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Skeletal rearrangements of alkanes and alkenes were investi-
gated on Pd/WO3 and Pd/WO, catalysts following various activa-
tion treatments. Catalysts reduced at low temperature (350°C) are
active and selective for isomerization of hydrocarbons. Palladium
loses its intrinsic catalytic properties for isomerization but keeps
partly its (de)hydrogenation properties. Hence we postulated that
an interaction between palladium and tungsten oxide takes place
under an H, stream. The catalysts exhibit high selectivity in iso-
merization which is linked to the presence of acidic active centers,
mainly Brgnsted sites, on WO3 or WOsg phases. Catalytic prop-
erties were interpreted by the traditional bifunctional mechanism,
including the formation of carbocation species. Palladium metal-
lic function, required for alkane dehydrogenation, deactivates with
time under reactants but is easily regenerated by air exposure at
400°C. Striking results were obtained after exposures under oxygen
and traces of water, providing an increase in the number of Brgnsted
acidic sites and in the acidity strength leading to an improvement of
activity and isomerization selectivity. Catalysts reduced at higher
temperature (600°C) are very active and selective for isomerization.
Referring to our previous paper (35), devoted to catalyst character-
izations (BET, TPR, XRD, XAS, XPS), we suggested that cata-
lytic properties are then due to the W30 phase. The catalytic be-
haviour of such a phase has been interpreted with a monofunctional
mechanism including tungstenacyclobutane species as intermedi-
ates. (© 2000 Academic Press

Key Words: Pd/WO3, Pd/WO; catalysts; hydrocarbons cracking,
isomerization; surface states, mechanisms, acidity.

I. INTRODUCTION

The catalytic properties of tungsten oxides have been
widely studied for olefin metathesis (1-4) but also for other
applications, mainly oxidation of propene (5) and isomer-
ization of butenes (6-9). Some studies have suggested the
potential application of bulk tungsten oxides for re-forming
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reaction (10-13). Although the results seemed to be at-
tractive, they pointed out the difficulty in obtaining stable
catalytic properties and, consequently, in correlating cata-
lytic properties with surface states (10). Moreover, fresh
bulk WOg3 is inactive toward saturated hydrocarbons as
shown by Katrib et al. for 2-methyl-pentane (11-13). On
the other hand, palladium is well known for its hydro—
dehydrogenation character (14) and its skeletal rearrange-
ment properties (15-20). The goal of this research was to
obtain active, selective, and stable catalysts for the skele-
tal rearrangement of hydrocarbons. So, our strategy was to
add the palladium to tungsten oxides. Some studies have
shown that an interaction of the metallic phase with a sup-
port could induce great modifications of the catalytic prop-
erties, especially in the case of reducible supports (21-24).
To our knowledge, catalysts constituted by palladium sup-
ported on bulk tungsten oxides have never been mentioned
in the literature as re-forming catalysts but they were men-
tioned for other applications: selective hydrogenation (25),
automotive exhaust treatment (26), and carbon monoxide
hydrogenation (27). However, some other works have been
devoted to study the re-forming properties of catalysts con-
stituted by a metal (Pt or Pd) added to tungsten oxides
deposited on Al,O3 (28-30), SiO; (31, 32), and more re-
cently ZrO; (33, 34) supports. These studies pointed out
the great importance of preparation methods, especially the
metal and tungsten oxide loading, on the selectivity toward
isomerization or hydrogenolysis. Regardless of these ob-
servations and to achieve our objectives, we have focused
our attention on the procedure to prepare palladium-based
catalysts using WO, and WOj3 as supports and on the con-
ditioning of such catalysts (reduction temperature, oxida-
tion). The results presented in Part | of this series (35)
were devoted to surface state characterizations as a func-
tion of various treatments employed for the catalytic tests
presented here in Part Il. Correlations between the cata-
lytic data and the surface states of the samples have been

established.
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2. EXPERIMENTAL

2.1. Catalyst Preparations

The supported catalysts were prepared by “wet” impreg-
nation of the tungsten oxide supports with an aqueous so-
lution of tetrammine palladium(l1) chloride in order to ob-
tain 1 wt% Pd in the final sample. PA(NH3)4Cl, - H,O was
provided by Johnson & Matthey. WO3; and WO, supports
were supplied by Strem Chemicals. The initial specific sur-
face areas are 1.5 m?/g and 0.15 m?/g, respectively. Previous
studies by XPS have reported that the surface of WO, was
contaminated by some WO3; layers after exposure under
air. With regard to this observation, the WO, support was
submitted to a prereduction to obtain, as much as possi-
ble, a clean WO, surface before impregnation with the Pd
salt. The same treatment was applied to prepare a Pd/WO;
catalyst for comparison. The catalysts were identified as
Pd/(WOgscalc), Pd/(WOsred), and Pd/(WO.red).

Pd/(WOscalc). Bulk WO3was submitted to a treatment
in air flow at 400°C for 15 h. After cooling to room temper-
ature, the support was impregnated with the solution of
palladium salt. The excess solvent was evaporated and the
catalyst calcined under an air flow at 400°C for 4 h after
drying. A heating rate of 10°C min—! was used.

Pd/(WOgred). Prior to Pd deposition, bulk WO3 was
reduced in hydrogen at 350°C for 15 h. After cooling to
room temperature, the catalyst was kept under an argon
flow to prevent any reoxidation. The WOj3 support was then
impregnated rapidly and the catalyst was dried in air at
110°C overnight. It was used for catalytic tests without any
calcination step.

Pd/(WOgred). The -catalyst was prepared as Pd/
(WQOgsred) using WO, as support. Pd/Al,O3 catalyst, used
as palladium reference, was obtained after y-Al,O3; (RP,
GC064, 206 m?/g) impregnation with the solution of pal-
ladium salt and dried in air at 110°C. WO3 and WO, bulk
oxides were used without any treatment. Table 1 summa-
rizes the catalysts, metal, and chlorine contents and pre-
treatments.
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2.2. Apparatus and Procedures

Reactants. The main hydrocarbons used in catalytic
tests were 2-methyl-pentane (2MP) and 4-methyl-1-
pentene (4M1Pn), supplied by Fluka (puriss > 99.5%). Hy-
drogen was used after purification by a gas-cleaning filter
system (Chrompack) in order to remove trace amounts of
oxygen and moisture.

Catalytic experiments. The experiments were perfor-
med in a plug flow reactor at atmospheric pressure (29).
The gas flows were fixed by using a mass flow controller.
The reactants were introduced via a septum in a satura-
tor which was immersed in a cooling bath, the temper-
ature of which was set at —37.5°C. The following par-
tial pressure (Torr) ratios were Pomp)/ P, = 6.6/753.6 and
Pamipny/PH, =9.7/750.3. A double thermal conductivity
detector system (TCD) controls the contact time of reac-
tants and products. The typical quantity of hydrocarbons
injected for a catalytic test was 5 ul (pulse) which in the case
of the 2MP and 4M1Pn reactants corresponds to a steady-
state feed above 6 and 4 min, respectively. After 2 min,
the products were sampled and analyzed on-line by gas
chromatography using a 50-m (CP-SIL-5CB) column and
a flame ionization detector. A Pt catalyst at 110°C placed
before the CPG allows in some cases hydrogenation of the
olefins which could be produced during the catalytic experi-
ments and complicate the analysis. In the present study, the
gas flow used for treatments and catalytic tests was fixed
at 30 cm® min~%, and the reaction temperature was 350°C.
The mass of catalysts used was 100 mg for samples contain-
ing tungsten oxide and 50 mg for the Pd/Al,O3 reference
to keep the conversion below 30% and avoid secondary
reactions.

Catalytic tests procedures. The catalysts were reduced
in situ under a hydrogen flow at 350°C (LTR) or 600°C
(HTR). The catalytic properties were studied as a function
of exposure time under H; at 350°C or 600°C except in the
case of the Pd/Al,O3 catalyst which was tested after 15 h of
reduction at 350°C or 600°C.

—“LTR” treatment denotes a reduction at low temper-
ature. The temperature was raised from room temperature

TABLE 1

Weight Percentages of Metal and Chlorine, and Methods of Pretreatments for the Supports and Catalysts

BET? supports Pretreatments of Pretreatment of the BET catalysts
Catalysts (m?/g) the supports Pd® (wt%) CIP (wt%) catalysts (ex situ) (m?/g)
Pd/AlLO; 206 Dried at 110°C overnight 0.89 0.84 Calcined at 350°C, 2 h 205
Pd/(WOgscalc) 15 Calcined at 400°C, 15 h 0.87 560 ppm  Calcined at 400°C, 4 h 7
Pd/(WOgzred) 15 Reduced at 350°C, 15 h 0.93 0.65 Dried at 110°C overnight 5
Pd/(WO;red) 0.5 Reduced at 350°C, 15 h 0.93 0.48 Dried at 110°C overnight 1

2 Initial specific surface areas of supports.

b Chemical analysis obtained by atomic absorption (CNRS-Lyon).
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to 350°C by using a ramp of 10°C min~%. The time under
H, was taken into account once the temperature of 350°C
was reached. The temperature was maintained throughout
all catalytic tests. This temperature was chosen in refer-
ence to results obtained in our laboratory on bulk WO;
samples reduced under H; at 330°C leading to steady-state
conditions.

—*“0400” denotes an oxidation under air at 400°C for
1 h. First, catalysts were submitted to LTR treatment. As
soon as the catalysts showed stable properties, the oxida-
tion treatment was applied. The procedure was to decrease
the temperature from 350°C to 25°C (under Hy), purge the
reactor under N, and switch under air for 15 min. The tem-
perature was then raised from 25°C to 400°C (heating ramp
10°C min~1). The reactor was maintained at 400°C for 1 h
and the temperature was decreased to room temperature.
The system was again purged under N, and then the stan-
dard LTR treatment was used.

—Oxidation treatment under a [H2O + O, + N2] mix-
ture at 350°C. The aim of such treatment was to show
the influence of controlled amounts of water on catalytic
performances. It was performed under a controlled [O; +
H,O + N;] mixture containing 225 ppm H;O and 80 ppm
O, in Ny (calibrated by mass spectrometry). The catalysts
were submitted to LTR treatment over a limited period
(6 h) while catalytic properties were studied by using 2MP
and 4M1Pn hydrocarbons (named series a). Hydrogen was
then replaced by the [N2 + O, + H,O] mixture for 12-15 h.
A new LTR treatment was carried out for 8 h with catalytic
tests (named series b). In the same way, two other series of
experiments were carried out (series ¢ and d).

—“HTR” treatment denotes a reduction at high temper-
ature (600°C). The temperature was initially raised from
room temperature to 600°C (10°C min~'). The tempera-
ture was chosen well above 420°C to produce the largest
modifications of tungsten oxide properties as already ob-
served by Cornet and Travert (37). After 30 min at 600°C,
the temperature was decreased to 350°C and the catalytic
properties were studied with the 2MP and 4M1Pn. The tem-
perature was then quickly raised back to 600°C to minimize
the time under H; between 350°C and 600°C which was not
taken into account.

Catalyticdata. The conversion («t) is defined as the per-
centage of reactant transformed (number of moles con-
verted over the number of moles introduced x 100). The
reaction rate is given as the number of moles converted per
gram of catalyst per second (mol - g~*s~1). This rate is calcu-
lated by assuming a first-order reaction and is given by r =
(F/w) In(1/(1 — at)), with F = molar flow rate (xmol -s71)
and w = weight of catalyst (g). The selectivity of a product
is expressed as the percentage of this product among all the
products obtained. Sis, is the selectivity in isomers. Starting
from 2MP or 4M1Pn, the 3SMP/HEX ratio is representative
of the catalyst acidity (36).

BIGEY AND MAIRE

3. REACTIVITY OF HYDROCARBONS

3.1. Catalysts Reduced Following the LTR Procedure

The catalytic properties (activity, selectivity) change pro-
gressively under the H; flow and the reactant mixture at
350°C untill a stable state is reached. For the sake of clear-
ness, we will analyze first the catalytic results after a short
period (0.25 h) under H, at 350°C, and then the influence
of time of exposure to hydrogen stream, and last we will
examine the aging under a continuous 4M1Pn/H; mixture.

3.1.1. Catalytic data during the initial exposure to H; at
350°C. Pd-W-based catalysts were submitted to H, treat-
ment following the LTR procedure. After 0.25 h of expo-
sure to H, at 350°C, the first catalytic test is performed
by introduction of the 2MP (5 wul) and after that the
AM1P (5 ul) was tested. The data are collected in Table 2
with those gained on bulk WO3; and WO, powders and a
classical Pd/Al,O3 catalyst. Pd/(WOgscalc), Pd/(WOgsred),
and Pd/(WOgred) are active for skeletal rearrangement
of both 2MP and 4M1Pn hydrocarbons. The reaction rate
is higher for the olefin compared to the paraffin. In the
same conditions, bulk WO3; and WO, are inactive toward
the saturated hydrocarbon. The selectivity in isomerization
is very interesting when compared to those obtained with
the Pd/Al,Oj3 reference and approaches those of bulk WO,
samples (case of 4AM1Pn). 3MP is formed in large amounts.
The 3BMP/HEX ratio indicates some differences in the acid-
ity character of the catalysts. The ratio is high, in the range
11-8, for Pd/(WO.red) and lower, in the range 1-4, for
Pd/(WOscalc) and Pd/(WOgred). The reactions of crack-
ing are low and propane is the major product. Some traces
of MCP are detected (around 2-3%). At this stage, the
palladium allows dehydrogenation and hydrogenation re-
actions, as expected. But as deduced from the distribution
products palladium seems to play a minor part in the skele-
tal rearrangement of hydrocarbons (no selective demethy-
lation and very low isomerization via cyclic mechanism).
Tungsten oxides favor the isomerization reactions as al-
ready observed (38). These data suggest as expected that
Pd-W-based catalysts develop bifunctional properties.

3.1.2. Influence of time exposure to H; at 350°C. The
influence of time of exposure to H, was investigated by
using 2MP and 4M1Pn. The catalytic tests were always
performed by introduction of a 5-ul pulse of reactant.
2MP and 4M1Pn were tested on the same catalytic sam-
ple for Pd/(WOgscalc) and Pd/(WOsred) and on separate
samples for Pd/(WO,red) catalyst. Between two pulses,
the catalytic bed was maintained under H, at 350°C. In
Fig. 1 are collected the conversion, the selectivity in iso-
mers, and the 3MP/HEX ratio. Tungsten-based catalysts
lose their activities for the 2MP hydrocarbon, especially in
the case of Pd/(WOscalc) and Pd/(WOgsred) which show a
short-lived catalytic activity. Pd/(WOzred) catalyst remains
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TABLE 2

Product Distribution of 2MP and 4M1Pn on Pd/(WOgscalc), Pd/(WOsred), and Pd/(WO,red) after 15 min of H, Exposure at 350°C:
Comparison with WO3, WO,, and Pd/Al,03 Samples

a(t) r Siso  3MP/
Catalysts HC t(h) (%) (umollg-s) (%) HEX C1 C2 C3 C4 C5 22DB 23DB 3MP HEX MCP
Pd/(WQOgscalc) 2MP 025 431 0.65 81.1 1.4 2.2 18 11 16 12 8.4 9.9 37.1 258 Traces
4M1Pn  0.25 504 1.31 51.2 1.0 Traces 1.6 336 48 4.2 2.4 54 218 216 Traces
Pd/(WOgred) 2MP 025 27.6 0.34 92.5 4.1 15 1.3 1.3 08 06 3.7 8.6 646 156 1.8
4M1Pn 025 513 1.10 93.3 2.7 1.6 0.9 23 0.7 06 5.4 10.8 56.3 20.8 0.7
Pd/(WOg,red) 2MP 0.25 183 0.25 746 105 8.3 3.8 22 26 26 0.6 5.2 62.7 6.0 5.8
4M1Pn  0.25 283 0.60 91.2 7.9 3.1 1.8 1.7 11 10 1.2 6.0 72.6 9.2 2.1
WO3 2MP 025 0 — — — — — — — - — — — — —
4M1Pn  0.25 57.4 0.98 90.5 2.2 Traces Traces 31 31 23 Traces 16.7 538 191 0
WO, 2MP 4 0 — — — — — — —_ - — — — — —
4M1Pn 4 4.1 0.12 99.4 27.0 0 0 Traces 0 0 0 2.3 93.3 35 0
Pd/AI,O3 2MP 15 26.1 0.98 10.8 1.2 41.1 0.6 1.0 29 358 0 Traces 5.8 5.0 73
4M1Pn 15 18.5 1.17 9.7 1.3 41.2 0.6 1.0 24 3477 0 Traces 5.4 4.3 9.6

@ C5 = isopentane + pentane + cyclopentane.

active longer for 2MP (a@iny=17%, a(on=8%). How-
ever, the catalysts maintain their activities toward 4M1Pn.
These observations suggest a deactivation of hydro—
dehydrogenation sites. This is confirmed by the olefin per-
centages in the products obtained with 4M1Pn, 43% with
Pd/(WQOgscalc) and 75% with Pd/(WOgsred) after 7 h under
H, at 350°C. Whatever the catalyst, no signs of reversible
deactivation for 2MP are observed under H, even after
exposure up to 12-15 h without catalytic tests (Fig. 1a).
The metallic function, supposed to be due to Pd, is de-
activated during H; exposures (modification of the sur-
face states) or/and after carbonaceous residues deposition.
4M1Pn reactivity is affected during catalytic “runs” (i.e.,
successive catalytic tests) but improved after long expo-
sure under H; without test. This phenomenon is obvious
for Pd/(WOgred) catalyst which shows an abrupt increase
of the conversion after H, exposures. The overall selectivity
in isomerized products obtained for the 4M1Pn reactant in-
creases as a function of time under H, and catalytic tests and
reaches a maximum of 83% for Pd-WOg3-based catalysts
and 85-97% for Pd/(WOred) catalyst (Fig. 1b). A great de-
crease in the selectivity is obtained after long time exposure
under H; (without hydrocarbon) except in the case of 2MP
for the Pd/(WOa.red), for which Sj, remains almost un-
changed and exhibits a stable global selectivity. After the
first stage under catalytic tests, the 3MP/HEX ratio is sta-
ble to 1.5-2 values for Pd-WOg3-based catalysts and seems
unaffected by exposure to H, (Fig. 1c). At this stage, the
Pd/(WOQOgsred) and Pd/(WOscalc) samples exhibit identical
properties. Pd/(WO,red) sample has a peculiar behavior,
leading to a slower decrease of the ratio and keeping inter-
esting values. The decrease occurs faster for 4AM1Pn than
for 2MP. No modifications of tendencies are induced by

pure H; exposures. In fact, this latter observation is dif-
ferent from the observations when the reactivities of 2MP
and 4M1Pn were studied alternatively on the same cata-
Iytic sample. Indeed, the decrease of the 3SMP/HEX ratio
was faster for 2MP. This trend demonstrates the influence of
4M1Pn reactant on the catalytic performances. Comparing
the SMP/HEX ratios for Pd/WOy catalysts, it appears that
the acidic character is initially stronger for Pd/(WQOzred)
and remains longer. This phenomenon is probably due to
surface state evolutions which are not identical for all cata-
lysts. The changes in isomer distributions are reported in
Fig. 2 for Pd/(WOzred). The results show that the decrease
in 3AMP/HEX ratio is due to an increase in HEX and to a
decrease in 3MP formation. 23DB is formed in a significant
amount. Only traces of 22DB are detected. Small amounts
of MCP are initially formed. We noted that the disappear-
ance of MCP in the product distributions is always accom-
panied by a decrease of C1 in favor of C3. The distribution
of cracked products show very low modifications, giving
mainly C3.

3.1.3. Aging effects under stream of reactants (4M1Pn/
H,). Catalysts were pretreated under H; at 350°C for 1 h.
A 100-ul portion of reactant was injected corresponding
to a time of 90 min under the reaction mixture under our
operating conditions. A change in activity was studied as
a function of time under the 4M1P/H, stream. In all cases,
as mentioned above, Pd/WO, activities toward 4M1Pn are
very high. The conversion remains unchanged versus time
on stream. The selectivity in isomers for Pd/(WOscalc)
and Pd/(WOgsred) increases from 65% to 90% during the
first 30 min. This phenomenon is weaker for Pd/(WO,red)
catalyst, which is initially very selective for isomerization
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FIG. 1. Evolution of catalytic properties versus time under H; at

350°C on Pd/(WOscalc)-2MP (O), 4AM1Pn (M), Pd/(WOgred)-2MP (A),
4M1Pn (A), and Pd/(WOzred)-2MP (O), and 4M1Pn (@). Conversion (a),
selectivity in isomers (b), and 3BMP/HEX ratio (c).

starting from 90% up to a maximum of 97%. These evolu-
tions are illustrated in Fig. 3, in the case of Pd/(WOscalc),
showing the distribution of cracked and isomerized prod-
ucts. Similar results are obtained for the two other catalysts.
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The increase in isomerization selectivity in favor of 3MP is
mainly due to a faster decrease of propane. These features
confirm that no deactivation of catalysts toward 4M1Pn
occurs under continuous 4M1Pn/H; mixture. Only small
changes in product distributions are initially observed
due to some deactivation of sites responsible for acidic
cracking processes.

3.2. Influence of Oxidative Treatments

3.2.1. Influence of an oxidative treatment under air at
400°C. Catalysts were studied following the LTR treat-
ment. As soon as the catalytic properties were stable, the
catalysts were submitted to an oxidation treatment follow-
ing the O400 procedure. After that a new reduction treat-
ment was applied. The main catalytic results obtained with
the 2MP are presented in Fig. 4. The oxidation treatment
induces two phenomena for Pd-WO3-based catalysts. The
first is to restore and the second to improve activity. The
2MP conversion, initially above 40 and 30%, reaches after
oxidation 45 and 50% for Pd/(WOscalc) and (Pd/WO3red),
respectively. However, the oxidation treatment is not
sufficient to the maintain activity of the catalysts toward
2MP and the conversion decreases rapidly to zero. The
product distribution is not modified except for a slight in-
crease in C1 and MCP products which further decrease
versus time under H,. Oxidation does not induce specific
changes in the overall selectivity in isomers and in the 3MP/
HEX ratio. The oxidation treatment on Pd/(WO,red) cata-
lyst is peculiar. It restores the initial conversion and selec-
tivity in isomers obtained on fresh samples but especially
leads to a spectacular increase in the 3MP/HEX ratio which
could be associated with an increase in the acidity strength.
The ratio is then close to the value obtained on bulk WO,
(Table 2).

The effect of similar oxidative treatment was examined
for Pd-WO3-based catalysts for the 2MP reactant. The only
difference from the previous treatment is that the 2MP re-
activity was tested only after 15 h of exposure to H, (before
and after the oxidation). An interesting result was the obser-
vation of a catalytic activity toward 2MP with a conversion
which turned around 5% and 20% before and after the ox-
idation, respectively, while the conversion was zero for the
same time of H; exposure with catalytic tests. With regard
to these observations, it appears that the metallic function,
very sensitive to hydrocarbon adsorption, is developed af-
ter an oxidative-reductive treatment.

3.2.2. Influence of treatments under [N;+ O,+ H,O]
mixture at 350°C. The influence of traces of water was
examined for the Pd/(WOQO,red) sample with a [N, + O, +
H,O] mixture at 350°C. The results are collected in Figs. 5
and 6. The first series of experiments (series a) shows a
decrease in 2MP activity which occurs quicker by compar-
ison to what was observed when 2MP and 4M1Pn were
tested on separate samples (Section 3.1.2). This confirms
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that 4M1Pn reactant accelerates the deactivation of metal-
lic sites. After exposure to a [O, + H,O + N;] mixture, the
2MP conversion restarts at high values and then decreases
again with the repeated catalytic tests. Sjs, increases during
catalytic tests from 809% to 95% (series a) but becomes in-
creasingly smaller after each exposure to oxidizing mixture
(88%). The 3AMP/HEX ratio illustrates very well the modifi-
cation in acidity strength due to [O, 4+ H,O + N3] exposure.
Indeed, the SMP/HEX ratio value starts at 10 at the begin-
ning of series a and reaches 18 at the beginning of series d.
During a series, the cracked products decrease (C1 being
always the major product) in favor of isomerized products,
showing an interesting selectivity in 3MP isomer (Fig. 6).
This signifies a progressive poisoning of the cracking sites,
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Distribution of isomerized products: 22DB (), 23DB (H), 3MP (A), and HEX (x) on Pd/(WO.red) catalyst versus time under H, at

mainly metallic sites. After each [O, + H,O + N2] exposure,
the cracking reaction is promoted with the methane reap-
pearance, accompanied by the formation of some MCP
(~5%). HEX formation is hindered and becomes smaller
and smaller in favor of 3MP. The influence of treatments
under the [O2+ H,0 + N3] mixture results in an increase
in the acidity strength and the regeneration of the metallic
sites.

3.3. Catalysts Reduced Following the HTR Procedure

Reduction at 600°C induces drastic changes in the be-
havior and generates very active catalysts for both 2MP
and 4M1Pn reactants. An induction period under H, is
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FIG. 3. Aging effects under reactants stream (4M1Pn/H;) on Pd/(WOscalc) catalyst reduced at 350°C for 1 h. Distribution of cracked products:
C1(+),C2(-),C3(A), C4 (%), and C5 (@). Distribution of isomerized products: 22DB (#), 23DB (H), 3MP (A), and HEX (x ).
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FIG. 4. Influence of oxidative treatment under air at 400°C for 2MP

reactivity on Pd/(WOQgscalc) (H), Pd/(WOsred) (A), and Pd/(WO,red) (@)
catalysts.

necessary to obtain stable properties (Table 3). During
this period, the overall selectivity in isomers for the Pd-
WOs-based catalysts increases to reach interesting values
(75-90%). Pd/(WO.red) catalyst gives values around 85%.
The isomerized products decrease in the following order:
3MP > HEX > 23DB, 22DB. A study as a function of cata-
lyst weight led us to conclude that 22DB was formed by sec-
ondary reactions. The 3MP/HEX ratio is close to 3.5 which
is representative of an acidic character. The distribution of
cracked products clearly shows that selective demethyla-
tion (C1 4 C5) and g-scission are the major reactions during
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the first stage of reduction (1 h) whereas demethylation is
mainly obtained under stable conditions (15-20 h). Among
all the products, MCP is present in low amounts. The differ-
ent kinds of Pd/WO, catalysts show similar activities. The
difference between the reactivities of 2MP and 4M1Pn, ini-
tially observed, becomes smaller as a function of time under

40
35 + 4 4
50l bt
T+ e T .
25 1 & * - +H
S A Y “a
= ha " AA7A T YV
‘A
15:1 M A A A
A, A&
10 4 -
54 . . R .
series a| series b series ¢ series d
0 =
0246 02 46 802 46 38 0246 8
Time under H; at 350°C (h)
100
Sk A
i *a +ad ti‘
+ +a
90 + A A +
Ly A
) A
o 85 1A
NO]
® 20 &
75
series a| series b Series ¢ series d
T e e o e o A R
024602 468 02 46802 46 8
Time under H; at 350°C (h)
25
20 + ++
+ 4
2 Yo adaaart
8 5 +t ATAL 4 'ag
> iy o ey
L * Ak
T x
E 101. i+
A
= 4
+Ha
s +ha
series a | series b series ¢ series d
] —— -+ttt
0 46 0246 8 024608 0246 B
Time under H; at 350°C (h)
FIG. 5. Influence of oxidative treatment under the [O, + H,0 + N;]

mixture at 350°C on Pd/(WO;red) catalytic properties for 2MP (A) and
4M1Pn (+). The vertical lines symbolize the time of exposure under the
mixture (12-15 h).



RE-FORMING OF HEXANES AND HEXENES ON Pd/WO3; AND Pd/WO,

231

TABLE 3

2MP and 4M1Pn Reaction on Pd/(WOscalc), (Pd/WO3red), Pd/(WO;red), and Pd/Al,O3 Catalysts Reduced at 600°C:
Comparison with Bulk WO3; and WO,

a(t) r Siso
Catalysts HC t(h) (%) (umol/lg-s) (%) 3MPHEX Cl1 C2 C3 C4 C5 22DB 23DB 3MP HEX MCP
Pd/(WOgscalc) 2MP 1 653 0.79 64.9 15 115 22 73 331 8.1 9.3 7.6 288 19.2 0.6
2MP 15 526 0.70 71.9 3.9 115 25 32 25 8.4 5.3 5.8 46.4 12.0 2.3
4M1Pn 1 610 1.16 76.5 2.2 66 16 56 25 5.1 11.0 9.0 38.7 1738 0.7
4M1Pn 15 521 1.01 85.0 3.7 54 11 17 1.6 3.7 5.7 7.4 55.7 164 2.0
Pd/(WOgsred) 2MP 1 445 0.98 66.1 13 45 19 193 5.6 5.7 9.7 6.7 19.2 16.8 e
2MP 20 505 1.14 85.1 3.7 50 11 22 1.2 3.6 6.3 5.9 574 155 1.7
4M1Pn 1 494 0.83 59.0 13 14 19 298 4.5 3.0 35 7.7 266 211 e
AM1Pn 20 517 1.21 90.0 3.2 26 07 20 1.0 2.2 7.3 7.0 57.8 18.0 14
Pd/(WOgred) 2MP 1 322 0.48 85.1 6.8 5.0 1 15 1.1 3.3 1.7 5.6 67.8 10.0 2.7
2MP 20 476 0.80 81.3 3.8 65 13 21 15 5.2 3.6 5.7 56.6 15.1 2.1
4M1Pn 1 439 0.92 90.4 35 32 07 1.2 0.9 2.1 0.94 6.9 70.8 10.6 14
4AM1Pn 20 476 1.04 85.0 3.9 48 11 19 13 3.9 3.6 55 60.3 155 18
Pd/Al,O3 2MP 15 5.6 0.15 26.9 1.6 116 0.8 1.0 11 1549 0 0.8 16.1 10.0 415
4AM1Pn 15 4.1 0.14 26.7 2.0 11.0 0.8 1.6 0.9 11.54 0 Traces 17.8 8.7 472
WO42P 2MP 1 511 — 73.4 13 108 49 104 6.2 6.4 4.7 8.7 260 217 0
WO32¢ 2MP 5 417 — 85.2 3.0 42 19 28 2.3 3.6 2.6 8.1 56.0 184 0

2Results obtained in our laboratory (F. Hemming, Thesis, 1996).
b Weight of catalyst, 200 mg; hydrogen flow, 54 cm® min~%;
of reduction).

reduction at 520°C for 1 h (without heating ramp from room temperature to temperature

¢Weight of catalyst, 200 mg; hydrogen flow, 54 cm® min~2, reduction at 420°C for 5 h.

dC5 = isopentane + neopentane + cyclopentane.

H, which suggests that the reaction mechanism is modified.
As pointed out previously for tungsten-based catalysts re-
duced at 350°C the properties are different from those of
classical Pd/Al,Oj3 catalysts treated in similar conditions.
The present results obtained on Pd-W-based catalysts show
similarities to those obtained in our laboratory on bulk pow-
der WOj3 reduced at 520°C for 1 h; in fact, the best agree-

series b series ¢ series d
)
=~
<
[2]
@
[¥]
3J
o
o
e
o
®
X
Q
®
[

O +

+

bt I AL, ] I S e

468 024638

TS
02460246802
Time under H, at 350°C (h)

FIG. 6.

ment is obtained with bulk WO3; reduced at 420°C for5 h. It
is important to mention that whatever the time of exposure
to Hy, the catalysts remain selective for isomerization and
no deactivation toward 2MP has been noticed. At this stage,
we are not certain that the metallic character belongs exclu-
sively to palladium. Results obtained with HEX, MCP, and
22DB hydrocarbons (not presented in this article) confirm
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the results obtained with 2MP. Indeed, HEX gives 2MP and
3MP predominantly, MCP leads to cyclohexane, and 22DB
is isomerized in 23DB.

4. GENERAL DISCUSSION

4.1. Catalytic Properties in Correlation with Surface
States—Role of Palladium

Catalysts submitted to LTR treatments. Adding a metal
function (1 wt% Pd) to WO, or WOg3; leads to catalysts ac-
tive toward saturated hydrocarbons after a short induction
time under H; at 350°C whereas for the same treatment (un-
der our operating conditions), bulk oxides remain inactive.
It has been reported that an induction time under H; was
necessary to obtain an activity from WO3 toward alkane iso-
merization (9, 11, 13). Indeed, the activity was attributed to
bulk structural rearrangements resulting in WO3_, phases.
The same observation was obtained for WO resulting from
a contamination of the surface by WO3 (11, 12, 35, 39). On
the other hand, it is known that the water vapor produced
during reduction is a limiting factor of the kinetic reduction
of bulk WO3 as mentioned in our previous paper (35) and
by several authors (40-42). However, a lot of parameters,
such as the weight of sample, height of catalytic bed, flow,
etc., are important and influence the reduction process and
consequently, the catalytic properties. Otherwise our results
show a positive contribution of Pd to the catalytic activity
when associating Pd and W oxides. We have shown by the
TPR technique that Pd influences also the reduction process
of tungsten oxides and has a promoting effect on the reduc-
tion of these supports (35). By means of thermogravimetric
analysis, Sancier investigated the effect of palladium on the
rate of reduction by H, on WO3 (43). The results suggested
that the presence of metal decreases the reduction temper-
ature of the oxide, presumably by dissociation of molecu-
lar hydrogen followed by migration of H atom on the sup-
port. These results were in agreement with other studies on
WOj3 in the presence of Pt-Al,O3 (44) and on a mixture of
WOj3 with platinum (45). Platinum was also found to cata-
lyze the reduction of tungsten oxide species for Pt/WOy—
ZrO, systems (46, 47). The difference in activity between
catalysts (Pd(WOgscalc) > Pd(WOgsred) > Pd(WO,red)) re-
sults probably from the dispersion of palladium largely de-
pending on the initial specific areas of the supports (1.5
and 0.15 m?/g for WO; and WO,) and on the pretreat-
ment of supports (reduction or calcination). Such an ex-
planation is suitable from the Pd/W atomic ratios deduced
by XPS results (35), which can provide an indication of
the dispersion and crystallite size of supported Pd parti-
cles. These ratios are respectively 0.08, 0.04, and 0.44 for
Pd(WOgscalc), Pd/(WOg3red), and Pd/(WO,red) before re-
duction. The Pd/W atomic ratio deduced from microanal-
ysis taking into account the nature of the support (WOs3,
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WO,) is approximately 0.052. This value is in the scale of
size of that found for Pd-WOs-based catalysts which is cor-
related to a good dispersion, which can then explain the
high activity. The higher activity observed for Pd/(WOgscalc)
could be attributed to a higher density of accessible metallic
sites. Pd/(WOgred) catalyst will be initially less active cor-
responding to the poor dispersion of metal and probably to
a higher crystallite size (35).

From the 2MP and 4M1Pn reactants, the catalysts give
predominantly isomerization (80-90%) with a 3MP/HEX
ratio higher than 1 and the formation of 23DB which
supposes the presence of acidic sites. As expected for acidic
catalysts, B-scission is the major reaction for the cracking
leading to propane. The product distributions are clearly
different from those obtained with Pd/Al,Os3, well known
for its cyclic mechanism for isomerization and its selective
terminal demethylation (15, 17, 48, 49). The contribution
of palladium could be directly associated with the pres-
ence of MCP (intermediate of reaction) and C1 + C5 prod-
ucts. This is not clearly the case, even if small quantities
of MCP are initially detected. Moreover, the selectivity in
isomers for Pd/Al,Oj3 never exceeds 10% (Table 2). At this
stage, by comparison with bulk tungsten oxide properties
(WO3 and WO,) and in agreement with other studies on
metal-tungsten-based catalysts, we attribute these acidic
properties to some tungsten oxides phases only (10, 11,
37). The chlorine initially detected on as-prepared catalysts
could not be responsible for acidity character. Indeed, we
showed previously by XPS experiments that chlorine was
no longer detected at the surface after the catalysts were
reduced (35). The differences observed in the 3SMP/HEX
values between the catalysts clearly demonstrate a differ-
ence in the acidic strength, which is closely related to the
nature of the tungsten oxide phases formed at the surface.
Physical and chemical characterizations of the catalysts re-
vealed that before any reduction, the surfaces are composed
of WOj; crystalline phase for Pd-WO3-based catalyst and
WO3; with WO, for Pd(WO,red) catalyst (35). The WO3
phase obtained for Pd(WO,red) results from contamina-
tion of WO, due to oxidation during air exposure. The ini-
tial isomerization properties (t=0.25 h under H; at 350°C)
could not be directly attributed to the presence of WO;
phase. Indeed, after a short induction time under H; at
350°C, no drastic changes are observed. Pd/(WOgscalc) and
Pd(WOgzred) exhibit identical properties which is linked to
a stabilization of their surface states. In agreement with
XPS and XRD results (35), we attribute the stability of
properties to the formation of the well-defined nonstoi-
chiometric WoOsg phase. The reduction of WO3 in W;(Osg
occurs rapidly in a homogeneous process at the surface as
well as in the bulk for Pd-WO3-based catalysts, in agree-
ment with previous studies (42, 50-52). W,Osg oxide is
known to be a stable nonstoichiometric phase. This is con-
sistent with a computer simulation related to the reduction
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of modeled WOg3 surfaces (53). According to these obser-
vations, shorter induction times should be necessary to ob-
serve more drastic changes in the product distributions. In
the case of Pd(WO,red) catalyst, the surface evolution oc-
curs slowly, as demonstrated by XPS measurements (35),
and probably results at 350°C, under our operating condi-
tions, from the difficulty in reducing the WO, phase which
composes the bulk. On this basis, it seems reasonable to con-
sider Pd/(WO.red) as a catalyst composed of a mixed ox-
ide support such as “Pd/(WO3-WO;red).” The WO3 phase,
present as a contaminant in WO,, exhibits a strong acidic
character which is increased, in our opinion, by an in-
teraction with WO, in the bulk leading to the high and
characteristic 3MP/HEX ratios (initially 8-10). The de-
crease of the ratio as a function of time under H, is sig-
nificant in the slow appearance of W,;Osg at the surface,
leading to a “Pd/(W,05s—-WO,)” catalyst. All these factors
suggest that the acidic character resulting from the W,;Osg
phase containing both W8+ and W®* cations (localized in
the shared planes) would be weaker than for the WO3 phase
containing only W cations. For each catalyst, the stabil-
ity of the catalytic properties would be reached as soon as
the surfaces become mainly composed by W,,Osg which is
accompanied by some W metal traces (detected by XPS).
Our results do not confirm recent reports claiming that the
WO, phase only possesses dehydrogenation and isomer-
ization properties (12, 13). However, Cornet and Travert
had previously attributed the strong acidic character for
isomerization toward olefins to the W,yOsg phase formed
by reduction of WO3 at 400°C (37). The results reported by
Ogataetal. (10, 54) for hydrocracking of n-heptane showed
that the reaction products were strongly dependent on the
oxidation state of tungsten which determines the reaction
mechanism and shows that WO, g7 (i.e. W50Osg) has prop-
erties similar to those of “pseudo-WO,” (WO;_,, a small).
From the foregoing considerations, it is clear that Pd-W-
based catalysts present a complex catalytic behavior. We
attributed the acidic character for isomerization developed
by such catalysts to tungsten oxidic phases (WO3, W5;Osg).
The stability of the catalysts is reached as soon as the surface
is mainly composed of W,qOsg entities. No further reduc-
tion to WY is observed as for bulk tungsten oxides (11-13,
39). This suggests that palladium stabilizes and controls in
some way the reduction of the support as previously ob-
served for Pt/WQO3/ZrO, (55). The acidic character is also
confirmed by catalytic results obtained from HEXn lead-
ing to 70-90% isomerization as opposed to what was ob-
served for a classical Pd/Al,O3 catalyst giving only ~8%
of isomers and a nonnegligible percentage of MCP (results
not presented). This is also consistent with ring enlarge-
ment predominance for the MCPn reactant which required
acidic sites (56) whereas hydrogenolysis is the major re-
action observed for classical metallic palladium catalyst.
MCPn and MCP seem to be good probe molecules to

233

determine the presence of metallic or acidic functions.
The decreasing order in hydrocarbon reactivity confirms
that the reaction is mainly controlled by acidic properties
of the surface: 4M1Pn > 2MP > HEXn > MCPn on Pd-
W-based catalysts and MCP > 2MP, 4AM1Pn 3> HEX on
Pd/Al,O:s.

If the properties of supports which induced skeletal iso-
merization are clear, what is then really the role of palla-
dium in such catalytic systems? Although the distribution
of products does not give the fingerprint of palladium, some
observations could ensure its participation. We found that
palladium allows initially the conversion of saturated hy-
drocarbon (2MP) and shows its intrinsic catalytic proper-
ties, identified by MCP traces in product distributions. Palla-
dium can initially be required for C-H dissociation leading
to the olefin precursor. Indeed, the difference between the
2MP and 4M1Pn reactivities shows that dehydrogenation
is the limiting step which suggests that initially catalysts are
bifunctional. A metallic function is required at the initial
step of alkane conversion but also for rehydrogenation be-
fore the desorption step. Nevertheless, how can we explain
that palladium present at the surface and in its metallic form
even before any treatment (35) cannot ensure isomerization
via a typical metallic mechanism? One explanation may be
the existence of a geometric metal-support interaction as
suggested by Zhang et al. to explain the activity decrease in
the CO + Hj reaction when palladium is supported on WO3
rather than Al,O3 (23). The authors did not exclude incor-
poration of metal in the framework of the support and spec-
ified that the synergy between Pd and W would be more im-
portant than the Pd particle size effect for catalyst activity.
The existence of a PAd-WOy interface (“WOy patches dec-
orating Pd particles™) was also suggested by L’'Argentiere
Figoli (25) to explain the better activity and the thio resis-
tance of Pd/WOQOj; catalyst for selective hydrogenation. To
explain the values of the Pt/W atomic ratio and the cata-
Iytic results in re-forming obtained on Pt-W/AIl,O3 reduced
under H; at 400°C, M’Boungou et al. concluded that an in-
teraction between Pt and the support led to a migration of
WO, entities onto Pt particles (29, 30). The same proposal
was put forth for Pt/WCx-Al,O3 and Pd/WOj3 systems to
explain the inhibition of the catalytic performance (27, 28).
We have no argument to propose such a geometrical SMSI
phenomenon. Indeed, the Pd/W ratio deduced from in situ
XPS experiments does not allow us to imagine a coverage
of Pd particles by WO entities (35). Anchoring of metal
particles by WOy entities would imply an increase of the
Pd/W atomic ratios in XPS. Moreover, a geometric inter-
pretation is not in agreement with catalytic results obtained
after a short time under H, at 350°C for Pd-WO3-based
catalysts and after a longer time for Pd/(WO,red). Indeed,
we have suspected the palladium participation and clearly
demonstrated that the disappearance of the metallic prop-
erties was recovered by oxidation under air at 400°C. Even
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FIG. 7. Schematic representation of surface states for stabilized catalysts under H; at 350°C.

if such a phenomenon is generally observed in the case of
geometrical SMSI, we consider that the low temperature of
reduction (350°C) compared to previous results does not
allow the creation of mobile WOy entities. However, we
point out that the disappearance of Pd catalytic properties
not only depends on time under H,, but may also partly re-
sult from deactivation due to the successive catalytic tests.
That is why we suggest an electronic effect between Pd and
W species to explain the change in the Pd properties as pre-
viously proposed (57, 58). Contreras and Fuentes found that
addition of W to Pt/Al,O3 catalysts stabilizes and increases
the dispersion after high-temperature reduction which was
attributed to the formation of Pt species bound to WOy dur-
ing drying and calcination and to strong interaction between
Pt crystallites and mixed oxide after reduction (59). To ex-
plain why palladium does not act as expected for the C-H
cleavage, we propose the appearance of an electronic in-
teraction between Pd and tungsten species (Pdy <> Wy) un-
der H,, although we have not recorded changes in the Pd
binding energy by XPS. The dilution or dispersion of Pd,
W, or WC sites would allow H; dissociation and partial

olefins rehydrogenation but not the simple or multiple hy-
drogenolysiswhich requires larger sites for multiple adsorp-
tions (60). From this point of view, we can conclude that
Pd/(WOQOg.red), the less active but much longer active cata-
lyst toward saturated hydrocarbon, is less dispersed and
contains relatively large particles. The difference in activi-
ties between the three catalysts would result not only from
Pd dispersion but also from the metallic WP sites present
at the surface. We present in Fig. 7 a schematic model
for the three Pd/(WOy) catalysts after stabilization, based
on our catalytic results and experimental characteriza-
tions (35).

Catalysts submitted to HTR treatments. Reduction at
600°C leads to very active and selective catalysts for iso-
merization of 2MP and 4M1Pn regardless of the time un-
der Hj. As for LTR treatments, Pd—-WO3-based catalysts
are slightly more active than Pd/(WO,red) catalyst. After
5 h under H,, a steady state is observed showing a real
stability in isomerization (85-90%). No deactivation oc-
curs regardless of the time under H,. Product distributions
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reflect here again an acidic character for isomerization,
which is verified by the products formed with other hydro-
carbons such as HEX, MCP, and 22DB. As pointed out by
Burch and Paal (61), 22DB can be use as a probe molecule
to characterize metal catalysts. In most of the cases, the ma-
jor reaction of 22DB over a metal is hydrogenolysis. The
isomerization reaction never exceeds 70% and is linked to
the influence of some parameters, such as high temperature
of reduction, H; pressure, and carbonaceous deposit, which
are involved in the modification of the crystallite sizes or
the break-up of the large ensembles of metal atoms. So,
generally, the increase in the reaction of isomerization is
accompanied by a decrease in activity which is not ob-
served in our case. The patterns of hydrogenolyzed and
isomerized (mainly 23DB) products show that Pd is not
involved in these reactions and confirm an acidic function
participation. In addition to what was observed for LTR
treatments, the difference in activities between 2MP and
4M1Pn is not so characteristic and similar rate values are
obtained. By XPS and XRD techniques, we clearly demon-
strated the existence of Pd® and WP plus W5+ and W®* (35).
But there is no evidence for W° or WC, properties well
known to give extensive hydrogenolysis (11, 28, 60, 62, 63).
Pd contribution in skeletal rearrangement cannot be to-
tally excluded. MCP and C1+ C5 products are observed
in higher quantities than those observed for LTR treat-
ments. On the other hand, in contrast to what was observed
for bulk WO3 powder treated under H; at a temperature
higher than 550°C showing changes in the product distri-
bution, we suggest the stabilization of tungsten entities at
the surface by Pd (interaction, alloy or bimetallic phase)
allowing hydro—dehydrogenation associated with an active
acidic phase such as W,oOsg for high isomerization selec-
tivity. However, it is difficult to imagine that the W,Osg
phase could resist at 600°C under H,, when it is normally
destroyed at 420°C. So another highly reduced phase has
to be considered. Whittingham and Dickens showed that
WO3 was easily converted to metallic tungsten («¢-W or
B-W) under H; between 500-600°C (64). So we argue, as
mentioned in Part I of this article (35), that the reduction
of the Wy,Osg phase to a-W occurred via the 8-W phase
(i.e., W30) as mentioned by Schubert (42), is stable under
our operating conditions. This phase should be responsi-
ble for (de)hydrogenation and isomerization reactions, act-
ing in that way as a monofunctional catalyst. The initial
evolutions observed in the products indicate a modifica-
tion in the surface states of catalysts correlated to struc-
tural modifications. In the case of Pd-WQOg3-based catalysts,
these evolutions can be illustrated by the distribution of
cracked products and the 3MP/HEX ratio. The cracking
leads initially to selective demethylation (C1 + C5) and 8-
scission (C3) and then mainly to C1 + C5 for stable surfaces.
At the same time the 3AMP/HEX ratio goes from 1 to 3.5.
These changes are induced by the surface state modifica-
tions as was observed for LTR treatments (rapid transfor-
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mation WO3; — Wy,Osg) leading to the increase of the re-
duction process with the formation of the metastable W30
phase. In the case of the Pd/(WO.red) catalyst, cracked
products initially formed are C1+ C5. After 5 h under
H, at 600°C, mainly C3 is formed and then C1+ C5 are
the major cracked products. The 3SMP/HEX ratio rapidly
decreases from 20 (t=25 h) to 3.5 (t=0.20 h) via 1.5
(1 <t <15 h) values. These modifications are linked to the
reduction process of the WO, support (i.e., “WO3/WQO,") as
follows: WO3 — W2,Osg (slowly) — W30. The disappear-
ance of the acidic function is deduced from the decrease
of the C3 formation (Pd-WOg3;-based catalysts) and from
the decrease of the 3MP/HEX ratio (Pd/(WOzred cata-
lyst)). As for the LTR catalysts, we think that palladium
associated with the highly reduced tungsten oxide phase
(W30) could allow rehydrogenation and dehydrogenation
(C-H cleavage) that is necessary to observe the 2MP activ-
ity. Schematic models of stabilized surfaces are illustrated
in Fig. 8.

4.2. Deactivation Phenomena

We already pointed out the extremely rapid decrease of
Pd(WOgscalc) and Pd(WOgzred) activity toward alkanes at
350°C under H; during successive and alternative catalytic
tests with 2MP and 4M1Pn, indicating a deactivation of the
metallic function necessary for hydro—dehydrogenation re-
actions, probably due to hydrocarbon residue deposits. In-
deed, the results obtained after 15 h under H, at 350°C
without intermediate pulses of HC revealed an activity for
the catalysts toward the alkane (2MP) whereas during the
same time of exposure under H, but with successive pulses
of hydrocarbons, a total inactivity was observed. The de-
activation is slower for Pd/(WOQO_red). We have attributed
the metallic character to the palladium in the interaction
with W species (Pd-WCy or W,,Osg) and the difference in
activity observed between the catalysts to the dispersion
of the metallic phase. These proposals seemed to be con-
firmed by the deactivation phenomena. Indeed, we have
assumed that the dispersion of the metallic sites for Pd—
WO3-based catalysts will be higher than for Pd/(WO_red)
catalyst. Consequently, at the same palladium loading, the
metallic particle size will be higher for Pd/(WO,red) cata-
lyst. Smaller crystallites are more sensitive to hydrocar-
bon poisoning. A higher density of metallic sites, as for
Pd/WOg3-based catalysts, will induce a higher activity lead-
ing to a rapid self-poisoning of metallic sites by carbona-
ceous residue. This suggestion is in accordance with the
results of Contreras and Fuentes (59), showing that re-
duction at 800°C produced Pt/WO3-Al,O3 catalysts with
lower initial activity toward benzene hydrogenation and
with higher deactivation resistance, but seems to contra-
dict previous results obtained for the Pt/WO3/ZrO, system
(63). The deactivation phenomenon is selective to metal-
lic sites and the catalysts remain active toward olefins. The
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FIG. 8. Schematic representation of surface states for stabilized catalysts under H, at 600°C.

acidic function is not affected in the same way and is not
as sensitive to hydrocarbons which was confirmed by ex-
periments achieved under continuous 4M1Pn/H; mixture
(Section 3.1.3). No deactivation occurred and only slight
evolution of the product distribution was observed (C3 de-
creases and Sis, increases) which is not the case for metal-
free catalyst like WO,/Al,O3. Indeed, Benitez et al. studied
the catalytic behavior of WO,/Al,O3 catalysts for skeletal
isomerization of 1-butene (66) and observed a coke de-
posit during the reaction. In the same way, Ponec et al. (8)
demonstrated that a high density of actives sites causes se-
vere WO3/Al,O3 deactivation for skeletal isomerization of
1-butene due to catalyst carbonization induced by polymer-
ization of activated isobutene. At a low density of active
sites, the isobutene molecules are so far from each other that
no polymerization occurs. The catalytic results obtained on
Pd-tungsten-based catalysts treated under H; at 350°C for
a short time have been interpreted by the way of a bifunc-
tionality which required the participation of both metallic
and acidic sites. According to Sachtler’s results (56) on ring
enlargement over bifunctional catalysts (Pt/HY), we think
that the metallic sites protect the acidic sites against deac-
tivation by deposition of a carbonaceous residue but that
coke precursors formed on acidic sites contribute to deac-
tivate palladium which can no longer maintain its intrinsic
properties and then is only able to dissociate H, and partly
(de)hydrogenates. However, the higher the Pd dispersion,
the higher is the density of actives sites and consequently
the higher is the reactivity, leading to a rapid deposition of

carbonaceous residue covering partially or quasi totally the
metal particles. The distance between acidic and metallic
sites influencing H transfers is also an important factor for
deactivation. As mentioned previously (67, 68), the metal
in the vicinity of acid sites, which is required for H, dis-
sociation and then hydride transfers, is an important pa-
rameter for bifunctional catalysts. Manoli et al. (68) named
these centers of acid—metal co-operation “compressed bi-
functional sites.” Interesting implications were given by re-
sults obtained after pure H, exposures at 350°C. In neither
case did H;, exposures lead to the modifications in activ-
ity excepted for 4M1Pn on Pd/(WO.red) catalyst for which
a great enhancement of the activity was observed. In that
case, the distance between acidic and metallic sites would be
such that only a part of the acidic sites would be sufficiently
close to metal particles to avoid deactivation. Furthermore,
we also must underline the modification of the selectivity
in isomers, which is lower just after H, exposure for most
of the cases, and the details of cracked products show a
preference for B-scission reaction. This can be attributed
to competition between isomerization and hydrogenolysis
reactions, probably resulting from the carbocation desorp-
tion step which strongly depends on the H;, concentration.
Although pure H, is not able to regenerate the 2MP re-
activity on Pd-WOgs-based catalysts, we found that just af-
ter an oxidative treatment under air at 400°C, catalysts re-
trieve their activity for 2MP. We noted also an increase in
CH,4 among the product distribution just after the oxida-
tion which led us to confirm that metal activity is linked to
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the existence of WC species. This is also confirmed by the
increase of cracked products, mainly methane (Fig. 6), just
after [O2 + H,O + N,] exposures applied in the case of the
Pd/(WOQO,red) catalyst.

4.3. Nature of Acidic Sites

Pd-W-based catalysts reduced at 350°C show interest-
ing selectivity in isomerization which is correlated to acidic
properties, closely related to the tungsten oxide phase
formed at the surface upon reduction. In the literature,
the existence of Brgnsted and Lewis sites on tungsten ox-
ides is well accepted. However, the localization and the
nature of Lewis sites are not well-defined and the genesis
of Brgnsted sites is not clear. Cornet and Travert associ-
ated Lewis acid sites generated under reduction of WO;
with W> species localized in the shared planes of W5,Osg
phases (37), whereas Kamiya and Ogata concluded that
the Lewis acidic character is caused by an anion vacancy
(54). FTIR investigations on WO3; material indicated two
types of strong Lewis acidic sites as well as Brgnsted acidic
sites (69). The authors suggested that coordinately unsatu-
rated W% ions, located at the pseudocubic faces of WO,
would act as strong Lewis acidic sites, according to the high
charge, the small ionic radii, and the high electronegativity.
We cannot discard the possibility that the acidic character
observed on Pd-W-based catalysts is due to acidic Lewis
sites. We clearly showed that the WOj3; oxide support was
rapidly converted to the WOsg phase whereas the WO,
support was more difficult to reduce and that WO3 remains
longer at the surface exhibiting a stronger acidic character.
According to previous results (69, 70), charges and ionic
radii of W could play a role in determining the strength of
Lewis acidity. It seems reasonable to consider that the Lewis
acidity developed by WOj3 containing W®* cations would be
higher than for the W,,Osg phase containing both W+ and
W5 cations. However, the generation of Brgnsted acidic
sites on Pd-W-based catalysts is more suitable. Various fac-
tors are invoked to explain their generation and some au-
thors have agreed to suppose that they are generated under
H.. It has been claimed that H, generated and maintained
Brgnsted acidic sites which are required for o-xylene iso-
merization on Pt/WO,-ZrO, (71). The acidic properties
would be related to the ability of WOy to form W®"O,-
(n-H™) centers and consequently to its reduction ability.
The generation of Brgnsted acidic sites was also reported
during H; treatment on Pt/SO4—ZrO, and a conversion of
Lewis sites to Brgnsted sites was suggested (72). Dehydra-
tion of 2-propanol was investigated over MoOg treated with
H, (73). The increase in activity after reduction at 350°C
was assigned to hydrated phase MoOyH, or MoO,5(OH).
In contrast, Suarez et al. observed that MoO3/Al,O3 does
not lead to significant generation of Brgnsted sites and
that the small amount initially present are completely re-
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moved upon reduction (74). Segawa and Hall (75) found
that Brgnsted acidity could be totally suppressed on sup-
ported MoOj3 with extended reduction time. In contrast,
Ponec et al. (8) reported that reduction by H, led to the
formation of Brgnsted sites on supported WO3 but led to
tungsten bronzes for bulk WO3. From these works, it is clear
that both temperature and time under H; are important pa-
rameters that control the acidity which, in our opinion, is re-
lated to the nature and the reducibility of the oxidic phases.
Generation of Brgnsted acidic sites under Hy is inconsistent
with our results which seem to prove that Brgnsted sites are
(re)generated under oxidative treatment as reported else-
where (8, 76, 70). We have clearly demonstrated that H,
exposures did not cause significant modifications in activ-
ity and selectivity. Conversely, oxidation under air at 400°C
led to a significant increase in activity which could be at-
tributed to the increase in the density of acidic sites. We
noted also an increase of the acidity strength in the case
of Pd/(WOyred) catalysts (increase of the 3MP/HEX ratio)
which can be linked to the large reoxidation of the sur-
face in WOz which becomes therefore less reducible due to
the interaction WOz (surface)"WO2(buik) (35). The increase in
activity and acidity obtained after [O, + H,O + N3] expo-
sures on Pd/(WOgred) catalyst provide evidence to ascribe
acidity to Brgnsted sites. It is worth mentioning that the
phenomenon is emphasized after a few exposures. The ef-
fect of [O, + H20 + N3] mixture makes it possible to gener-
ate Brgnsted sites and to reoxidize the surface (increasing
the acidity strength). Adding water to the catalytic feed
(H2/H,0) was previously reported to increase Brgnsted
acidic sites, increasing even isomerization (7, 8, 66, 77) or
cracking (9, 78). As proposed by Ramis et al. (69), we sug-
gest that adsorption of water can lead to hydroxyl groups
by a dissociative mechanism. The acidity strength could be
rationalized on the basis of the number of terminal oxygen
atoms and charge delocalization on W atoms (70, 79). The
removal of the protons leads to a negative charge which
can be delocalized over the other terminal oxygen atoms.
Increasing the delocalization will stabilize the conjugated
base, leading to a stronger conjugated acid. A strong in-
teraction between W®+ species (WO3) and “WO; support”
will induce a higher electron delocalization of terminal oxy-
gen atom to W® species, considered as charge acceptors,
increasing the lability of the proton and so its acidic char-
acter. It is likely that the acidity strength is related to the
distance between W and O atoms in the structure and thus
to the ionicity character of the W**—OH bond (W5"-OH
bond >W°"-OH bond). The compactness of the structure
can also be invoked. An increase in acidity on WO3/Al,O3
was reported to be due to a crowding of WO, groups dur-
ing a change of configuration from edge-shared to corner-
shared tetrahedron (70). It cannot be excluded that polyhe-
dron chaining in the structure induces some modifications
in acidity. Indeed, whatever the structure WO3 and W,Osg,
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atoms are octahedrally coordinated but linked from corners
and from corners and edges, respectively, and the density
of sites is certainly modified.

In conclusion, we propose that Brgnsted sites are initially
present, produced by the structural surface water. During
reduction, the Brgnsted site population is maintained re-
sulting from the reduction of support leading to water for-
mation which is adsorbed by W** cations. Oxygen and water
exposures are able to generate Brgnsted acidic sites and to
increase the strength of acidity (reoxidation of surfaces).
The difference in acidity strength could be illustrated as
follows (Fig. 9).

4.4. Mechanistic Approach

LTR catalysts. Catalysts initially treated under H, at
350°C show a higher reactivity toward 4M1Pn than for
2MP which could be explained by the dehydrogenation step
(cleavage of C-H) This indicates that metallic sites are re-
quired for H, dissociation and partly for (re)hydrogenation.
Isomerized and cracked products are typical of acidic
properties leading mainly to branched hydrocarbons and
propane. It seems obvious that the mechanism is initially bi-
functional which is confirmed by energies of activation (80),
determined in the range 300-350°C for 2MP, giving respec-
tively 18.8 kcal/mol and 14.7 kcal/mol for Pd/(WOsred) and
Pd/(WO.red). We suggest that isomerization and cracking
reactions proceed via a classical “carbocation intermedi-
ate” (36). We have not enough information to define more
accurately the nature of the intermediate species precursor
of the carbocation (carbenium or carbonium species) prob-
ably depending on the acid strength of the catalysts. The
slight difference in isomerization observed between cata-
lysts having similar tungsten surface composition could re-
sult from the interaction of the carbocation with the surface.
An alkoxy intermediate species (A in Fig. 10) (36, 78), re-
quiring Brgnsted sites, could well illustrate this difference.
The small percentage of cracking is explained by H, trans-
fer. Indeed, a short H, transfer step induces desorption

H+
/ + H+

o .

¢ O

W5+ WS+ +
(WgOss) (W,4058) (WO 3)W6+
W50Osg WO, WO,

Increase of acidity deduced from the 3MP/HEX ratio

y

Pd/WO, (stabilized) <« PA/WO, (stabilized) <« Pd/WO, ("fresh")

FIG.9. Schematic representation of Brgnsted acidity for Pd—\W-based
catalysts reduced at 350°C.
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FIG. 10. Schematic of the species involved in a bifunctional metal-
acid mechanism (species A) and a monofunctional metal mechanism
(species B).

of carbocations before g-scission. H, concentration and
H, storage determine the steady-state carbocation lifetime.
A rapid neutralization of carbocation is required to lead
a rapid desorption and prevent cracking reaction. Metal-
lic function (Pd,-Wy) must be mainly involved in these
transfers.

HTR catalysts. 2MP and 4M1Pn hydrocarbons show
similar reactivity on stabilized catalysts which is character-
istic of a monofunctional mechanism. The demethylation
is selective (C1 + C5) and the selectivity in isomers is rela-
tively high. We conclude that the same sites are responsi-
ble for cracking and isomerization properties attributed to
the metallic W3O phase. This phase, possessing a metallic
character, would be also responsible for (de)hydrogenation
properties. A metallacycle mechanism involving tungstena-
cyclobutane species (Fig. 10) is proposed as established for
neopentane isomerization on oxygen-modified WC (36, 60,
63). Pd in association with W could take part in the de-
hydrogenation of alkane, explaining in that way the small
difference between 2MP and 4M1Pn reaction rate. We can-
not rule out a Pd contribution in selective demethylation
and isomerization via cyclic mechanism. Palladium also
gives isomerization via a metallacycle mechanism, leading
to bond shift and selective demethylation, which does not
require the same intermediate as the species B in Fig. 10.

5. CONCLUSION

The aim of this work was to study Pd/WQOj3; and Pd/WO,
catalytic properties for re-forming of hydrocarbons as a
function of various activation treatments. Reduction at
350°C led to stable catalysts due to the formation of the
W20Osg phase. These phase is obtained as well on the sur-
face as in the bulk for Pd/WQOj; catalysts and only on the
surface for Pd/WO, catalyst. Catalysts are active for skele-
tal rearrangements of hexanes and hexenes and very selec-
tive toward isomerization. The selectivity in isomerization
was correlated to the acidity of oxidic supports develop-
ing Bronsted sites. A difference in acidity strength was ob-
served initially under H; between Pd/WO3; and Pd/WO..
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This difference was correlated to the slowest reduction of
WO3 to W»,Osg when WOs is present as a contaminant of
WO, surfaces (as in the case of Pd/WO,). Consequently,
we proposed that the acidic character of WO3 (contain-
ing W) is higher than for W,,Osg (containing both W&+
and W°). We noted a deactivation of the metallic func-
tion, which occurred faster for Pd/WQOj; catalysts, leading to
a decrease in the reactivity of saturated hydrocarbons. An
explanation of these results was based on the speculation
of a bifunctional catalyst constituted of a metallic function
(Pdy—W,) for hydrodehydrogenation and an acidic func-
tion (OH groups) for isomerization involving a carboca-
tion mechanism including alkoxy intermediate species. The
presence of oxygen was found to be effective in increasing
the catalyst activity and regenerating the metallic function.
The effect of H,O traces, exclusively studied for Pd/WO,
catalyst, led to a great increase in the number of acidic sites
and in the strength of the acidity. A correlation between the
acidic strength and the nature of the oxide has been made.
A great improvement in catalyst activity was obtained at a
higher reduction temperature (600°C) due to the formation
of metallic W. An interesting result was the high and stable
selectivity in isomers that we attributed to the W30 phase.
In this case we proposed a metallacycle mechanism involv-
ing tungstenacyclobutane species. We do not rule out the
possibility that Pd participates in the (de)hydrogenation re-
action. In neither case does Pd exhibit its intrinsic catalytic
properties which is explained by an electronic interaction
Pd < W. No catalyst deactivation was observed in that case.
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