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Bulk and surface properties of Pd/WO3; and Pd/WO; cata-
lysts were studied using temperature programmed reduction, X-ray
diffraction, X-ray absorption, and X-ray photoelectron spectro-
scopies. Special attention was paid to the oxidation state of tungsten
upon reduction under hydrogen at 350 and 600°C. The influence
of oxidation treatments was also studied. Our results showed that
reduction at 350°C led to the tranformation of bulk WOj3 into the
stable W2(Osg phase. At higher reduction temperature and also at
350°C, if the support WO3 was calcined before impregnation, metal-
lictungsten was detected and we postulated that this transformation
starts with the formation of the metastable W30 phase via W2(Osg.
All these transformations concern the surface as well as the bulk
for Pd/WOs catalysts and the WO3; contamination layer only for
Pd/WO, catalyst. WO, seems more difficult to reduce than WO3
even if the latter becomes less reducible after oxidation treatment.
Autoreduction of the palladium salt was suggested on these cata-
lysts, resulting both from the pretreatment of the supports and the
nature of the Pd salt. Addition of a metal to bulk oxides facilitates
their reducibility and allows one to obtain a stable surface state.
(© 1999 Academic Press
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1. INTRODUCTION

Catalysts containing tungsten oxides have been investi-
gated invarious reactions: olefins metathesis (1-3), propene
oxidation (4), butene isomerization (5-8), hydrodesulfu-
rization (9, 10), or NOx reduction (11). Recent studies
showed that tungsten oxides seem to be potential catalysts
for skeletal rearrangements of hydrocarbons (12-15). Some
studies have shown a modification of the properties under
H,, due to the reducibility of the oxides. No stable state
has yet been reported, to our knowledge. Hovewer, some

1 To whom correspondence should be addressed.

406

0021-9517/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.

correlations between the oxidation state of tungsten and
the catalytic properties have been proven. Hydrocracking
of n-heptane on WO3; was investigated by Ogata et al. (12).
Their results suggested that many reaction mechanisms oc-
curred during the reduction under H, at various temper-
atures and were correlated with the presence of WO3_,,
WO3_4 (¢ < B <1), WOy, and with W metal. The role of
trace amounts of oxygen and water in the reaction mixture
leading to isomerization in the conversion reaction of n-
heptane on a WO3_x phase was confirmed. Other authors
(13-15) have shown that WO3; was inactive towards hexanes
isomerization and concluded that WO3; had no dehydro-
genation and consequently no isomerization properties. So
an induction time under H, was necessary to obtain conver-
sion of alkanes, which was correlated with the appearance
of the WO, phase exhibiting a metallic character. Thus, we
have turned our attention to palladium supported on bulk
tungsten oxides. The presence of palladium was expected
to improve the catalyst stability but also to activate the iso-
merization toward saturated hydrocarbons. Various studies
were devoted to the interaction of transition metals (Pd, Pt)
with tungsten oxides, leading to modifications of the activ-
ity (16-19) or the metal dispersion as compared to classical
catalysts (17, 20-24). The metal was also reported to accel-
erate the reduction of the oxides and spillover processes
were invoked (25-29).

The present paper is divided into two parts. First, we stud-
ied as a function of various treatments the reduction be-
haviour of tungsten oxides when palladium was added and
the modifications of Pd induced by the oxide. Temperature
programmed reduction (TPR), X-ray diffraction (XRD),
X-ray absorption (XAS), and X-ray photoelectron spectro-
scopies (XPS) were used to characterize the catalysts (this
paper). A second part will be devoted to the correlations of
the catalytic properties for reforming hexanes and hexenes
with the surface states evidenced in the present paper.
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2. EXPERIMENTAL

2.1. Catalysts Preparation

The supported catalysts were prepared by “wet” impreg-
nation of the tungsten oxides supports with an aqueous so-
lution of tetrammine palladium Il chloride in order to ob-
tain 1 wt% Pd in the final sample. Pd(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, respectively, 1.5 and 0.15 m?/g. Previous stud-
ies by XPS have reported that the surface of WO, was easily
oxidized consecutively to an exposure to air and was con-
taminated by some WOg3; layers. With regard to this obser-
vation, the WO, support was submitted to a prereduction
to favour as much as possible a clean WO, surface before
the impregnation with the Pd salt. The same treatment was
applied to prepare a Pd/WOj3 catalyst for comparison. The
catalysts were identified as Pd/(WOgscalc), Pd/(WOgzred),
and Pd/(WOgred).

Pd/(WOscalc). WO3 bulk was submitted to a treatment
in air flow at 400°C for 15 h. After cooling down to room
temperature, the support was impregnated by the palladium
salt. The excess of 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, WOj3 bulk was
reduced in hydrogen at 350°C for 15 h with a heating rate
of 10°C/min. After cooling down to room temperature, the
catalyst was kept under an argon flow to prevent any re-
oxidation. The WO3; support was then impregnated rapidly
and the catalyst was only dried at 110°C overnight. This was
used for catalytic tests without any calcination step.

Pd/(WOgared). The catalyst was prepared as Pd/
(WOgred) using WO, as support.

The bulk oxides references WO3; and WO, were used
without any treatment. Table 1 summarizes the catalysts,
metal and chlorine contents, and pretreatments.

2.2. Catalysts Characterization

BET. Specific surface areas were measured before and
after various treatments in a Coulter SA 3100 BET appa-
ratus. The weight of the catalyst varied between 200 and
500 mg, depending on the surface area of the sample. All
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catalysts were previously outgassed at 250°C for one hour.
Nitrogen was adsorbed at —190°C.

TPR. Temperature programmed reduction analyses
were performed in an XSORB (IFP-Gira) apparatus. Five
percent hydrogen in argon, purified on molecular sieves,
was used as a reducing agent, with a 25 cc/min flow. One
hundred milligrams of sample were placed in a quartz reac-
tor. The temperature was increased at the rate of 8°C/min
up to 900°C where it remained steady for 2 h (TPR900).
The sample was then cooled down to room temperature. In
all cases pure oxygen was then introduced and the tempera-
ture was increased up to 400°C at a rate of 10°C/min. After
cooling down to room temperature a new TPR experiment
was performed. The samples were also calcined under the
same conditions before any TPR experiment and three suc-
cessive TPR were recorded for each sample, which can be
summarized as:

“as prepared catalyst” submitted to TPR900
— TPRa

TPRa followed by an oxidation at 400°C plus TPR900
— TPRb

TPRbD followed by an oxidation at 400°C plus TPR900
— TPRec.

H, consumption was measured by means of a catharometric
detector.

XRD. X-ray diffraction spectra were recorded after
various treatments on a Siemens D5000 apparatus using
a Cu K radiation over a 26 range of 20° to 90°. Samples
were treated ex situ under H; at 350°C for 15 h (LTR) or re-
duced at 600°C for 15 h (HTR). In some cases, we per-
formed further oxidation under air at 400°C (O400) or
under a [O; 4+ H,0 + N3] mixture which was composed of
225 ppm O3 and 80 ppm H,O in N, (calibrated by mass
spectrometry).

XAS. X-rayabsorption spectroscopy experiments were
performed at the synchrotron facility in Orsay (LURE) on
the DCI EXAFS4 beam line. The W L, edge (10207 eV)
was recorded in transmission mode using a Si(111) or
a Si(311) double monochromator and two ionization
chambers as detectors. Pd/(WOgsred) and Pd/(WO.red), to-
gether with reference samples diluted in y-Alumina, were

TABLE 1

Weight Percentages of Metal and Chlorine and Methods of Pretreatments for the Supports before Impregnation

Catalysts Pd (wt%) Cl (wt%) Pretreatment of the supports Pretreatment of the catalysts
Pd/(WOscalc) 0.87 560 ppm calcined 400°C, 15 h calcined 400°C, 4 h
Pd/(WOgred) 0.93 0.65 reduced 350°C, 15 h dried 110°C, overnight
Pd/(WO,red) 0.93 0.48 reduced 350°C, 15 h dried 110°C, overnight
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analyzed at room temperature before and after in situ
treatments under H,, [O, + H,O + N3], and a mixture of H,
and hydrocarbon (HC). The HC used was the 2,2-dimethyl-
hexane (PHC/PH, =20/740 torr). The energies were cali-
brated using a W polycrystalline foil. Qualitative analysis
of only the W edge was performed. XANES spectra were
normalized using the Michalowicz procedure by fitting alin-
ear function to the pre-edge data, fitting a polynomial spline
to the data of EXAFS region, extrapolating both functions
to zero energy, taking the difference, and normalizing the
data to unit step height (30).

XPS. X-ray photoelectron spectroscopy analyses were
performed ina VG ESCA Il spectrometer using the Al Ka
radiation. The samples, pressed into pellets, were attached
to a nickel sample holder. Reductions under hydrogen and
oxidations under air were performed at atmospheric pres-
sure in a separate chamber directly connected to the spec-
trometer so that no air contamination took place between
the treatments and the analyses. The evolution of the sur-
face was followed as a function of time under hydrogen,
usually in 4-h steps, until a stable surface was obtained; that
is, no modification was observed after further reduction.
The base pressure in both chambers was in the 1071 range.

The binding energy reference was the C1ls peak at
284.8 eV. Calculations of the surface concentrations were
performed by measuring the surface areas corrected from
the photoionization cross sections (Scofield) and a square
approximation was used to account for the differences in
escape depths.

Reduction of WO3 under hydrogen resulted in compli-
cated spectra, due to the formation of various oxides which
were identified and quantified by curve fitting analysis using
a Doniach-Sunjic line shape (31). The binding energies of
the various species and the parameters of the analysis were
determined using reference spectra whenever possible: W,
WO, (covered with WO3), WO3. The percentages of the
various contributions were deduced from the surface areas
with an accuracy which can be estimated to a few percent.

3. RESULTS AND INTERPRETATION

Unless otherwise specified, characterization studies (and
catalytic experiments) were performed on samples “as pre-
pared,” that is, after drying overnight in an oven at 110°C
for Pd/(WOgzred) and Pd/(WOzred) and after calcination
at 400°C for Pd/(WOscalc), and on samples reduced un-
der one atmosphere of hydrogen at two temperatures: 350
and 600°C (hereafter referredtoas LTR and HTR, low and
high temperature, respectively). In some cases a calcination
under one atmosphere of air at 400°C took place after the
low temperature reduction and was followed by a new low
temperature reduction. Other experiments involved heat-
ing at 350°C in the mixture [O; + H,0 + N] previously de-
scribed. Let us recall that Pd/(WOgsred) and Pd/(WOgcalc)

BIGEY, HILAIRE, AND MAIRE

TABLE 2
Specific Surface Areas of Catalysts after LTR and
HTR Treatments
BET (m?/g)

Catalysts As prepared LTR HTR
Pd/(WOgcalc)? 7 8 6
Pd/(WO3red)? 5 11 5
Pd/(WO,red)® 1 1 4

3 Specific surface area of WO; bulk support 1.5 m%g.
b Specific surface area of WO, bulk support 0.15 m?/g.

refer to “as prepared” samples whose support was reduced
under hydrogen at 350°C or calcined under air at 400°C,
respectively.

3.1. BET

Table 2 gives the surface areas of the samples before
and after 15 h of low and high temperature reduction.
All surfaces were very small and a large difference is ob-
served between Pd/WO3; and Pd/WO, catalysts initially be-
fore any treatment. The lowest values were obtained with
Pd/(WOgred). Such a difference was also observed on bulk
WO3; and WO, oxides which is probably due to the differ-
ence in the structure of these bulk oxides.

Calcination and reduction treatments resulted in an in-
crease in these surfaces by a factor of 5-7 whatever the
oxide. Further reduction treatment of the catalysts did not
lead to significant changes in surface areas.

3.2. TPR

Figure 1 gives the temperature progammed reduction re-
sults for the reference compound WO3 and the two Pd/WO;
samples (Pd/(WOscalc) and Pd/(WOgsred)). Three succes-
sive hydrogen consumption profiles were recorded, as ex-
plained in the experimental section. It must be stressed that
when the temperature reached 900°C, it was stabilized and
the reduction was carried out for two more hours. This ex-
plains why the shape of the 900°C peaks was quite different.

The oxide WO3 has a complicated profile exhibiting five
peaks at 572, 635, 707, 871, and 900°C (Fig. 1) showing that
the reduction of WOj3; proceeds in several steps. After ox-
idation three peaks only were detected at 707, 792, and
900°C. The total hydrogen consumption per mole of tung-
sten oxide gave a Hy/WO3 ratio in the first step equal to
2.7 (Table 3) which corresponds to an almost complete re-
duction of WO3; into metallic W, considering the reaction
WO3 + 3H,; — W + 3H,0. This value decreased during the
two steps to 2.0 and 1.5, respectively, which is probably
due to an incomplete reoxidation of tungsten. We observed
a slight shift of the peak at 871°C (TPRa) towards lower
temperatures (792°C) after reoxidation. TPR patterns of
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FIG.1. TPR profiles for WO; bulk, Pd/(WOscalc),

Pd/WOj; catalysts were slightly differentinitially. The TPRa
profile of Pd/(WOgscalc) showed two major peaks at 726
and 900°C and a very weak peak at 429°C. In the case of
Pd/(WQOgsred), the peaks were observed at 405, 717, and
900°C and a new contribution at 824°C appeared. After

TABLE 3

H, Consumption for TPR Experiments as a Function of Catalysts

Samples Step VH, (mol/g) H,/WO,2
WO, TPRa 11.710°° 2.7
TPRb 871073 2.0
TPRc 6.310°2 15
Pd/(WOscalc) TPRa 1191073 2.8
TPRb 11.6 1072 2.7
TPRc 12.110°° 2.8
Pd/(WOsred) TPRa 1191073 2.8
TPRb 11.5107° 2.7
TPRc 11.310°° 2.6
WO, TPRa 6.310°2 1.4
TPRb 391073 0.8
TPRc 121078 0.26
Pd/(WO,red) TPRa 891072 1.9
TPRb 99103 2.2
TPRc 9.110°8 2.0

aWOy = WO; for WO; bulk, Pd/(WOgzcalc), and Pd/(WOg;red) and
WOy = WO, for WO, bulk and Pd/(WO_red).

300 600 900
Temperature (°C)

300 600 900
Temperature (°C)

and Pd/(WOgsred) obtained for three successive TPR.

reoxidation (TPRb and TPRc), both Pd/WO3; samples ex-
hibited similar profiles composed of three major consump-
tion peaks but slight differences seemed to remain. Indeed,
in the case of Pd/(WQgscalc), no characteristic modification
of the peak position was observed whereas Pd/(WOsred)
profiles showed a decrease of the maximum contribution
temperature from 757 to 726°C. The total hydrogen con-
sumption was 2.7 + 0.1 whatever the TPR, which shows a
good reproducibility.

In the TPR profiles of WO, (Fig. 2) three peaks were
detected at 628, 715, and 900°C. The total hydrogen con-
sumption (H2/WO,) was lower than 2 and decreased to 0.8
and 0.26 after the two reoxidations which were accompa-
nied by a great enhancement of the contribution at 727°C.
This means that the reduction of WO, into metallic W is
more difficult than that of WOj3 and after reoxidation it is
still more difficult to reduce. When palladium was added
a main peak was observed at 900°C and a smaller one at
739°C on the TPRa (Fig. 2). After reoxidation TPR pat-
terns were better defined and exhibited two maxima at 723
and 900°C. From the profile we can also surmise a contri-
bution at 750°C. As in the case of Pd/WOj; catalysts, a small
contribution at 405°C appeared. These profiles became sim-
ilar to Pd/WOj3 catalysts with a difference of the hydrogen
consumption for the contribution which appears before the
consumption at 900°C. The initial total hydrogen consump-
tion was 1.9, which means that nearly all the WO, was
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FIG.2. TPR profiles for WO, bulk and Pd/(WO,red) obtained for
three successive TPR.

reduced into metallic W. After reoxidation the hydrogen
consumption was still higher (2.3 and 2.1), which suggests
the formation of some WOj3. As in the case of Pd/WOj; cata-
lysts, a H, consumption around 400°C was observed. The
comparison between WO, and Pd/WO; clearly shows that
palladium helps WO, to be reduced but it also helps the
reoxidation.

We can note that in most patterns the H, consump-
tion at 900°C was dissymetrical. All patterns of palladium-
based catalysts showed a small positive peak at 112°C (Pd/
(WQOgsred)) and 137°C (Pd/(WOgred)) or a negative contri-
bution at 159°C (Pd/(WOscalc)) and 173°C (Pd/(WO3red)
and Pd/(WOzred)) which did not exist for bulk oxides.

3.3. XRD

The various diffraction patterns obtained on all three
samplesare given in Fig. 3and the different phases observed
are summarized in Table 4. The reduction treatments, LTR
and HTR, were performed in a different apparatus for
15 h. A well-identified W,,Osg phase was evidenced on
both Pd/WQO3 samples after reduction at 350°C. It is worth-
while mentioning that during the reduction, Pd/(WQOgzred)
and Pd/(WOgscalc) samples changed from green and yellow,
respectively, to a deep purple colour. The WOsg phase
coexists with W,4049 after high temperature reduction fol-
lowed by oxidation and low temperature reduction. A treat-
ment under [O; + H,0 + N,] mixture at 350°C for 4 h after
HTR did not modify the bulk oxide W,Osg. No WO, phase
was found whatever the reduction temperature on both
Pd/WOj3; samples. No new phase was detected on Pd/WO,
after reduction at 350°C.

BIGEY, HILAIRE, AND MAIRE

TABLE 4

Identified Phases on Pd/(WOscalc), Pd/(WOgsred), and
Pd/(WO,red) after Various Treatments

Catalysts Treatments Identified phases
Pd/(WOgscalc) As prepared WO3
LTR W0Osg
HTR a-W
Pd/(WOgsred) As prepared WO3
LTR W20Osg
HTR a-W and Wo,Osg (weak)
LTR+0400+LTR W20Oss
LTR + [02 + H,0 + N2] for4 h W50Osg
HTR+ 0400+ LTR W,,Osg and W,4Ops
Pd/(WOgzred) As prepared WO,
LTR WO,
HTR a-W

Reduction at 600°C resulted in the formation of «-W
on all three samples but W,;Osg was still detected on Pd/
(WO3I’€d).

3.4. XAS

The intensity and the energy of the W L, edge ob-
tained for each sample as a function of various treatments
are reported in Table 5. The W Ly absorption edges of
Pd/(WOgred) are shown in Fig. 4. The white line of the cata-
lyst “as prepared” was a little smaller than in the reference
WO3 (Fig. 4). Hydrogen at room temperature decreased
the white line peak further, which can be attributed to the
formation of a bronze structure H,WO3. No modification

TABLE 5

Energy and Intensity of the L;;; White Lines Pd/(WOQgsred) and
Pd/(WOg;red) Catalyst as a Function of Various Treatments

Normalized
Energy (eV) intensities
Catalysts Treatments (£0.2eV.) (lo—1/lo
References WO3 10217.4 2.9
WO, 10217.6 1.7
Pd/(WOgsred)  As prepared 10216.9 2.54
H, at 25°C 10217.1 241
LTR 10215.0 2.40
LTR+HCfor1lh 10216.3 241
LTR +[O2+ H0 4+ Ny] 10213.8 2.44
at 350°C for 3 h
HTR? 10216.7 2.24
Pd/(WOg,red)  As prepared 10214.2 1.91
LTR 10213.6 1.80
LTR +[O2+ H0 4+ Ny] 10214.6 1.95
at 350°C for 5 h
HTR 10213.5 1.83
HTR 4+ [0, + H,0 + Ny 10215.0 247

at 600°C for 3 h

2 Reduction under H, at 500°C for 3 h.
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——- WO; reference

Pd/(WOsred) as prepared
Pd/{WOsred) under H; at 25°C

254
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.

Normalized absorption
by
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Energy (eV)

10260

FIG. 4. Normalized insitu X-ray absorption spectra of the W L;;-edge
in Pd/(WOQOgzred).

took place after reduction under hydrogen for 5 h at 350°C
or a mixture of HC/H; at the same temperature or even
after reduction under hydrogen for 3 h at 500°C. The inten-
sity of the white line of the reference spectrum WO, was
smaller which means that in all our experiments tungsten
was in a WO3_x (x<1) State.

Similar studies were performed on Pd/(WO,red). The in-
tensity of the white line before any treatment was somewhat
higher than that of the WO, reference compound (Fig. 5A).
It decreased with reduction under hydrogen at 350°C but
without reaching the peak due to WO.. It increased again
with [O, 4+ H,0 + N3] which indicates that an oxidation was
taking place. Reduction at 600°C led to a shape, a position
in intensity, and energy very close to the metal reference
(Fig. 5B). Strong oxidation took place after treatment under
[O2 4+ H,0 + N3], without reaching, however, the intensity
of WOas.

BIGEY, HILAIRE, AND MAIRE

TABLE 6

Relative Composition for Some Selected Tungsten Compounds
as Given by the Literature

Compounds % W5+ % W5 % W4 References
W5oOsg Present Present Present (40)
72 28 Detected (41)
80 20 0 (45, 46)
75 25 0 (47, 48)
Wi150ug 56 32 12 (41)
71 29 0 (45)
71 15 14 (46)
Ho.3sWO3 84 16 0 (44, 49)
Hos50WO3 47 30 23 32)
3.5. XPS

Various oxidation states of W have been identified in
many XPS studies (13-15, 32-49). Reduction of WO3 can
lead to W, W*t, and WP while W?* is rather doubtful.
W5+ and W** correspond to well-defined oxides while W°*
can hardly be attributed to W,QOs. Several stable phases,
W20Osg, W1gO49 Or hydrogen bronzes HyWQO3 are a mixture
of different oxidation states in proportions which are rea-
sonably well established in the literature (see Table 6). The
binding energies (Ep) corresponding to the various oxida-
tion states vary noticeably in the literature, depending on
the energy reference. Following previous studies (13, 14)
we chose the following values for the W 4f, transition;
W =356+0.1 eV, W5"=33.9-345 eV, W =329+
0.1 eV, W°=31.24+0.1 eV. The relative inaccuracy in W>*
is due to the fact that no pure and stable reference was
available in that case.

3.5 T A: Influence of low temperature treatment

<«——— WO reference

Pd/(WO,red) as prepared

Pd/(WO,red) after LTR

WO, reference

Normalized absorption

0,5

10200 10220 10240 10260 10280 10300 10320

Energie (eV}

35
B: Influence of high temperature treatment

WO, reference

Al PdAWO,red)after HTR
+[0,+H,04+N,] at 600°C for 3h

Pd/(WO,red) after HTR

Normalized absorption

o
10180

10200 10220 10240 10260 10280 10300 10320

Energie (eV)

FIG.5.

Normalized in situ X-ray absorption spectra of the W L;;-edge in Pd/(WO,red) catalyst.
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TABLE 7

Relative Concentrations of Different States of Tungsten and
Atomic Pd/W Ratios as a Function of Various Treatments for
Pd/(WOQOgzred)

Relative concentrations of
different states of
tungsten (%)

Ratio Atomic
Samples WEE WS WAt we WSHWE Pd/W ratio
As prepared 100 0 0 0 — 0.041
R350/4 h 64 36 0 0 0.56 0.033
R350/8 h 63 36 0 Traces 0.56 0.039
R350/12 h 63 36 0 Traces 0.56 0.041
0400/1 h? 100 0 0 0 — 0.027
R350/4 h? 65 35 0 0 0.54 0.036
R600/1 h° 12 11 0 77 0.92 0.039
R600/4 h 12 7 0 81 0.58 0.043
R600/8 h 9 7 0 84 0.78 0.080

212-h reduction at 350°C followed by 1-h oxidation under air.
b Same as above but followed by a new 4-h reduction.
¢ Experiment performed on an “as prepared” sample.

Pd/(WOgred). Table 7 gives the percentages of the dif-
ferent oxidation states derived from curve fitting analysis of
W 4f peaks recorded after various treatments. In Fig. 6 we
show a few typical spectra. Reduction at 350°C (R350) led
to W5* in addition to W8 and prolonged exposures to hy-
drogen gave identical results apart from minute amounts of
metallic W. Here again, the sample turned to a blue—purple
colour. It must be emphasized that no or very little W** ox-
idation state, corresponding to the oxide WO,, was found
during these reduction studies. The formation of W°* can
be attributed either to a bronze or to an oxide W,Osg Or
Wi15O49. However the WH/WP+ ratios and the absence of
WAt suggest that W,yOsg was actually formed in agreement
with X-ray diffraction studies. Reduction at higher temper-
ature (R600) leads to a majority of W metal; nevertheless,
some W& and W5 remained.

The Pd 3d peaks were also recorded. All the reductions
led to 100% metallic palladium (Ep = 335.1 eV) and oxida-
tion at 400°C gave PdO (E, = 337.0 eV), as expected. How-
ever, a surprising result was the presence of 87% metallic
palladium initially. It must be remembered that the sup-
port was reduced but no further reduction was performed
after impregnation: the catalyst was only dried. The Pd/W
ratio (atomic) was 0.04 initially (see Table 7), which means
that palladium was well dispersed on the support. It did
not change very much during the reductions, with, how-
ever, a tendency to increase at higher temperature. Chlo-
rine (E;=198.7 eV) was detected on the fresh sample only
(Cl/Pd = 2.6) and disappeared after the first reduction.

Pd/(WOscalc). Some W°* was observed in the initial
spectrum obtained before the calcination of the catalyst
during the preparation. It disappeared after calcination was
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Binding energy (eV)

FIG.6. Changes in WA4f lines as a function of various treatments for
Pd/(WOgred) catalyst as prepared (a), 4 h reduced at 350°C, (b), 12 h
reduced at 350°C (R350) followed by a 1 h oxidation at 400°C (O400)
(c), sample c reduced 4 h at 350°C (d) and Pd/(WOgred) “as prepared”
reduced 1 h at 600°C (e).
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TABLE 8

Relative Concentrations of Different States of Tungsten and
Atomic Pd/W Ratios as a Function of Various Treatments for
Pd/(WOscalc)

Relative concentrations
of different states
of tungsten (%)

Ratio Atomic
Samples WEE WSt WA W WAHWET Pd/W ratio
Before calcination 83 17 0 0 0.20 0.13
As prepared 100 0 0 0 — 0.08
R350/4 h 48 27 0 25 0.56 0.03
R350/8 h 32 18 0 50 0.56 0.04
R350/12 h 7 3 0 90 0.43 0.04
R600/1 h? <5 <5 0 95 0.25 0.04
R600/4 h 0 0 0 100 — 1.00

2 Experiment performed on an “as prepared” sample.

performed at 400°C leading to the “as prepared catalyst”.
All subsequent reductions were performed on the latter
surface. Unlike the previous sample, low temperature re-
duction resulted in the formation of metallic W (Table 8
and Fig. 7), which increased as a function of time. After 12 h
at 350°C, the surface was almost completely reduced. No
oxide at all was detected after 4 h at 600°C. Again no W**+
was detected and the ratio W5+/W?®* (0.56) found in the ini-
tial stages of the low temperature reduction was the same as
with Pd/(WOgsred); W,,Osg was therefore probably present
although W*/W?®* was somewhat higher than expected.
Some metallic palladium (28%) was present initially, but
in asmaller amount than in the previous sample. Reduction
gave 100% Pd. Chlorine was detected only on the “as pre-
pared” sample but in too small an amount to be quantified.
The initial Pd/W ratio, 0.13, was very high. It decreased after
reduction. It was only 0.04 after the reduction treatment at
350°C. However reduction for 4 h at 600°C resulted in equal
amounts of Pd and W on the surface. This result can proba-
bly be interpreted as due to the formation of an alloy Pd,W,.

Pd/(WOgred). The surface of WO, is easily oxidized in
the open air. It is the reason why 85% of W®* was detected
on the initial compound (Table 9). It is not very deeply
oxidized though, since some WO, was still present in the
spectrum. If one remembers that the binding energy of W
4f peaks is very low (around 30 eV) and therefore the ki-
netic energy of the emitted photoelectrons isabout 1450 eV,
which corresponds to an inelastic mean free path A of
1.75 nm, following Powell and colleagues (64), one can eas-
ily calculate that the thickness of the WOj3; contamination
was about 22, that is, 3.5 nm. Reduction at 350°C as a func-
tion of time resulted in a slow increase of metallic W but
even after 16 h under hydrogen the sum W + W5 was
still 40% (Figs. 8 and 9 and Table 9). The different values
of the ratio W*/W?®* correspond to a surface more oxygen
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FIG. 7. Changes in WAf lines as a function of various treatments for
Pd/(WOgcalc) catalyst before calcination (a), “as prepared” (b), 4 h re-
duced at 350°C (c), 8 h reduced at 350°C (d), 12 h reduced at 350°C (e).
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deficient than the well-defined W,9Osg phase. Metallic W
and WO, were no longer detected after reoxidation at
400°C but pure WO3 was not found since 33% of W°* was
present, which suggests the formation of W,,Oss. Reduc-
tion at 600°C allowed the reduction of the superficial ox-
idized skin (WOy and x > 2) into metallic W without con-
cerning the WO, substrate.

After another reduction at 350°C for 15 h, giving exactly
the same composition as for 16 h at 350°C in 4 h steps,
we treated the sample at 350°C under the [O, + H,O + N3]
mixture. Complete oxidation into WO3 took place, within
the detection depth of the technique. A new reduction for
15hat350°C had very little effect since 77% of WO3 wassstill
detected. Never again would W metal be detected. Heating
under vacuum for 1 h at 350°C resulted in little further
reduction.

Palladium initially was largely reduced: 67% of metallic
Pd was observed. Pd/W ratios were quite high: 0.44 ini-
tially, which is probably due to the very low surface area of
this sample, as compared with the two Pd/WO; catalysts.
However, the ratio decreased significantly after reduction,
especially at high temperature, down to 0.09 after 8 h at
600°C. Chlorine was initially present (Cl/Pd = 2.9) but was
no longer detected.

TABLE 9

Relative Concentrations of Different States of Tungsten and
Atomic Pd/W Ratios as a Function of Various Treatments for
Pd/(WO_red)

Relative concentrations
of different states
of tungsten (%)

Ratio Atomic
Samples WO WS WA W WAHWE Pd/W ratio
As prepared 85 0 15 0 — 0.44
R350/4 h 54 19 27 0 0.35 0.37
R350/8 h 19 18 43 19 1.00 0.24
R350/12 h 20 23 3% 22 0.87 0.30
R350/16 h 17 23 32 28 0.73 0.27
0400/1 h? 67 33 0 0 0.49 0.05
R350/4 hP 65 24 11 0 0.37 0.08
R600/1 h° 5 13 25 57 0.38 0.20
R600/4 h 0 0 13 87 — 0.10
R600/8 h 0 0 12 88 — 0.09
R350/15 h° 25 18 26 31 1.40 0.20
[O24 H,O +NoJ/4 hd 100 0 0 0 — 0.07
R350/15 h® 77 16 5 0 0.20 0.08
Vacuum 350/1 hf 68 20 7 5 0.29 0.02

216-h reduction at 350°C followed by 1-h oxidation under air.

b Same as above but followed by a new 4-h reduction.

¢ Experiment performed on an “as prepared” sample.

d15-h reduction at 350°C without analysis step followed by a 4-h treat-
ment under a [O, + H,O + N] mixture.

¢ Same as above but followed by a new 15-h reduction at 350°C.

fSame asabove but followed by a 1-h treatment under vacuum at 350°C.
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FIG.8. Changes in W4f lines as a function of reduction treatments

for Pd/(WOgred) catalyst: “as prepared” (a), 4 h reduced at 350°C (b),
8 h reduced at 350°C (c), 1 h reduced at 600°C (d).

4. DISCUSSION

A striking result of our experiments is that reduction un-
der hydrogen at 350 and 600°C of Pd/WQO3; (Pd/(WO3calc)
and Pd/(WOgzred)) does not lead to the formation of WO,
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Binding energy (eV)

FIG. 9. Changes in WA lines as a function of various treatments for
Pd/(WOgred) catalyst. Influence of an oxidation treatment under air for
1hat400°C (a) followed by a new reduction at 350°C for 4 h (b) and under
[O2+ H20 + N,] mixture for 4 h at 350°C on catalyst prereduced in situ at
350°C for 15 h (c) followed by a new reduction for 15 h (d).

or if it does, very small amounts are detected. Bulk and

surface techniques are very consistent in that respect.
X-ray diffraction studies showed that the reduction is not

a surface process only and that the bulk is also modified.

BIGEY, HILAIRE, AND MAIRE

After low temperature reduction of both Pd/WO3; samples
a single, W,,Osg, phase was detected. High temperature
reduction led to metallic «-W with some residual W;qOsg.
Reoxidation followed by reduction at 350°C gave another
phase, W24Ogs, together with W,;0sg. The former was iden-
tified by Hoang-Van and Zegaoui after reduction of 0.2%
Pt/WQO3; 17 h at 300°C (22). W5yOsg was also observed on
WOj; reduced under hydrogen 5 h at 400°C (48). No inter-
mediate phase was observed when WO, was reduced into
metallic W.

TPR experiments showed that on all samples, with or
without palladium, the reduction is a multistep process.
From hydrogen consumption measurements it can be con-
cluded that WOs bulk is easier to reduce into metallic W
(H/WO3 =2.7) than WO, bulk since after the first TPR,
H,/WO;,;=1.4 only and the latter ratio decreased drasti-
cally after the second and the third experiment, indicating
that after reoxidation WO, is even more difficult to reduce.

The reduction of WO3 and WO, has been largely stud-
ied by TPR and thermogravimetric analysis (12, 50-56).
The attribution of the different peaks to specific species is
not easy because the temperatures observed depend largely
on the experimental conditions. Vermaire and Van Berge
(50) showed that the reduction temperatures of the differ-
ent reduction steps depend largely on the weight of cata-
lyst as confirmed by Fouad et al. (56). As pointed out by
Sahle and Berglund (57) these discrepancies are probably
due to the kinetics of the evolution of water formed dur-
ing the reduction process, which depends on the hydro-
gen flux, the height of the catalyst bed, and the rate of the
temperature increase. Similar explanations were given by
Arnoldy et al. (58) for MoO3z and MoO; reduction. The wa-
ter vapour formed during the initial stage will influence the
further course of reduction. Indeed, several authors (57—
59) showed that the gradient of water vapour determined
the formation of intermediate phases. For example, it has
been reported that a certain minimum of humidity would be
necessary for the formation of the WO, 7, phase (59, 60).
These considerations explain the large and dissymetrical
peak at 900°C attributed to the reduction of WO, in W°.
From the thermodynamic point of view, this limitation
of reduction is understandable because calculations have
demonstrated that the reduction of WO, has asmall equilib-
rium constant as pointed out by Sahle (57). Schubert studied
in detail the WO3 reduction with kinetic and morphological
considerations (59). This author illustrated the reaction
scheme of tungsten reduction which clearly summarized
the different possible steps as a function of the tempera-
ture (Fig. 10). On this basis and our observations (XRD
and XPS) we can tentatively attribute the various peaks
observed in our experiments:

WO3; — WOy (W5yOsg at 572°C, W13Oy9
at 635°C, W4 O¢g at 707OC)
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o-W

FIG. 10. Reaction scheme of tungsten oxide reduction by Schubert
(59) (a) WO2.9=W3Osg; (b) WO2.7, = W1049; (€) B-W =W30.

WO3;, WO, — WO, (752-871°C)
WO, — W° (900 and >900°C)

These attributions agree with the results of Vaudagna
et al. (29). The different reduction peaks of WOj; in the
TPR were attributed to WO3; — WO, g (shoulder at about
620°C), WO3 and WO, g — WO, (maximum at 793°C), and
WO, — WP (last peak).

On WO, the peak at lower temperature (715°C) is prob-
ably due to the reduction of superficial WO3. As previously
shown (13) and confirmed by the present paper, the first lay-
ers of WO, are largely composed of WO3 and reoxidation
at 400°C, as shown by XPS, proceeds even deeper, which
explains why the TPR peak at 715°C is higher in the second
and third TPR (Fig. 2).

The TPR patterns of palladium-based catalysts are sim-
ilar to those observed for bulk oxides and show that the
reduction proceeds through similar stages even if their con-
tributions seem to be modified. The contribution at 900°C
is also dissymetrical. The water vapour evolved during the
reduction is always a limitant factor even in the presence
of palladium. Hovewer, the addition of palladium leads to
a stabilization of the hydrogen consumption: after all three
TPR experiments on both Pd/WO3; and Pd/WO, the over-
all hydrogen consumption values were close to 3 and 2,
respectively, which suggests that palladium catalyzes oxi-
dation and high temperature reduction processes. Similar
conclusions were previously derived from studies with Pd
or Pt on WO3 or MoQg (19, 25-29). The authors explained
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these phenomena with a hydrogen spillover effect: hydro-
gen dissociated on the metal will be able to migrate on
the support, facilitating its reduction. The small positive
peaks at low temperature (112-137°C) for Pd/(WOsred)
and Pd/(WOgzred) obtained on the first TPR (Figs. 1 and
2) are certainly due to the reduction of palladium salt
Pd(NH3)4Cl, or adecomposed type of thissalt PACI,. A ten-
tative calculation of the hydrogen consumption H/Pd gives,
respectively, 0.48 and 0.39, which are smaller values than
expected for the total reduction of palladium. Hovewer, it
is reasonable to ascribe these consumptions to the reduc-
tion of the Pd salt and it is consistent with our XPS results
which show that a high quantity of palladium is already in
its metallic state on the surface before any reduction. After
an oxidation treatment, all the palladium would be in the
oxidized state PdO. This species would be reduced at a tem-
perature lower than ambient temperature, which could not
be observed in our apparatus. Other TPR results obtained
for Pd-3%/WO3-Al,O3 or free Al,O3 catalysts, showing
PdO reduction at 8°C, confirmed this idea (17). Hence, the
negative contribution around 160°C for the next TPR could
be due to the decomposition of palladium hydride formed
at low temperature. Our proposals agree with the results
of Juan et al. (19) who observed the decomposition of pal-
ladium hydride above 100°C for Pd/MoOj catalysts. They
specified that “severe oxidation treatment” is required to
turn Pd “visible” by TPR. This explains why only a negative
peak was observed in the case of Pd/(WOg3;calc) for which
both the support and the catalyst were calcined leading to
PdO. Here again this explanation agrees with XPS results
showing only traces of chlorine and confirms that palladium
is not in a “chlorine palladium” form.

It seems difficult to attribute the contribution at 400°C
to the palladium presence. Indeed, this contribution is ob-
served in many cases except for bulk WO,, and such a tem-
perature of reduction was never reported for palladium. So
it could be attributed to the reduction of a small quantity
of WO3 due to an interaction between palladium and the
oxide, via a spillover process, leading to a partial reduction
of the oxide at a temperature lower than in the absence of
transition metal as proposed by several authors (17, 25, 28,
32). An alternative explanation would be the formation and
decomposition of a tungsten bronze (HTB), as suggested
by Bond and Tripathi (27). These authors have reported for
a 1% Pd/WOj3 catalyst that the reduction of WO3 began at
230°C leading to 377°C to the W,01; oxide (currently at-
tributed to W15049). They speculated that a HTB formed
at 50°C reacted with the lattice oxygens to form the W,013
phase. This interpretation could explain our present re-
sults. Indeed, the contribution is smaller in the case of bulk
WOj3; which was probably due to the difficulty of obtaining
atomic hydrogen on oxides. Consequently, the HTB’s per-
centage would be more important for Pd/WO, and Pd/WOQO3
catalysts and the decomposition into WOXx phase also. The
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different steps could be summarized as:

(1) dissociation of hydrogen on Pd: H, — 2H"

(2) formation of bronze: xH" + WO3 — HXWO3

(3) decomposition under heating leading to a non stoi-
chiometric oxide: 2H,WO3 — 2WO3_y2) + XH>O.

The results reported by Regalbuto et al. corroborate this
hypothesis (32). To explain that Pt facilitates the partial re-
duction of the supported tungsta (Pt/WO3/SiO,) catalyst,
the existence of very thin layers of HTB stabilized by the
metal was postulated. The authors invoked the elimination
of hydrogen as water resulting in anhydrous suboxides for-
mation with compositions in the WO, 7—~WO, g4 range.

Qualitative results obtained by XAS on Pd/WO3; and
Pd/WO, confirm that hydrogen treatments at 350°C lead to
a moderate reduction of the oxide; that is, the composition
WO, is not attained. Itis likely that W,,Osg, where W atoms
stay in their octahedral environment, is present rather than
W130y49 since in the latter case a pentagonal bipyramid
would be formed and the shape of the spectrum would
be much more modified than actually observed (61, 62).
This hypothesis is consistent with the XRD results. On WO,
hydrogen treatment at 350°C resulted in a very weak re-
duction, probably of the superficial WO3, while at 600°C
metallic W was formed.

Surface analyses by XPS largely confirmed these findings.
In particular curve fittings of the spectra obtained after re-
duction of Pd/WQj3 at 350°C failed to reveal the presence of
W**: trying to introduce such a species in the analysis led
either to erroneous binding energies or to contributions
which were much too narrow, as compared with reference
spectra. This is consistent with previous results obtained on
WOj3; after reduction under hydrogen at 350°C (15).

From the XPS results we can compare the reducibility of
the three catalysts after the hydrogen treatment at 350°C.
When the WO3 support was reduced (Pd/(WOg3red)) oxida-
tion states +6 and +5 only were detected. A good stability
of the surface was obtained after 4 h under hydrogen and
it was fairly reproducible after an oxidation—-reduction cy-
cle, which seems to be related to the formation of a W,,Osg
phase, detected by XRD. Hovewer the W5+/W5* ratio is
slightly higher (0.43-0.56) than the value reported by sev-
eral authors for bulk oxides (41, 43, 45-48). We believe that
this phenomenon can be attributed to the presence of the
metal. Similar ratios have been obtained on Pd/WO3/Al,O3
reduced at 200°C and Pt/WQO3/SiO, reduced at 400°C
(17, 32). An interesting result was obtained by Gehlig et
al. (45) who studied the influence of metallic dopants such
as V, Ni, and Nb on the state of WO, 9, and WO, 7o W4f
levels. The main effect was an increase in the W4f>* state
density with the proportion of dopants. No chemical shift
and no modification of the contribution in the filling of
the conduction band was observable. So, the authors con-
cluded that a possible explanation was that the dopant low-
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ers the tungsten levels in their vinicity which could favour
the conduction band states close to the Fermi level. Cal-
cination of the WOj3; support (Pd/(WOscalc)) had a dra-
matic effect: after 4 h under hydrogen 25% of W° were
found and the surface seemed almost completely reduced
after 12 h. Metallic tungsten seems therefore to be easily
formed in that case although another possibility would be
the presence of the so-called 8-phase (W30), almost im-
possible to distinguish from metallic tungsten by XPS. g-W
was previously identified by XRD for reduced WO3 bulk
and Pt/WQOj3 (22, 59). It may be worth mentioning that af-
ter 12 h under hydrogen the sample became pyrophoric,
which might be an indication for the g-phase. It is worth-
while to recall that even after a long time under H,, some
W5 and W8+ remain. So we believe that the W,Osg phase
is always present in the surface as in the bulk (XRD).
The probable presence of W30 is consistent with the re-
duction scheme proposed by Schubert (59). Indeed, this
phase can be directly formed from W,;Osg. Small quan-
tities of W30 could accelerate the reduction of tungsten
oxide. However, the 8-W — «-W transformation proceeds
very slowly. The reason for such a difference of behaviour
between Pd/(WOgsred) and Pd/(WOg3calc) is not straightfor-
ward. One may invoke in the latter case a higher concen-
tration of palladium on the surface (Pd/W = 0.13 instead of
0.04) which might favour the reducibility. Another possibil-
ity would be a strong Pd <> WOy interaction taking place if
the support is reduced before the impregnation.

A stable surface was obtained after 8 h of reduction on
Pd/WO, (Pd/(WO,red)). It was composed of W&+, W5+
(both resulting from the initial superficial oxidation), W**,
and some WP, the presence of which does not seem to help
any further reduction. Although these results are differ-
ent from Pd/WQO3; samples, it is possible that the reduction
proceeds through the same Wy,Osg phase if one considers
Pd/(WO,red) as Pd/(WO3) supported on WO,. The W**
species are probably due to the WO, underlying layers
(bulk). From our XRD and XAS results, we believe that
only the WO3 due to contamination is reduced. Oxidation
treatments lead to a hardly reducible surface which could
be attributed to a further growth of WO3; layers. An interac-
tion between the two oxides can also explain the difficulty
to reduce WO:..

High temperature reduction led in all three cases to a
majority of metallic tungsten with, however, small amounts
of residual oxides.

The percentage of metallic palladium in Pd/(WOsred)
and Pd/(WO.red) samples was very high (87 and 67%, re-
spectively) even before any hydrogen treatment. It was
much lower (28%) when the support was calcined be-
fore impregnation. The same observation was showed by
electron microscopy for Pd/WO3/Al,O3 prepared from
PdCl; and by XPS for Pt/WQO3/SiO, prepared from H,PtClg
(20, 32). It is interesting to note that these catalysts were
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calcined after salt impregnation. Conversely, Pd/WOg/
Al,O3 catalyst prepared from chlorine free salt (Pd(NO3),)
did not present this characteristic and 100% of palladium
was in the oxide state (17). With regard to these obser-
vations, it appears that a metallic precursor containing
Cl is necessary to observe such a phenomenon. A ther-
mal decomposition of the metal oxide, as proposed by
Vaudagna et al. for Pt/ZrO; catalysts, seems unlikely (29).
Indeed, this catalytic system was calcined at 800°C lead-
ing to PtO whereas, in the present study, Pd/(WOsred)
and Pd/(WO;red) were only dried after impregnation. In
our opininon, two suggestions can explain the presence of
metallic Pd. The first hypothesis is based on an autoreduc-
tion of Pd(NH3)4Cl; according to the reduction scheme (i)
or (ii):

scheme (I) Pd(NH3)4Cl, — 2N, + 6H, + PdCl, [1]
PdCl, + H, — Pd° + 2HCI [2]

Pd(NH3)4Cl, — Pd° + 2N, + 4H; + 2HCI
Bl=[11+12]

scheme (II) 2Pd(NH3)4Cl, — 4N,+12H,+2PdCl, [4]

PdCl, + H, — Pd® + 2HCI [2]

2Pd(NHs3)4Cl, — Pd°+PdCl,+4N,+10H,
+2HCl  [5] = [4] + [2]

This suggestion could explain that metallic palladium is ob-
tained for all catalysts (Pd/(WQgscalc), Pd/(WOsred), and
Pd/(WOQOzred)). Hovewer, this proposal does not take into
account the differences observed, especially if the support
is precalcined or prereduced or it is hecessary to imagine
that this process is activated in the presence of WO3_x. Such
a conclusion is not consistent with large amounts of chlo-
rine found on Pd/(WO3red) and Pd/(WOred) (Cl/Pd =2.6
and 2.85, respectively) while only traces were present on
the Pd/(WOgscalc) surface. One must not forget either that
tungsten was found in W8* state for Pd/(WOjzred) and
Pd/(WO,red) whereas traces of W°* were observed for
Pd/(WQgscalc). These results were in opposite order to
what was expected. So we can hardly exclude a role of
the support and we propose another explanation based
on these observations. Dicko et al. (63) suggested a par-
ticipation of the support to explain the presence of Pt°
for Pt/ZrO,/SO;~. For Pd/(WOsred) and Pd/(WOared),
an oxido-reduction process will be attractive. This sugges-
tion is based on the oxido-reduction potential in solution:
E2(Pd®*/Pd®) = +0.951 V and E5(WO3/W;0s) = —0.029 V.
W,0s is currently attributed to the W13049 phase, which is
close to W,oOsg. The supports were prereduced at 350°C for
15 h and in these conditions, the XPS results let us conclude
to the formation of W,;Osg. So it is convenient to consider
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the E5 potential. The total reaction is simplified as
Pd*" + W,05 4+ H,0 — Pd® + 2WO; +2H*.  [6]

The residual chlorine could therefore be located on the
tungsten oxide “WxOyCI,” as proposed by Juan et al. (19)
who suggested volatile oxichloride of molybdenum to ex-
plain a transport mechanism.

5. CONCLUSION

In this study we have shown that the bulk and surface
properties of Pd/WOy catalysts depend very much on the
chemical state of the oxides before impregnation with the
palladium salt. In particular the reducibility of Pd/WO3
is very different whether the tungsten oxide was previ-
ously calcined at 400°C (Pd/WOscalc) or reduced at 350°C
(Pd/(WOQOg3red)). Likewise, the role of the WO3; contamina-
tion layers, covering the WO, bulk oxide, was evidenced.

Reduction at moderate temperature of Pd/WQj; led to
the formation of W,,Osg. However, while this phase was
stable after 4 h under hydrogen when the WO3 oxide was
reduced before impregnation (Pd/(WOQOgsred)), further re-
duction occurred, into metallic tungsten or possibly W3O,
if the support was previously calcined (Pd/(WOgcalc)). It
is important to underline that in neither case was a phase
characteristic of W** (WO,) detected. In both cases, the ini-
tial step of reduction is the formation of the W5,Osg phase
which occurred both on the surface and in the bulk.

Hydrogen on Pd/WO, (Pd/(WO.red)) under the same
conditions allowed the reduction of most of the superfi-
cial WO3 oxide to W»qOsg and small amounts of metallic
tungsten were also formed, favouring the process of water
elimination leading to higher reduction. A stable surface
composition was obtained after 8 h under hydrogen in our
experimental conditions (weight, flow..). Nevertheless, an
oxidation treatment acts as a limitant factor for the reduc-
tion and no more W metal was detected. The composition
of the surface is also similar to that observed for Pd/WO;
catalysts.

Prereduction of the WO3; and WO, supports leads to
metallic Pd formation without a reduction treatment.

In all three cases, (Pd/(WOscalc), Pd/(WOgzred), and
Pd/(WOQOgzred)), high temperature reduction, at 600°C, led
to surfaces composed predominantly of metallic tungsten.
We have proposed the formation of the W3O phase. An al-
loy may be formed when the support was calcined prior to
impregnation.

In a subsequent paper we will try to correlate these find-
ings with the reactivity of these catalysts.
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