conditions and
compared to a reference tungstated zirconia, WO3/ZrO,, catalyst. They led to very high skeletal isomerization selectivities at 200 °C at high

conversion level without any observable deactivation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Solid acid catalysts play an important role in chemical and
petroleum industries in hydrocarbon conversion reactions
required in octane enhancement processes, such as cracking,
isomerization and alkylation [1-3], which can form highly
branched isoparaffins. Such reactions require strong or mode-
rate acid catalysts. The detrimental environmental impact of
halide-type solid acids led to develop halide-free catalysts,
and tungsten oxides supported on oxide carriers have, thus,
extensively been investigated as alternative catalysts for
hydrocarbon isomerization processes due to the acidic
character of supported tungsten oxide [4-10]. Among
different oxide support materials, Al,05 and ZrO, have been
widely used as support for tungsten oxide but very few
investigations on the use of carbon as support for hydrocarbon
reforming reactions have been reported [11-13], despite the
important role of carbon as a support [14]. It is now admitted
that both active-phase-support interaction and tungsten
content have a high influence on the activity of WO;-reduced
supported catalysts towards skeletal isomerization due to the
extension of tungsten species reducibility [15,16].
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Among the carbon materials, carbon nanotubes (CNTs)
have attracted attention in the last decade in the field of
catalysis because of potential applications as catalyst support
and peculiar behaviors in terms of conversion or selectivity,
which were attributed to specific active-phase-support inter-
action, limitation of mass transfer phenomena problems and/
or to the existence of confinement effects inside CNTs [17].

Up to now, the use of CNTs as support in the field of
heterogeneous catalysis remains mainly devoted to liquid-
phase reactions using supported metals. The aim of this
article is to report on the gas-phase use of WO3/CNTs as
catalyst for the 4-methyl-1-pentene (4M1Pen) isomeriza-
tion. The catalysts will be characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), tempera-
ture-programmed reduction (TPR) and X-ray photoemission
spectroscopy (XPS).

2. Experimental section
2.1. Catalyst preparation
Open multi-walled CNTs with inner and outer average

diameters of 40 and 80 nm, respectively, and lengths up to
about 200 wm were supplied by Appl. Sci. Inc. (OH, USA).
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They had a non-microporous specific surface area of 25 m*/g
obtained by BET measurement using N, at LN, temperature.
Deposition of tungsten was performed by wet impregnation of
the bare CNTs with an aqueous solution (20 mL) of
ammonium metatungstate pentahydrate, (NH4);oW 204
5H,O, at pH close to 5. The CNTs were added to the
precursor salt aqueous solution kept under vigorous stirring at
80 °C for 20 min before the slow evaporation of the solvent at
room temperature. The resulting material was further dried
overnight at 120 °C. The WO; content was taken at 4, 17 and
30 wt.% relative to the total weight of catalyst. The dried
materials were finally calcinated at 350°C for 2h.
Comparison was made with a WOj3 (25 wt.%)/ZrO, reference
catalyst prepared following the same procedure and using
commercially available monoclinic ZrO, supplied by Johnson
Matthey [16]. Catalytic performances were reported in terms
of specific rate of hydrocarbon transformation expressed in
mol/s/(g of WO3), isomerization selectivity and stability as a
function of time.

2.2. Characterization techniques

Structural characterizations were done by powder XRD
measurements on a Siemens Diffractometer Model D-5000,
using Cu Ka radiation. The nature of the phase in the sample
was checked using the database of the Joint Committee on
Powder Diffraction Standards (JCPDS).

TPR measurements were performed by submitting the
catalysts located in a quartz reactor between two quartz wool
plugs to a H, (13 vol.%)/Ar flow (total flow rate of 50 mL/
min) with a heating rate of 15 °C/min from room tempera-
ture to 930 °C, at which the catalyst was kept afterwards
during 30 min. The H, consumption was followed by
thermal conductivity catharometric detection.

Microstructural characterization was carried out by TEM
on a Topcon 002B working at 200 kV accelerated voltage.

XPS spectra were recorded with pass energy of 20 eVon a
ThermoVG Scientific apparatus equipped with an Al Ko

source and a hemispherical analyser. The Wy lines were
analyzed with a curve fitting procedure according to the
Doniach and Sunjic theory [18], using the Shirley back-
ground subtraction.

2.3. Catalytic device

The experiments were carried out under H, at atmo-
spheric pressure with 100 mg of catalyst powder in a
stainless steel micropilot equipped with a quartz reactor (10
and 300 mm of internal diameter and reactor length,
respectively). The catalyst bed was thus about 5 mm height,
centered in the 70 mm long isothermal zone of the reactor.
The catalyst was first pre-reduced (i.e. activated) for 2 h
under a 30 mL/min hydrogen flow at temperatures ranging
from 200 to 550 °C (heating rate of 15 °C/min), and the
reaction was further performed at 200 °C with a H, flow rate
of 30 mL/min. Hydrocarbon pulses were manually intro-
duced into the H, flow using a saturator kept at a constant
temperature (—38 °C, obtained using an anisol/liquid
nitrogen cooling mixture) leading to a partial pressure of
6.5 Torr of hydrocarbon in flowing H,. The reactant and
reaction products were analyzed on-line by gas chromato-
graphy (GC 8000, CElnstruments) equipped with a flame
ionization detector. All the unsaturated products were
hydrogenated on a separated Pt Adams-based hydrogenator
before on-line analysis for easy detection and quantification.

3. Results and discussion
3.1. Catalyst characterization

Fig. 1 shows the XRD pattern of the WO3/CNT catalysts
with WO; content ranging from 4 to 30 wt.% and of the fresh
CNT support given as reference. On the CNT support, the
most intense diffraction peak characteristic of the CNTs at
26 =25.8° corresponds to the interlayer scattering of the
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Fig. 1. X-ray diffraction pattern of the WO3/CNT catalysts. Influence of the tungsten initial content.
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basal planes. The presence of WO; crystallized domains was
only detected for catalysts containing 17 wt.% or more of
WO3;, with the peak intensities corresponding to WOz
(20=14.0,23.2,24.5, 28.3, 34.1 and 36.8°) increasing with
the W content. The average WOj; crystallite size derived
from the XRD peak broadening was about 20 and 30 nm for
the materials containing 17 and 30 wt.% of WOs;,
respectively. The WO5/ZrO, material had a specific surface
area of 33 m%/g with a mean WOj crystallite size determined
by the XRD peak broadening of about 60 nm [16].

TPR profiles of the CNT support of WOj3 (17 wt.%) and
WO; (30 wt.%)/CNT catalysts are given in Fig. 2, together
with that of a commercial bulk WO; sample for comparison.
One could observe that the CNT support showed no
appreciable reduction under hydrogen until 930 °C. Except
for the total amount of reducible species, the supported WO;
(17 wt.%)/CNT and WO;5; (30 wt.%)/CNT catalysts exhib-
ited the same kind of reduction profile with two main
reduction steps, the first and smallest one around 628-
640 °C and the second one at 680-710 °C. The increase in
WOj; content from 17 to 30 wt.% only led to a slight shift of
the reduction steps to higher temperatures. Comparing these
profiles with that of bulk WO;, and according to literature, it
could be suggested that the two successive reduction peaks
observed on the WO3/CNT materials correspond to the
reduction of bulk-like WO; crystallites [19]. These peaks
would override the reduction signal of tungstate surface
species located at the carbon/oxide interface (if any), which
were observed on ZrO,- and Al,O5-supported WOj; catalysts
[15,16]. It should be noted that the total reduction of the bulk
WO; sample was not achieved before the isotherm step at
930 °C, so that the number of reduction steps, two or three
having been observed depending on the reduction conditions
as mentioned in the literature, could not be determined.

bulk WO,

WO,(30wt%)/CNT

WO,(25wt%)/ZrO,

WO;(17wit%)/CNT

CNT
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The reduction of the WO5/ZrO, reference showed two main
reduction peaks, the first and smallest one at 636 °C like in
the case of CNT-based materials and the second one at much
higher temperature (780 °C), which was attributed to the
final reduction into metallic tungsten [20]. A very small
reduction peak located at about 780 °C could also be
distinguished on the WO;5; (30 wt.%)/CNT material, thus
assigned to the reduction into small amounts of metallic
tungsten. The reduction sequence of WOj5 into the metallic
state could thus be proposed as follows [21]:

WO3 — Wzoosg and WzoOsg — W02 and W02 —W

We suggest that the reduction sequence reported to form
metallic tungsten on the ZrO, support was stopped under
similar reduction conditions at the WO, step using CNTs.
The differences in signal intensity, peak position and general
profile of the TPR spectra could result from the morphology
and/or the chemical nature of the support, whose influence
will be discussed in a further section in link with the catalytic
behavior.

Fig. 3 shows TEM images of the WO3; (17 wt.%)/CNT
material. Bare CNTs had the usual structure made of ordered
graphene sheets oriented parallel with respect to the tube
axis with the interlayer spacing of 0.348 nm. TEM images
evidenced the exclusive location of the WO5 domains inside
the CNTs, neither WO; particles located on the outer walls
of CNTs nor non-anchored bulk WO3 having been observed.
Most of the WO3 was in the nanowire morphology or as
5-10 nm thick films covering the internal surface of CNTs,
only very few isolated WOj particles having been observed.
Such an exclusive location inside CNTs has already been
reported during investigations dealing with the decoration of
CNTs with palladium metal particles (e.g. 5 wt.%), or with
the formation of cobalt ferrite nanowires inside CNTs

836

916 At 930°C
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Fig. 2. TPR profiles of WO3/CNTs, WO3/ZrO, and WO; bulk reference.
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Fig. 3. TEM images of the WO3 (17 wt.%)/CNT catalyst.

[22,23]. The literature reports that elements and compounds
with a surface tension lower than 190 mN/m are efficient for
wetting and filling nanotubes [24]. The use of water as
solvent with the relatively low surface tension of 72 mN/m
led to a totally selective nanotube filling. The inner volume
of the MWNTs was completely filled by the paratungstate
solution during the impregnation step due to capillary forces.
The differences of contrast observed by TEM inside the
WO; nanowires led to consider the WO3 nanowires as an
aggregation of WO; crystallized domains stuck together to
form nanowire morphology, in agreement with the 20 nm
diameter crystallites measured by XRD, as it has been
reported for a CNT-filled CoFe,O, material [22].

Fig. 4a and b show, respectively, the Wy and C;; XPS
spectra of the WO3 (17 wt.%)/CNT material as obtained
after preparation and calcination at 350 °C for 2 h. The inset
in Fig. 4a corresponds to the W4s XPS spectra of the WO3/
ZrO, reference. The XPS Wy signal of the WO3/CNT

catalyst (Fig. 4a) could be fitted with one contribution
corresponding to the W(VI) oxidation state, located at 35.2
and 37.4 eV for the Wy spin-orbit component. Deconvolu-
tion of the W ¢ XPS spectra of the WO3/ZrO, reference after
calcination at 350 °C (insert Fig. 4a) revealed that it could
only be fitted with two contributions. The largest one, at 35.2
and 37.4 eV [25], was attributed to W(VI) surface species
and the second one at 34.2 and 36.4 eV [26] was assigned to
W(V) species. These observations evidenced the importance
of the support and especially of the active-phase-support
interaction, which was also shown to be extremely different
between ZrO, and CNTs. Table 1 summarizes the binding
energies and the fit parameters used for the W4 components.

Deconvolution of the C; spectra [27-29] resulted in three
contributions, the first one at 284.6 eV, assigned to graphitic
sp”-hybridized carbon, the second one at 286.3 eV,
associated to -C—OH phenolic surface groups and the third
broad one at 291.2 eV, probably corresponding to a -
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Fig. 4. XPS Wy (a) and C; (b) spectra of the WO; (17 wt.%)/CNT material. The inset (a) corresponds to the XPS Wy spectra of the WOj3 (25 wt.%)/ZrO,
reference. Sp>-hybridized carbon C;, peak was taken at 284.6 eV as energy reference.

transition peak (i.e., a surface plasmon peak) due to the
metallic properties of sp>-bound carbon, resulting from the
average graphitic nature of CNTs with an extended -
electron conduction band system [29]. The graphitic typical

Table 1

Binding energies and full width at half maximum (FWHM) for the W 7/2
XPS spectra on the WO;3 (17 wt.%)/CNTs and WO;5; (25 wt.%)/ZrO,
catalysts

Catalysts Binding energy of FWHM of
W4f 712 (C\/)u W4f 712 (eV)“
W(VI) W) W(VI) W(V)
WO; (17 wt.%)/CNTs 35.7 - 0.35 -
WO; (25 wt.%)/ZrO, 352 342 0.37 0.37

? The FWHM was taken identical for both Wy 7/2 and W 5/2 compo-
nents, whereas the spin-orbit constant was set at 2.2 eV and the Wy 5/2 to
Wye 7/2 ratio at 0.75.

C; line shape was fitted using an asymmetry, which is a
well-known phenomenon occurring in conductive materials
[29]. The W/C atomic surface ratio of the WO;5 (17 wt.%)/
CNT material determined from the XPS spectra was 0.017.
This value was very low compared to the W/Zr ratio (0.22)
of the WO5/ZrO, reference, suggesting that a great part of
the CNT surface was not uniformly covered with tungsten
species. This was in good agreement with the TEM images,
which evidenced the exclusive location of the WO5; domains
inside the CNTs, no WOj; particles having been observed
outside of them.

3.2. Catalytic results

Fig. 5 shows the total specific rate and the isomerization
selectivity obtained at 200 °C on the WO3 (17 wt.%)/CNT
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Fig. 5. 4M1Pen reaction at 200 °C on the WO3 ((l) 17 wt.%; (@) 30 wt.%)/CNTs and the WO; (25 wt.%)/ZrO, (A ) reference as a function of the reduction
temperature. The total specific rates and isomerization selectivities are represented as black and white symbols, respectively. Reactions have been performed in
the pulse mode and the results represented correspond to the second pulse of reactant.

and WOj3 (30 wt.%)/CNT catalysts for the 4M1Pen reaction
as a function of the activation temperature, ranging from 350
to 550 °C. Catalytic results were compared to that obtained
on the WOz (25 wt.%)/ZrO, reference catalyst. The
behavior of the WO3/CNT catalysts was strongly influenced
by the pre-reduction (i.e. activation) conditions. The
increase in the activation temperature from 350 to 550 °C
yielded the enhancement of the specific rate on both WO3/
CNT catalysts contrarily to the tungstated zirconia sample
for which a considerable decrease was observed for
activation temperatures higher than 350 °C. It could be
pointed out that whatever the activation temperature, only
skeletal isomerization occurred and no cracking products
were observed on WO3/CNTs, even at very high conversion
level. This interesting behavior differed from what is
reported for most of the catalysts used in reforming
reactions; indeed, very high isomerization selectivities
could only be obtained on WO3/ZrO, catalyst at low
conversions. It should be pointed out that the (17 wt.%)/
CNT catalyst exhibited the highest efficiency whatever the
activation temperature, taking into account both the total
specific rate and the isomerization selectivity.

Looking at the catalytic stability between WO;
(17 wt.%)/CNT and WO5/ZrO, (Fig. 6), the two kinds of
materials exhibited completely different behaviors after a
series of successive hydrocarbon pulses at 200 °C. It must be
noted that the performances obtained on the WO; (30 wt.%)/
CNT catalyst have not been reported in Fig. 6 because the
catalyst displayed the same behavior than the WO;3
(17 wt.%)/CNT sample. Whatever the pre-reduction tem-
perature, the WO3/CNT catalysts were very stable after
successive reactant pulses and kept an isomerization
selectivity of 100% contrarily to the WO3/ZrO, catalyst,
which was subject to strong deactivation. Indeed, the

catalytic activity of the tungstated zirconia was stable for an
activation temperature of 350 °C, but rapidly deactivated at
450 °C and even more rapidly at 550 °C, although the initial
activity after activation at 550 °C was already very low. It
has been already observed on some WOs3-supported systems
like WO3/ZrO, [20] and WO3/Al,05 [15] that deactivation
of the catalyst for hydrocarbon reactions was due to the
formation of metallic tungsten.

In this study, it has been evidenced that on WO3/CNT
materials, the formation of metallic tungsten was hindered
explaining the absence of any observable deactivation
phenomenon. It is admitted that on supports like Al,O3 or
ZrO,, the complete reduction can be achieved at moderate
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Fig. 6. Evolution of 4M1Pen reaction at 200 °C on WO;3; (17 wt.%)/CNT
(full symbols) and WO3 (25 wt.%)/ZrO, (empty symbols) as a function of
successive hydrocarbon pulses after 2 h activation at 350 (&, <), 450 (@,
Q) and 550 °C (W, ).



100 B. Pietruszka et al./Catalysis Today 102—103 (2005) 94—100

temperature only if WOj3 crystallites behaving as bulk (or
bulk-like) WOj; are present [15,16,25,30]. Consequently, the
total reduction of bulk-like WOj crystallite domains located
inside CNTs should have been easily possible at reduction
temperature of 550 °C, as their mean crystallite diameter
was close to that of WO; present on the WO3/ZrO,
reference. In fact, the reducibility of WO; into metallic
tungsten was very limited, pointing out an effect of the CNT
support. Thus, hindering the WO; reducibility inside CNTs
compared to on a ZrO, support could explained both
improved isomerization performances and stability of CNT-
based catalysts relatively to ZrO,, for which the metallic
state of tungsten first led to extensive cracking, and further
resulting in the catalyst poisoning. The lower specific rate
obtained on the highly loaded CNT-based catalyst compared
to the 17 wt.% one could be explained by a worse dispersion
of WOs;. This had probably decreased the real amount of
WO; taking part to the reaction.

It could be proposed that the limited reduction process
inside CNTs could be explained (i) by the reduced
accessibility to WO; nanowires rather than by a confinement
effect in the case of H, molecules and/or (ii) by a specific
WOs;—carbon inner walls interaction when WO3 was present
as thin films.

However, the hypothesis of a confinement effect of
hydrocarbons inside CNTs, put forward for other molecules
[23], could not be excluded and should be discussed in a
further paper.

4. Conclusion

This study clearly evidenced the positive role of carbon
nanotubes when used as a support for WO; in order to
prevent a complete reduction into metallic tungsten, thus
limiting the deactivation of the catalyst, as usually observed
on “classical” supports at moderate temperatures. Some
complementary studies using reactants with longer carbon
atom chains and working at higher pressure are now in
course to confirm if this confinement effect is also valid on
the catalytic activity. Furthermore, the surface state of
tungsten on carbon nanotubes as a function of the reduction
temperature is currently under investigation by in situ XPS.

The WO3/CNT materials exhibited monofunctional
acidic skeletal isomerization properties with very high
(100%) skeletal isomerization selectivities even at high
conversion levels, confirmed by the fact that they are only
active for olefin reactions but exhibit no activity toward
saturated reactants. Determination of the optimal tungsten
content located inside carbon nanotubes is currently under
investigation in order to increase the WOj; dispersion, i.e.,
for improving the content of WOj; really involved in the
reaction. Work is ongoing to make them active in the same
way for saturated hydrocarbon skeletal isomerization with

the addition of metallic properties via the introduction of
Pt exclusively inside the carbon nanotubes to lead to a
bifunctional Pt—WO3/CNT catalyst.
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