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Abstract

Two series of WOx–CeO2 catalysts with a W content between 4.0 and 12 wt% prepared by coprecipitation (CW-PP) and impre
(CW-IMP) of CeO2 were investigated with the aim of examining the role of tungsten and the support in acid-catalyzed reactio
catalysts were characterized with several in situ techniques (XRD, Raman, XPS, and NH3-DRIFT), and nitrogen adsorption at 77 K. XR
results pointed to the preferential formation of crystalline Ce2(WO4)3 which was completed at 1173 K. Crystalline WO3 was absent in
both series of CW-IMP and -PP catalysts. Raman spectra of CW-PP catalysts suggested the possible formation of WO3 only in the catalyst
with 11.9 wt% W calcined at 1173 K. For the CW-IMP catalysts, the bands assigned to amorphous WO3 were clearly seen in sample
calcined at 1173 K, with their intensity depending on the W content. The treatment of the catalysts under hydrogen resulted in a
of the characteristic Raman band of ceria, and changes of the Ce2(WO4)3 phase. NH3-DRIFT spectra showed the presence of both Le
and Brønsted acid sites, the strength of which increased with calcination temperature. The effect of hydrogen in improving th
consists either of a degradation of the Ce2(WO4)3 phase with the formation of small WO3 domains or of some new arrangements l
Lindqvist polyanions, both species being susceptible to an easy transformation of Lewis to Brønsted acid sites. Isomerization of he
WOx /CeO2 catalysts produced mono- and di-alkylated hydrocarbons and methylcyclopentane. Increasing tungsten contents en
activity and selectivity to methylcyclopentane. The presence of hydrogen improved the stability of the catalysts but decreased the
and resulted in important changes of the selectivity: the mono- and di-alkylated hydrocarbons predominated.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Branched alkanes are very important for high oct
gasolines [1]. They are produced by isomerization of nor
paraffins, an acid-catalyzed chain reaction which is pre
ably performed at low temperatures in order to avoid cra
ing and aromatization products and to achieve high se
tivities to the isomers. The classic catalysts still used to
include toxic, corrosive compounds such as sulfuric a
halides, and oxyhalides. In order to suppress the envi
mental hazards that these catalysts generate, new solid
catalysts need to be found, the challenge being to dev
heterogeneous catalysts with high densities of strong
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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d

sites, which are able to operate isomerization at low tem
atures.

In accordance with these requirements, the catalyst m
be able either to protonate an alkane with generation of a
benium ion-like intermediate [2] or to accommodate me
cations or metal oxide clusters with the oxide supports
structures which stabilize the protons responsible for
Brønsted acidity [3,4]. The first category mainly correspo
to superacidic systems, and heterogeneous catalysts ca
partially generate such species. Another possibility of ge
ating such carbocations was suggested by Fărcaşiu et al. [5]
for the isomerization over sulfated zirconia catalysts. Th
catalysts, first reported by Holm and Bailey [6], were co
sidered as superacid solids [7], but further studies infirm
this assumption [8,9]. F̆arcaşiu et al. [5] proposed an alte
native mechanism consisting of a one-electron transfer f
the substrate to the catalyst, followed by the cleavage o

http://www.elsevier.com/locate/jcat
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radical cation. This supposition was supported by both s
troscopic and catalytic data [10,11], and quantum-chem
calculations [12].

Despite the tremendous effort focused on sulfated
conias, these catalysts deactivate relatively fast, mainl
coke deposition but also by loss of sulfur, and they are ra
sensitive to water [13–15]. However, zirconia seems to
a rather adequate support for accommodating metal ca
or metal oxide clusters, and addition of tungstate [16–
molybdate [22], borate [23], and phosphate [24] has b
found to produce relatively strong acid sites.

Tungstated zirconias (WZ) have been particularly inv
tigated due to their interesting catalytic behavior at low te
peratures. In addition to its acidity, the mesoporous struc
of WZ ensures an easy transport of reactants and prod
which minimizes the unwanted secondary reactions wh
in microporous acid solids, are favored by the restricted p
sizes and long interpellet residence times.

The catalytic behavior of these acid solids is strongly
fluenced by the presence of hydrogen, although the ro
hydrogen is still unclear. Baertsch et al. [25] considered
hydrogen does not affect the density of the Brønsted
sites but rather generates polytungstate WOx domains, the
density being the prevalent factor. On the basis of isoto
and chemical titration of the acid sites in WOx domains
supported on zirconia, these authors concluded that the
sity of the H+ Brønsted acid sites formed from hydrogen
low, and their formation may be aided by H2 dissociation
on the ZrO2 support. For Kuba et al. [4], the catalytic pro
erties of WZ depend on the ability to generate W5+–OH
sites under reducing conditions at low temperatures. S
troscopic measurements verified the formation of redu
W5+ species, suggesting a reaction mechanism much
ilar to that proposed by F̆arcaşiu et al. [5].

In summary, these studies suggest that the isomeriz
reaction involves, at least in the initiation step, a redox me
anism. The catalytic properties are also directly influen
by the preparation method, reduction and calcination t
peratures, and W loading [26,27]. The support may a
play an important role in this redox mechanism [25]. E
et al. [28] investigated WOx–TiO2 catalysts, and their spe
tral and diffraction data gave a different pattern than w
using ZrO2 as a support.

With this background, the goal of this study was to c
lect additional evidence for the redox behavior of suppo
WOx catalysts. Cerium oxide exhibits stronger oxidiz
properties than ZrO2 and, therefore, its use could elucida
the behavior of supported tungsten catalysts in the iso
ization of hydrocarbons. For that purpose, CeO2 instead
of zirconia was chosen as a support. In order to elimin
the possible contribution of chlorine, which even in a v
low amount may have an important influence on isom
ization [29], cerium nitrate was adopted as a precursor,
hexane isomerization as test reaction.
s

s

-

-

-

2. Experimental

2.1. Catalyst preparation

Two series of WOx–CeO2 catalysts containing 4, 7.9
9.5, and 11.9 wt% W were prepared. The first series
noted as PP) was obtained by coprecipitation of an aqu
solution of cerium nitrate (Ce(NO3)3 ·6H2O, Fluka) and am
monium metatungstate ((NH4)6H2W12O41 · H2O, Riedel-de
Haen) with ammonia, until reaching pH 7. The precipita
were washed, dried, crushed, and calcined for 3 h in s
air at different temperatures in the range 973–1173 K u
a ramp of 0.5 K min−1.

The second series of catalysts (denoted as IMP) was
pared by incipient wetness impregnation of a CeO2 sup-
port. The ceria support was prepared by decompos
(1173 K for 3 h) of cerium citrate to CeO2 in static air
(citrate method [30]). It was impregnated with 2.5 ml g−1

solutions containing the appropriate amounts of ammon
metatungstate. After drying, the catalysts were calcined
3 h at 1173 K (ramp of 0.5 K min−1). The ceria support ca
cined under those conditions had a specific surface are
28.5 m2 g−1.

2.2. Catalyst characterization

Chemical analysis of the catalysts was performed by I
AES. The W contents are given in Table 1.

The BET specific surface areas and the pore size wer
tained from nitrogen adsorption isotherms recorded at 7
with an ASAP 2000 instrument from Micromeritics. Th
samples were outgassed at 423 K for 12 h under a re
ual pressure of 0.1 Pa. The surface areas of the catalys
indicated in Table 1.

XRD patterns were recorded with a D5000 Kristallofl
diffractometer from Siemens using the Cu-Kα radiation (λ =
1.5418 Å). Data acquisition was done in the 2–65◦ 2θ range,
with a scan step of 0.03◦. In situ variation of the crystallinity
was monitored on the same apparatus, using a standar
nace disposed in the analysis chamber. The freshly d
precursor powders (40–75 µm) were mounted on a Pt sa
holder and heated between room temperature and 1173
a rate of 1 K s−1, the patterns being recorded between 20
55◦ 2θ (scan step of 0.03◦) after a stabilization period for 1
at different temperatures.

XPS spectra were scanned at room temperature
SSX-100 spectrometer, Model 206 from Surface Science
strument. The pressure in the analysis chamber during
analysis was 1.33 mPa. Monochromatized Al-Kα radiation
(hν = 1486.6 eV) was used. It was generated by bomba
ing the Al anode with an electron gun operated with a be
current of 12 mA and acceleration voltage of 10 kV. T
spectrometer energy scale was calibrated using the Au7/2
peak centered at 83.98 eV. Charge correction was made
the C 1s signal of adventitious carbon (C–C or C–H bon
located at 284.8 eV. The composite peaks were decomp
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Table 1
Surface areas and apparent tungsten density of the investigated catalysts, calcined at 1173 K

Catalyst Preparation procedure

PP IMP

W content Surface area W density W content Surface area W density
(wt%) (m2 g−1) (Watomsnm−2) (wt%) (m2 g−1) (Watomsnm−2)

CW4.0 3.96 19.6 3.01 3.96 16.8 4.5
CW7.9 7.93 16.3 5.65 7.93 14.5 9.1
CW9.5 9.52 14.0 7.6 9.52 11.8 10.9
CW11.9 11.89 14.0 8.23 11.89 10.8 13.7
CeO2 – 26.7 – – 28.5 –
CeO2–H2Oa – – – − 28.5 –

a CeO2 calcined for 3 h at 1173 K, impregnated with water, and recalcined at 1173 K for another 3 h.
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by a fitting routine included in the ESCA 8.3 D softwa
The atomic surface compositions were calculated using
sensitivity factors provided with the ESCA 8.3 D softwa
applied to the surface below the corresponding fitted X
signals.

NH3-DRIFT (diffuse reflectance infrared Fourier tran
form) spectra were collected with a Brucker IFS88 sp
trometer (200 scans with a resolution of 4 cm−1). Pure
samples were placed inside a commercial controlled e
ronmental chamber (Spectra-Tech 0030-103) attached
diffuse reflectance accessory (Spectra-Tech collector).
stability of the adsorbed ammonia species during the
crease of temperature was investigated by recording
spectra under flowing helium (30 ml min−1) at room tem-
perature, 373, 473, and 573 K, after exposure to an amm
flow (30 ml min−1) for 30 min at room temperature.

The Raman spectra were recorded on a LabRAM Infi
spectrometer (Jobin Yvon) equipped with a liquid nitrog
detector and a frequency-doubled Nd:YAG laser supply
the excitation line at 532 nm. The spectrometer was c
brated using the silicon line at 521 cm−1.

For in situ Raman analysis, the samples were placed
temperature- and atmosphere-controlled stainless-stee
directly adapted to the XY manual stage of the Raman
croscope. The powder samples were deposited on a sin
glass disk which could be heated up to 773 K by an ele
cal resistor coil surrounding the sample holder. The optic
polished Pyrex window of the cell was 1.8 mm thick. Sam
illumination and light collection proceeded with a 50 lo
frontal objective. The power at the sample surface was
low 5 mW.

2.3. Catalysis

The catalytic activity was evaluated in a conventio
installation, over 50 mg of catalyst powder loaded in
tubular, down-flow-operated quartz microreactor. Hex
was passed through the catalyst bed at a space veloc
120 cm3 g−1

cat h
−1. The reaction was performed at tempe

tures in the range 393–453 K, both in the absence an
the presence of hydrogen (30 ml min−1). Analysis of the
products was achieved in a Varian Star 3400CX gas c
ll

d

f

matograph equipped with a Chrompack 7530 capillary
umn (WCOT fused-silica column with CP-Sil PONA C
stationary phase). The presence of alkenes (i.e., hexe
as established by chromatography was confirmed by hy
genation treatment at 343 K for 4 h of the liquid effluent
a stainless-steel autoclave on a Pd–Li/Al2O3 catalyst: only
alkanes were found. The catalytic activity was expresse
transformation rate of hexane and selectivity to dimeth
butane and methylcyclopentane.

3. Results

3.1. Textural and structural characterization

All the catalysts developed a specific surface area
tween 10 and 20 m2 g−1 (Table 1), which is relatively high
for the calcination temperature used (1173 K). All the ca
lysts contained mesopores (i.e., larger than 4 nm). For
series of catalysts, the increase of the W content bro
about a continuous decrease of the specific surface
which, for a tungsten loading of 11.9 wt%, represented ab
half that of the support alone (Table 1). The impregna
(-IMP) catalysts exhibited slightly smaller surface areas t
the corresponding -PP catalysts. The smaller surface a
of both series of catalysts than of the support are strictly
to the presence of W species at the surface, likely loc
at the entrance of the pores. No morphological change
observed after rehydration of the support (to simulate the
pregnation conditions), followed by recalcination.

The structural changes occurring with increasing ca
nation temperature are shown in Fig. 1 for the CW9.5
catalyst. The XRD patterns of the CW-PP catalysts exhib
only two phases, which appeared distinctly as tempera
increased. They corresponded to CeO2 with the cerianite
structure (JCPD-ICDD 43-1002), and Ce2(WO4)3 (JCPD-
ICDD 31-0340) [31]. The reflections of the Ce2(WO4)3
phase were well defined at 1123 K, and the crystalliza
process was completed at 1173 K (Fig. 1). Interestingly,
CW-IMP samples (Fig. 2) exhibited the same features as
CW-PP samples calcined at 1173 K, namely, the presen
only two phases, regardless of the W loading, without
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Fig. 1. XRD patterns at increasing and decreasing temperatures of PP
(∗) Ce2(WO4)3; (+) CeO2; (#) Pt sample-holder reflections.

Fig. 2. XRD pattern of CW-IMP catalysts calcined at 1173 K:(∗)

Ce2(WO4)3, (+) CeO2.
:

X-ray-detectable trace of tungsten oxides. Actually, the
mation of the Ce2(WO4)3 phase occurred as a solid–so
reaction between the in situ formed CeO2 and WOx [32].

The density of superficial tungsten was calculated fr
two different approaches. For the impregnated sample
apparent W surface density was calculated as the ratio
tween the W atom content per gram of sample and the m
sured area of the CeO2 support obtained using the citra
method (Table 1). For the CW-PP samples, the appare
density was calculated using the size of Ce2(WO4)3 estab-
lished from the X-ray reflection at 27.36◦ 2θ [31] assuming
that these particles approximate a sphere (Table 1). The
ues of Table 1 indicate that there was a dependence bet
the tungsten loading and the W density at the surface.
relationship was linear with distinct slopes according to
preparation method. Table 1 also shows that the CW-
catalysts had a higher W density.

3.2. X-ray photoelectron spectroscopy

The results of the XPS investigation of the catalysts
cined at 1173 K are compiled in Table 2. Independen
the preparation method, the W 4f7/2 and Ce 3d5/2 levels
had binding energy values included in very narrow ran
namely, 35.5–35.8 and 882.5–882.7 eV, respectively.
first range corresponded to W6+ [33], while for Ce, the spec
trum (Fig. 3) exhibited mainly the peak characteristic
the support (Ce4+) [34]. The shoulders at 885 and 905 e
values corresponding to Ce2(WO4)3 (Ce3+), might indicate
a partial reduction of cerium in the presence of tungs
The literature noted that because of the complex feat
of the Ce 3d region, it is very difficult to assess the pr
ence of Ce3+ from changes in the 885–905 eV region a
in accordance, only the decrease of the peak at 916.
could be a probe for determining the presence of redu
species [35,36]. Treating the samples in flowing hydro
(30 ml min−1) for 2 h at 513 K (the highest reaction tem
perature) did not bring major changes to the XPS spe
Ce was slightly more reduced as observed by the increa
intensity of the aforementioned shoulders.

At the same time, the binding energy of the O 1s le
was shifted by 0.6–0.8 eV to higher values with respec
pure CeO2, also pointing to a direct contribution of tungste
containing species. It should be noted that the O 1 s si
was symmetric, which suggests a homogeneous super
composition.
P

.47

.41

.43

.37
Table 2
XPS investigation results

Catalyst W 4f7/2 BE (eV) Ce 3d5/2 BE (eV) O 1s BE (eV) W/Ce atomic ratio

PP IMP PP IMP PP IMP Chemical PP IM

CW4.0 35.6 35.6 882.6 882.5 529.8 529.8 0.04 0.37 0
CW7.9 35.6 35.8 882.5 882.7 529.8 530.0 0.08 0.53 0
CW9.5 35.6 35.7 882.6 882.6 530.1 529.9 0.10 0.59 0
CW11.9 35.5 35.8 882.5 882.7 530.0 529.9 0.13 0.45 0
CeO2 – – 882.2 529.2 – – –
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Fig. 3. XPS spectra of the Ce 3d level of (a) Ce2(WO4)3, (b) CW9.5-PP, (c)
CW9.5-PP after H2 reduction at 300◦C, and (d) CeO2.

The results of Table 2 also point to a W surface enri
ment for all the catalysts. Since the W contents of the
and -IMP catalysts were very close to each other, both
ries are therefore considered simultaneously, as show
Table 2. The XPS W/Ce ratios were 3–6 times higher th
the values calculated from the chemical analysis, dep
ing on the preparation method and W loading. It would
speculative to compare the dispersion of W from these m
surements. If a high surface content of W (thus a high W/Ce
atomic ratio) could be expected for the -IMP catalysts
must be supposed from the high W/Ce ratios of the -PP
catalysts that the W-containing species segregated pr
entially at the surface. But during the impregnation, fr
results from the calculated W superficial density (Table
several layers of tungsten might be formed, and thus m
W atoms became silent.

3.3. Raman spectroscopy

Raman spectroscopy gave additional structural infor
tion on the tungsten species in these catalysts. Crysta
WO3 has a distorted ReO3 structure, made of corner-shar
[WO6] groups. The Raman spectrum exhibits three m
lines at 806, 714, and 271 cm−1, assigned to W–O stretchin
modes (A1g, Eg) and W–O–W bending mode (F2g), respec-
tively.

With respect to the Ce2(WO4)3 species, the formation o
which at the higher temperatures was established by X
no Raman data on this compound have been found in th
erature. In order to help in the interpretation for these res
the Raman spectrum of Ce(III) tungstate (Interchim) w
also reported (Fig. 4). In the isopolytungstate species, th
exhibits a distorted octahedral geometry with generally m
-

Fig. 4. Raman spectra of Ce(III) tungstate. Acquisition time: (a) 1 s
(b) 10 s.

Fig. 5. Raman shift for CW4.0-IMP calcined at 973 K (a) and 1173 K (

WO2(t) groups, where t stands for terminal oxygen ato
The symmetric and antisymmetric stretching modes of th
groups are observed at 960–980 and 900–920 cm−1, respec-
tively. A comparison of the Ce2(WO4)3 and WO3 references
clearly shows the difference between the structure of [W4]
and [WO6] units: the most intense line is observed at hig
wavenumbers for the tetrahedral unit (around 900 cm−1)
relative to the octahedral unit (806 cm−1). In the isopoly-
tungstate species, which consist of more or less disto
edge or corner shared octahedral units, the most intens
man line is observed around 960–980 cm−1 and assigned
to the symmetric stretching vibration modes of the WO2(t)
groups, where t stands for terminal oxygen atoms.

Raman spectra of CW11.9-IMP recorded at two ca
nation temperatures are compared in Fig. 5. The cata
calcined at 973 K exhibited a line at 460 cm−1 assigned
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Fig. 6. Raman spectra of the PP-WOx /CeO2 under ambient conditions: (a) CW 4.0; (b) CW 7.9; (c) CW 9.5; (d) CW 11.9 (* CeO2 support).
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to crystalline ceria (Eg mode) [37]. The broad band b
tween 700 and 850 cm−1 can be assigned to the presen
of amorphous WO3 oxide, and the two sharper lines
the region 900–950 cm−1, to W=Ot stretching modes o
isopolytungstate species [38,39]. The increase of calc
tion temperature resulted in a much better defined st
ture as inferred from the sharp lines in the region of
otungstate species. This spectrum is characteristic o
Ce3(WO4)3 compound (Fig. 5, spectrum b). This latter sp
trum (sample calcined at 1173 K) will be discussed in m
detail. It contains lines of WO3 (at 270, 326, 712, an
806 cm−1), Ce2(WO4)3 (340, 355, 391, 821, 846, 902, 93
and 949 cm−1), and CeO2 (at 465 cm−1). The intensity of
the lines assigned to these species increased parallel
W content.

The Raman spectrum of CW4.0-PP (Fig. 6a) exhib
a broad line at 951 cm−1 and a shoulder at 886 cm−1,
which is assigned to a well-dispersed polytungstate ph
whereas the spectrum of CW7.9-PP (Fig. 6b) had s
lines at 949 and 922 cm−1, and three smaller lines at 80
772, and 727 cm−1. The line at 1168–1173 cm−1 cor-
responds to CeO2. The Raman spectrum of CW11.9-P
(Fig. 6d) contained two sharp lines at 947 and 929 cm−1

and seven smaller features at 900, 844, 822, 803, 787,
and 711 cm−1. This spectrum can be considered as cha
teristic of a well-crystallized Ce2(WO4)3 compound. Only
in the case of CW11.9-PP (Fig. 6d), the lines at 803, 7
and 272 cm−1 could also be ascribed to WO3. It is likely
that segregated WO3 particles could also exist at lower loa
ings, but probably in too small amounts as to be detecte
XRD and Raman spectroscopy. At intermediate W load
(CW7.9-PP or CW9.5-PP), both entities, i.e., the isopo
e

,

,

tungstate and the Ce2(WO4)3 compound, should be prese
to explain the modifications of the Raman spectrum in
930–959 cm−1 spectral range. As the Raman micropro
allows us to analyze selected particles, a heterogene
observed for the CW11.9-PP. Indeed, depending on the p
cles, the spectrum of this sample may correspond to the
observed at intermediate W loading or to the well-defi
cerium tungstate compound.

In summary, bands at 922–929 and 803–808 cm−1 at-
tributed to oxotungstate species are observed in the
man spectra of CW7.9–11.9-PP (Figs. 6b–6d) and are
sociated with tetrahedral [WO4] units. The other Rama
bands are likely due to distortions which induce a low
ing of the symmetry. These results are consistent with th
of Yu et al. [40] who reported in situ Raman spectra
30 mol% Na2WO4/CeO2 maintained at high temperatur
(773–923 K) in flowing helium, with bands at 304, 804, a
921 cm−1 corresponding to the E, F2, and A1 fundamenta
modes of Na2WO4.

These results completed the image obtained by in
XRD, namely, that with increasing W loading and upon c
cination at high temperature, the Ce2(WO4)3 compound was
formed. At lower loadings, the Raman spectrum (main b
at 951 cm−1) was characteristic of polytungstate spec
well dispersed on the ceria support [41,42].

3.4. In situ RAMAN spectra recorded in hydrogen
atmosphere

The behavior under reducing conditions was studie
order to identify possible intermediate species that coul
formed during isomerization in the presence of hydrog
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Fig. 7. In situ Raman spectra of CW7.9-PP after H2 reduction (2 h) at dif-
ferent temperatures; acquisition time 120 s (413, 453 K) and 60 s (
573 K).

Raman spectra were recorded after a treatment for 2 h u
flowing hydrogen (30 ml min−1) at different temperatures i
the 413–573 K range.

As shown in Fig. 7, the intensity of the characteristic ba
of ceria decreased with increasing temperature, and its p
tion shifted from 464 to 460 cm−1 at the highest reductio
temperature. This behavior is typical of all the investiga
samples, regardless of their W content. The decrease o
intensity of the bands due to the cerium tungstate phase
be assigned to its transformation upon the reduction tr
ment. Important changes also occurred in the region of
WOx bands. At the higher temperatures, the lines chara
istic of the well-defined compound (929–947 cm−1) strongly
decreased for all the investigated samples, regardless of
W content.

For the CW-IMP-samples (figure not shown), the incre
of the W loading resulted in a drastic loss of intensity of
ceria bands, associated with prominent bands characte
of the polytungstate species. The increase of the band in
sity of the polytungstate species with increasing W load
ran parallel to the change of the tungsten density.

3.5. NH3-DRIFT spectra

NH3-DRIFT spectra recorded at increasing tempe
tures showed bands of ammonia adsorbed both on B
sted (1449–1384 cm−1) and Lewis (1597–1530 cm−1) acid
sites. A broad band in the range 2500–3500 cm−1 was
also present in the spectrum recorded at room temp
ture (range not shown), resulting from contributions
the νas(N–H), νs(N–H), 2δas(H–N–H), 2δs(H–N–H), and
δas(H–N–H) modes of ammonia adsorbed on Lewis a
sites of the surface [43]. The samples calcined in air at
or 1173 K exhibited only one band at 1430 cm−1 due to am-
monia adsorbed on Brønsted acid sites, independent o
way the catalysts were prepared (CW-PP or CW-IMP).
r

-

r

-

-

Fig. 8. NH3-DRIFT spectra taken at different temperatures for (a) CW4
PP and (b) CW7.9-PP calcined at 1173 K and pretreated in H2 at 513 K.

In contrast, the samples previously treated in hydro
at 513 K for 3 h showed two bands assigned to am
nia adsorbed on Brønsted acid sites, namely, at 1446
1408 cm−1 for the samples calcined at 973 K, and at 14
and 1384 cm−1 for those calcined at 1173 K. These ban
could be assigned to (NH4+) adsorbed species. Since t
δasym in (NH4

+) free ion is a triply degenerated mod
a change in the symmetry due to its surface coordina
may induce band splitting. The increase of the calcina
temperature of the samples from 973 to 1173 K was
consistent with an increase of the number of acid sites
inferred from the intensity of the bands associated with
monia adsorbed on both the Brønsted and the Lewis
sites. The splitting was also clearer. The increase of the
orption temperature to 573 K resulted in a logical decre
of the intensity of these bands.

Figs. 8a and 8b show the effect of the W loading
the acidity. To make this influence clearer, the spe
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Fig. 9. Catalytic activity of CW-PP catalysts.

Fig. 10. Selectivity to dimethylbutanes (DMB) and methylcyclopent
(MCP) on CW-PP catalysts (conversion: 20%).

were reconsidered by fitting the results in the region 13
1500 cm−1. The comparative analysis of these spectra in
cated that the increase of the W loading led to an incre
number of acid sites. Also the strength of these sites
peared to be slightly enhanced by the content of W
inferred from the comparison of the desorption spectr
573 K.

The NH3-DRIFT spectra collected for CW-IMP sampl
previously treated in hydrogen (spectra not shown here)
suggested the presence of a second population of Brø
acid sites, but only for the samples calcined at 1173 K,
in a much smaller amount. Contrary to the CW-PP cataly
the increase of the W loading corresponded to smaller ba
suggesting less acid sites.

3.6. Catalytic activity in the absence of hydrogen

The catalytic performances of the PP catalysts inn-hex-
ane isomerization are shown in Fig. 9. All the catalytic ru
were performed over 50 mg catalyst, using a space ve
ity of 2 × 10−3 ml min−1 mg−1. As a general tendency, th
activity increased with increasing W loading and react
temperature. At 393 K, the activity was rather low, exc
for CW11.9-PP, which exhibited some activity. At 423 a
453 K, the activity increased, with small differences betw
CW9.5-PP and CW11.9-PP.
d

,

Fig. 11. Catalytic activity of CW-IMP catalysts as a function of W loadi

Fig. 12. Selectivity to dimethylbutanes (DMB) and methylcyclopent
(MCP) on CW-IMP (conversion: 20%) vs W loading.

The main reaction products were the mono- and
alkylated isomers, and methylcyclopentane. The select
to these compounds depended on both reaction tem
ture and W loading (Fig. 10). Over CW4.0-PP, the mo
alkylated isomers predominated (not shown in the figu
irrespective of temperature. Hydrogen and small amoun
alkenes (1- and 2-hexenes) were formed in all the exp
ments. A subsequent hydrogenation of the reaction prod
confirmed the presence of hexenes since they were
pletely hydrogenated. With increasing W loading, exc
for CW7.9-PP at 393 K, methylcyclopentane was the
jor product.

The CW-IMP catalysts showed a different activity. Th
were substantially less active than the CW-PP samples
in contrast, an increase of the W content gave less
forming catalysts (Fig. 11). These data correlate well w
NH3-FTIR results which indicated that the increase of the
loading corresponded to smaller bands, suggesting less
sites. However, the variation of the reaction products a
function of temperature and W loading showed a similar
havior (Fig. 12). As for the CW-PP catalysts, hydrogen
alkenes were formed in all the reactions, and an increa
the W loading improved the selectivity to methylcyclope
tane, with mono-alkylates being predominant at low tem
ature.

Time-on-stream experiments showed that this leve
activity was preserved over a relatively short period: a



A.-S. Mamede et al. / Journal of Catalysis 223 (2004) 1–12 9

lor
lt of
ship
re-
ect
ten

t the
iod
res-
sts
tive
ta-

vel
hite
in-
the

re-
ding

es o
ith
ad-

the

ne

ne

not
7.9
lec-

till
ted.
, the
(at

era-
lec-
en,
ted
tane

nd
nd
and

ing
rre-
Fig. 13. Catalytic activity of CW-PP catalysts in the presence of H2.

Fig. 14. Catalytic activity of CW-IMP catalysts in the presence of H2.

90 min, the activity diminished near to zero and the co
of the catalysts turned from white to brownish as a resu
coke deposition. As expected, there was a direct relation
between deactivation and maximum level of activity. The
action required an induction period which also was in dir
relation with the activity, i.e., with temperature and tungs
loading.

3.7. Catalytic activity in the presence of hydrogen

Experiments carried out under hydrogen showed tha
maximum of activity was reached after an induction per
about half that in the absence of hydrogen. Also, the p
ence of hydrogen diminished the activity of the cataly
(compare Figs. 9 and 11 with Figs. 13 and 14), irrespec
of their preparation mode, but improved significantly the s
bility of the catalysts: after 3 h on stream, the activity le
was nearly unchanged and the catalyst preserved its w
color. The activity of the CW-PP catalysts increased with
creasing tungsten loading and temperature, while over
CW-IMP catalysts, the activity increased with increasing
action temperature, but decreased with increasing W loa
(Figs. 13 and 14).

The presence of hydrogen also brought about chang
the selectivity of the CW-PP catalysts and, compared w
trials without hydrogen, these changes occurred for W lo
ings higher than 7.9 wt% (Fig. 15). Over CW4.0-PP,
f

Fig. 15. Selectivity to dimethylbutanes (DMB) and methylcyclopenta
(MCP) on CW-PP catalysts in the presence of H2 (conversion 20%).

Fig. 16. Selectivity to dimethylbutanes (DMB) and methylcyclopenta
(MCP) on CW-IMP catalysts in the presence of H2 (conversion 20%).

mono-alkyl isomers were the main reaction products (
shown in the figure). The increase of the W loading to
and 9.5 wt% was accompanied by a change of the se
tivity, and, except at 293 K where the mono-alkyls s
were the major products, the di-alkyl isomers predomina
For CW11.9-PP, depending on the reaction temperature
main products were either the mono-alkylated isomers
low temperatures) or methylcyclopentane (at high temp
tures). For the CW-IMP catalysts, the variation of the se
tivity followed a similar trend as in the absence of hydrog
namely, at low temperatures favored the mono-alkyla
isomers whereas, at high temperatures, methylcyclopen
was the main reaction product (Fig. 16).

4. Discussion

4.1. Catalysts structure

WOx /CeO2 catalysts prepared by coprecipitation a
impregnation led to solids with comparable textural a
structural features, and with surface areas between 10
20 m2 g−1 depending on the tungsten content. Accord
to the W loading, the apparent surface density of W co
sponded to values in the range 4.5–14 W atoms nm−2 for
the CW-IMP catalysts, and 3–8 W atoms nm−2 for the CW-
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PP ones. Neither the water used for the impregnation,
a second calcination had an influence on the textural
structural properties of CeO2 used as support for the impre
nation.

XRD results pointed to the preferential formation o
definite crystalline tungsten compound, Ce2(WO4)3, which
does not occur when ZrO2 or TiO2 are used as sup
ports [27,28,44]. For ZrO2-supported WOx catalysts, only
isopolytungstate species were formed. No compound
Zr(WO4)2 was detected, even after a calcination at 1073 K
has been suggested that the formation of dispersed iso
tungstate species occurred via an anion exchange or co
sation reaction of tungstate anions with surface OH gro
of hydrated ZrO2 [3]. In the case of TiO2-supported WOx ,
crystalline WO3 only appeared at temperatures higher t
973 K [28]. For lower temperatures, tungsten ions were w
dispersed and incorporated to the anatase structure
Alumina support generates, at low WOx coverages, typica
compounds like Al2(WO4)3 [38]. The enhanced Lewis acid
ity in these catalysts was associated with isolated tetrah
tungstate groups. But, at high coverages, the formatio
distorted tungsten oxide octahedra was also observe
XANES measurements [38].

An almost unanimous conclusion upon supporting Wx
on various supports is that the catalyst must be calc
at least at 973 K to exhibit acidic properties. In situ XR
patterns indicated that a crystalline phase identified
Ce2(WO4)3 was formed at increasing temperatures, with
completion of the crystallization process being achieve
1173 K, namely, a temperature close to those at which a
isomerization catalysts are obtained [27,44]. The absen
the XRD reflections of WO3, even in the CW-IMP sample
is, however, surprising. Two possibilities can be invoked
explain this behavior: the WOx clusters were too small a
to be detected by XRD, or part of the tungsten ions m
remain incorporated in the cerianite or Ce2(WO4)3 frame-
works, as in the case of anatase [28].

Raman spectra recorded during calcination of these m
rials provided some additional evidence for interactions
curring between ceria and tungsten, in support of the ab
speculations. For the CW-PP catalysts, bands associat
the tetrahedral [WO4] units were detected only in the spe
tra of CW7.9-PP and CW11.9-PP. Raman spectroscopy
gested the presence of WO3 entities only in the CW11.9-PP
This behavior is very similar to that of alumina-suppor
tungsten, where polytungstate clusters are formed only
high coverages [38]. The situation was different for the C
IMP samples where WO3 was present in the spectra of t
samples calcined at 1173 K, with the intensity of the ba
increasing with increasing W content. Also, the enhan
ment of the tungsten content was accompanied by a dec
of the band assigned to the support, as a result of m
layer deposition of WOx (corresponding to nearly 14 W
atoms nm−2 for 11.9 wt% W). There was no clear eviden
for the presence of WO3 species at lower calcination tem
peratures.
-
-

.

l

f

-

o

-

e

Scheme 1. Transformations in the WOx /CeO2 system with temperature an
in hydrogen.

In situ Raman spectra of the catalysts treated under
drogen showed a decrease of the characteristic band of
and changes in the Ce2(WO4)3 phase. It is worth noting tha
the oxotungstate phase was still present even after this
ment. XPS analyses of these samples showed that tun
existed as W6+ species, while cerium was slightly reduce
Treating these catalysts under hydrogen caused a shift o
peaks assigned to the Ce 3d5/2 level, indicative of more re
duced species. Almost no change occurred in the W 47/2
peak, consistently with the Raman measurements. Of co
if a small part of W6 + were reduced to W5+, both Raman
spectroscopy and XPS were not sensitive enough to d
such species.

Scheme 1 describes the transformations occurring in
system.

XPS also confirmed the partial aggregation of W-conta
ing species. This aggregation depended on the prepar
route, with the CW-IMP samples being more aggregated

4.2. Acidic properties

Both Lewis and Brønsted acid sites were observe
NH3-DRIFT spectra, the number of which increased w
calcination temperature. Indeed, the bands assigned to
monia adsorbed on the acid sites remained after heati
573 K only when the samples had been previously calc
at 1173 K. The pretreatment of these samples under
drogen led to a splitting of the band assigned to amm
adsorbed on the Brønsted acid sites, which may indica
change in the coordination state of NH3 on the chemisorp
tion site. The higher frequency suggested that part of th
new acid sites were stronger than in the nonreduced
alysts. Since the intensity of this band increased with
creasing W content, it could be that these acid sites w
related to the species generated upon the transformati
Ce2(WO4)3, as suggested in the Raman spectra recorde
the presence of hydrogen.

It may be proposed that the Lewis acid sites could co
spond to W=O species, and the Brønsted sites, to hydro
attached to tetrahedral tungstate groups in Ce2(WO4)3 or
to distorted octahedral groups in WO3. The increase of th
Brønsted acidity with increasing W loading in the CW-
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catalysts could hardly be related to an increased participa
of WO3. Indeed, this phase has been clearly detected
for CW-IMP catalysts which were less performing than
CW-PP ones. Another possible model is close to the one
posed by Scheithauer et al. [21] in which the active site
Zr-heteropolytungstate with H+ as the charge-compensati
species. In the case of Ce, it is difficult to consider the form
tion of equivalent compounds, Ce being too large to be
corporated in a Keggin structure. Its presence as a count
in a structure like a tungsten Lindqvist polyanion [45] wou
be more probable, although the existence of this polya
cannot be proved since no band near 992 cm−1 has been de
tected in the Raman spectra. However, a very small am
of this species at the surface could not be excluded.

It thus appears that the effect of hydrogen in improv
the acidity of these catalysts consists either of a degr
tion of the Ce2(WO4)3 phase with the formation of smal
poorly defined WO3 domains, or perhaps other structur
like Lindqvist polyanions [45], both species being equa
able to undergo an easy transformation from Lewis to Br
sted acid sites. The decrease of the activity (per gram
catalyst) in the presence of hydrogen might be interprete
similar terms, with the agglomeration of tungsten leading
a decrease of the active sites and, hence, of the turnover
role of the support in avoiding the agglomeration of tungs
species seems to be crucial. This process is facilitated b
redox behavior of Ce. In the case of impregnated species
cause of the limited interaction of cerium and tungsten,
process would take place to a smaller extent.

4.3. Catalytic behavior

In general terms, isomerization of hexane over WOx /
CeO2 catalysts led to mono- and di-alkylated hydrocarb
and methylcyclopentane. The increase of the tungsten
tent brought about an increase of the activity and select
to methylcyclopentane. For the CW 4.0 catalysts, the m
reaction products were the mono-alkylated hydrocarb
When the reaction was carried out in the absence of hy
gen, a relatively rapid deactivation of the catalysts occur
Introduction of hydrogen improved the stability but caus
a decrease of the catalyst activity. These results sugges
the key point is the formation of alkenes. In the presenc
hydrogen, the alkenes were less abundant and, consequ
the activity was decreased. Furthermore, methylcyclop
tane is supposed to appear after the alkenes are for
The presence of hydrogen also resulted in important cha
of the selectivity: the mono- and di-alkylated hydrocarbo
predominated. Methylcyclopentane became the majori
product only over the catalysts with 11.9 wt% W and at h
temperatures.

The correlation of the catalytic data with the character
tion results obtained with various in situ techniques sug
that the behavior of these catalysts involves, as a first ste
oxidative hydride abstraction, occurring on Lewis sites as
ciated with W=O species, followed by isomerization eith
t

e

-

-

t

y,

.
s

as a cooperative effect on the Brønsted acid sites create
tungsten, or even on the same Lewis site from which the
dride ion was abstracted.

The increase of the selectivity to methylcyclopenta
with increasing W content actually stems from an enhan
ment of the oxidative properties of the catalysts, paralle
the increase of the tungstate and probable WO3 species of
the catalysts. A less oxidative behavior is consistent w
the isomerization of hexane to methylpentanes or dimet
butanes. In the presence of hydrogen, part of the spe
which are able to abstract hydride are transformed into
sumed Ce-Lindqvist-like polyanion species, decreasing
abstraction capacity and, hence, the activity. Also, th
species exhibit less oxidative properties and, as a direct
sequence, the dehydroisomerization to methylcyclopen
is possible only at high W contents and higher temperatu

From results of the characterization of these catalysts
ing XRD, XPS, and Raman measurements, the role of
support consists of increasing the oxidative properties
tungsten. Both XPS and Raman data indicated that in
presence of tungsten ceria is reduced. The better pe
mances of the CW-PP catalysts relative to the CW-IMP o
may account for such a behavior.

5. Conclusions

Calcination of the CW-PP catalysts resulted in the f
mation of a well-dispersed isopolytungstate. However, h
W loading led to crystalline Ce2(WO4)3 and, probably also
to very small XRD-silent clusters of WO3. The Ce2(WO4)3

should originate from the solid-state reaction between
ceria and the WO3 phase. For the CW-IMP catalysts, ca
cination at high temperatures made the presence of W3

species clearer. The role of temperature and support
provide a higher dispersion of these species, which res
in a high density of W=O bonds with both an oxidativ
and a Lewis acid character. These species are able to
stract hydride ions from hexane and to isomerize the re
ing carbocation. The formation of alkenes is a key step.
presence of hydrogen in the reaction mixture determine
irreversible transformation of these sites into Brønsted
sites, these species being able to operate isomerization o
carbocations. But, under a hydrogen atmosphere, the ac
of the catalysts decreases due to the reduced capacity o
catalyst to abstract hydride. The role of the support ma
consists of enhancing the oxidative properties of tungste
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