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The structure of sulfided W/C and Ni-W/C catalysts was studied by means of EXAFS on the
W L-edge and Ni K-edge. In the W/C catalyst the tungsten is present as small WS, particles
consisting of 5 to 14 W atoms. while the higher W-W coordination number in the Ni-W/C catalysts
points to a larger WS, particle size and/or crystallinity. Also, the W-S coordination number
increased. which can be explained by a more pronounced sulfidation combined with a larger particle
size. Up to a N/W atomic ratio of 0.5 all Ni was found to be present in a Ni-W-S-like structure,
which strongly resembles the Ni-Mo-S$ structure in Ni-Mo/C catalysts. A difference is that in the
Ni—-W/C catalysts Ni is coordinated by six sulfur atoms, probably in a trigonal prismatic configura-
tion. Four of these sulfur atoms are located at a distance of 2,22 A from the Ni atom, and two at
2.35 A. The intrinsic catalytic activity of the Ni atoms in the Ni-~W-=S8 structure for thiophene
hydrodesulfurization turned out to be the same as in Ni-Mo/C catalysts, which suggests that the

Ni atoms are the catalytically active sites.

INTRODUCTION

Hydrotreating catalysts generally consist
of a combination of W or Mo with Ni or
Co on a support (usually y-Al,O,). Different
combinations of these elements are used for
different kinds of reactions. Co-Mo cata-
lysts are mostly used for hydrodesulfuriza-
tion, Ni-Mo catalysts have better catalytic
properties for hydrodenitrogenation and ar-
omatics saturation (/), while the Ni-W sys-
tem is usually applied for hydrocracking
2, 3).

Much work has already been done to in-
vestigate the catalytic properties of hydro-
treating catalysts, but most of this work has
been devoted to Co-Mo and Ni-Mo cata-
lysts (4, 5). As a result the understanding of
these catalysts and the knowledge of their
structure has been greatly advanced during
recent years (6—7//). Also unpromoted Mo
catalysts have been studied intensively.
However, the Ni-W and W catalysts have
been much less investigated. It is usually
assumed that the properties of these cata-
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lysts are similar, if not identical, to the prop-
erties of their Mo analogues.

It is true that W and Ni-W catalysts be-
have roughly the same as Mo and Co-Mo
or Ni~Mo catalysts, respectively. The de-
pendence of the catalytic activity for hydro-
desulfurization, hydrogenation, and hydro-
denitrogenation for Ni-Mo and Ni-W
catalysts are similar (/2~16). In the oxidic
state there are also many similarities. Both
for alumina-supported W- and Mo-based
catalysts the species present at low loading
are isolated tetrahedral WO3~ or MoOj3"
units, respectively. At higher loadings poly-
tungstate or polymolybdate species are
formed, and at still higher loadings bulk
WO, or MoO; (/7). However, also some
distinct differences occur. The sulfidation
mechanism is the same for W and Mo (/8),
but in spite of this it is almost impossible to
fully sulfide W/ALO;, aithough Mo/AlLO,
can be practically completely sulfided at 673
K (19, 20). Although the addition of a Ni
promoter helps in this respect, even in a
Ni~W/AIL O, catalyst a considerable amount

0021-9517/93 $5.00
Caopyright €1 1993 by Academic Press. Inc.
All rights of reproduction in any form reserved.



526

of W is present in the oxidic form after sul-
fidation (19, 21). The same holds for the
reduction behaviour: it is much more diffi-
cult to reduce the Ni-W system (22). Duchet
et al. showed that also the adsorption of CO
and O, is different on sulfided Mo/Al,O; and
W/ALO;: the W/ALQO; catalyst adsorbs
much less of these gases (20). Finally, Le-
doux et al. reported that the preparation
procedure can be more critical with Ni-W
catalysts than with Ni-Mo catalysts (23).
Concluding we can say that although W- and
Mo-based catalysts show many similarities,
there are many differences as well.

Therefore, we thought it interesting to in-
vestigate to what extent the structure of W
and Ni—W catalysts resembles the structure
of Mo and Ni-Mo catalysts. For these cata-
Iytic systems XRD or electron-diffraction
measurements are not useful, since there is
no long-range order. A technique which can
be successfully applied is EXAFS (extended
X-ray absorption fine structure) spectros-
copy, because this technique only sam-
ples short-range order (24). Furthermore,
EXAFS has in the past been successfully
used to elucidate the structure of Mo,
Co-Mo and Ni-Mo catalysts (9-//). For
these reasons we decided to make an
EXAFS study on W/C and Ni-W/C cata-
lysts. In case of an Al,O; support the pro-
moter might migrate into the alumina (6),
which would complicate the EXAFS analy-
sis. Also a better signal to noise ratio is
obtained with a carbon support due to the
lower X-ray absorption of carbon compared
to Al,O;. Because of this, and because we
have shown in the past that there is no essen-
tial difference in structure between Ni-Mo/
C and Ni-Mo/Al-O, catalysts (/1), we used
activated carbon as a support. The results
of this EXAFS investigation are presented
in this paper.

EXPERIMENTAL

Cuatalyst Preparation

A number of Ni-W/C catalysts was pre-
pared with varying Ni/W atomic ratio. All
catalysts have been prepared by a two-step
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TABLE |

Catalyst Composition and Notation

wt% W wt% Ni Ni/W Notation
atomic ratio

4.00 0.00 0.0 w/C

3.99 0.13 0.1 Ni-W(0.1)/C
3.99 0.26 0.2 Ni-W(0.2)/C
3.98 0.39 0.3 Ni-W(0.3)/C
3.98 0.51 0.4 Ni-W(0.4)/C
3.97 0.64 0.5 Ni-W(0.5)y/C
3.97 0.76 0.6 Ni-W(0.6)/C
3.96 1.02 0.8 Ni-W(0.8)/C
3.95 1.27 1.0 Ni-W(1.0)/C
3.93 1.67 1.3 Ni-W(1.3)/C

pore volume impregnation method of a car-
bon support (Norit RX3-extra, pore volume
1.0 cm’/g, specific surface area 1190 m?/g,
particle size 68-250 um). In the first step
an aqueous solution of (NH ) W,,O5, - H,O
(Fluka, purum) was added to the support
until the incipient wetness point was
reached. The catalyst was then dried in
static air for 12 h at 120°C. After this proce-
dure an aqueous solution of Ni(NO;), - 6H,0
(Fluka purum) was added to the catalysts,
again via incipient wetness impregnation.
Finally the catalysts were dried a second
time in static air at 120°C for 12 h. All cata-
lysts thus prepared will be denoted as
Ni—W(x)/C, x being the Ni/W atomic ratio.
A W/C catalyst has also been prepared by
leaving out the second impregnation step.
This catalyst will be denoted as W/C. Com-
position and notation of all catalysts are
given in Table 1.

Catalytic Activity

For all catalysts the catalytic activity for
thiophene hydrodesulfurization has been
measured in a flow system incorporating a
microreactor which operates at atmospheric
pressure. The amount of catalyst used for
each experiment varied from sample to sam-
ple to keep the thiophene conversion be-
tween 35 and 50%. Only for W/C was this
conversion different, namely 21.29. The
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catalyst was mixed with SiO, to obtain an
approximately constant catalyst-bed height.
The inertness of the SiO, was checked in
separate experiments. Catalyst samples
were first presulfided in a flow of 60 cm’
min~' of 10% H,S in H, (Union Carbide
certified standard, used as received). During
sulfidation the temperature was first raised
from room temperature to 673 K at a rate of
6 K min~'. The final temperature of 673 K
was kept for 2 h. Hereafter the flow of H,S/
H, was replaced by a flow of 60 cm® min~'
of 3% thiophene (Merck p.a., used as re-
ceived) in H, (Pangas, purity =99.999%).
The H, was led through columns filled with
Pd/AlL,O, and molecular sieve, respectively,
toremove traces of oxygen and water. Reac-
tion products were analyzed using on-line

gas chromatography. From the thiophene-

conversion a rate constant for hydrodesul-
furization kyps was calculated, assuming
first-order kinetics. The conversion was
constantly monitored, but in the folowing
paragraphs only k,pg at a reaction time of
500 min will be given, a time at which all
catalysts had reached a steady state. From
the selectivity to n-butane arate constant for
hydrogenation kv was calculated, again
assuming first-order kinetics. The ratio
kyyp/kups at a reaction time of 500 min will
be given.

EXAFS

EXAFS spectra were recorded of the
W/C, Ni-W(0.3)/C, and Ni-W(0.5)/C cata-
lysts. For this purpose catalyst samples
were pressed into self-supporting wafers
with graphitic carbon as a binder. The sam-
ples were mounted in an in sitit EXAFS cell
(25). The amount of sample taken was such
that the absorption p.x = 2.55, correspond-
ing to an optimal signal to noise ratio. The
samples were sulfided in a flow of 60 cm’
min ' of 10% H,S/H,. At the same time the
temperature was raised at a rate of 6 K
min~! from room temperature to 673 K, a
temperature that was then maintained for 1
h. After this treatment the catalysts were
purged with He in order to remove all gas-
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eous and physisorbed H,S while the temper-
ature was kept at 673 K for another 30 min.
Subsequently the cell was cooled to room
temperature, all the time under flowing He.
Finally the cell was closed off and cooled
to liquid nitrogen temperatures. The X-ray
absorption was then measured.

Of the W/C, Ni-W(0.3)/C, and Ni-
W(0.5)/C catalysts X-ray absorption mea-
surements at the W L, edge were per-
formed. These measurements were made at
EXAFS station 9.2 of the Synchrotron Radi-
ation Source (SRS) in Daresbury, United
Kingdom, using a (220) double-crystal
monochromator. Typical beam currents
were 130 to 230 mA and the beam energy
was 2 GeV. The beamline was equipped
with a wiggler, which was operated at 5 T.
For catalysts Ni-W(0.3)/C and Ni—-W(0.5)/
C also the X-ray absorption at the Ni K edge
was recorded. This was done at EXAFS
station 7.1 at the SRS in Daresbury, using
a Si (111) double crystal monochromator.
During these experiments the beam current
varied between 230 and 270 mA, while the
beam energy was 2 GeV. In all measure-
ments the monochromator was detuned to
50% of the maximum intensity to minimize
higher harmonic radiation.

Phase shifts and backscattering ampli-
tudes were calculated using spectra of refer-
ence compounds. In order to record these
spectra reference compounds were pressed
into self-supporting wafers with an adsorp-
tion p.x = 2.55 and mounted in an in situ
EXAFS cell (25). If necessary graphitic car-
bon was added as a binder. The EXAFS cell
was subsequently flushed with He for 15 to
30 min, after which it was closed. Finally it
was cooled to liquid nitrogen temperatures
and the X-ray absorption was measured.
WS, was used as a reference compound for
the W—W and W-S contributions (26), while
the Co-S coordination in CoS, was used for
the Ni-S contributions (27). Since Teo and
Lee showed that the phases of Co and Ni
hardly differ (28), the use of a Co absorber
instead of a Ni absorber is justified. For
the Ni—Ni contributions we used the Ni-Ni



TABLE 2

First-order Rate Constants kypg and kyyp for the Hy-
drodesulfurization of Thiophene and the Hydrogena-
tion of Butene, Respectively, as Well as Their Ratio,
for All Catalysts

Catalyst Ktins Kyyn Aavn'Aups
(0 "mikg 'y H (10 Tmikg s b
wWiC 0.55 1.07 1.95
Ni-Win hiC 1.70 1.52 0.94
Ni-W(0.2):C 1.50 228 0.64
Ni-W0.3)/C 4,35 242 (.56
Ni-W10.4):C 4.12 2,98 0.69
Ni-W(0.53/C 6.03 308 0.5
Ni-W.6):C 6,43 3.03 0.47
Ni-W{L8)C 8.0t 2 .40
Ni-W(1.0)/C 7.91 1.46 0.43
Ni-WiL3iC .41 3 140

coordination in NiO (29). Finally, the Ni-W
contribution in ((C¢H),P),Ni(WS,), was
used for the Ni-W coordination (30). For
this purpose ((C¢Hq) P),Ni(WS,), was pre-
pared according to the recipe in Ref. (3/).
In this complex each of the two tetrahedral
WS3 " units shares two sulfur ligands with
the central Ni ion. The Ni-S distance in the
central square-planar NiS, unit is 2.24 A and
the two Ni-W distances are equal to 2.82
A. The latter distance is (as we see under
Results) very close to the observed Ni-W
distance in the sulfided Ni—-W catalysts and
this makes the ((C,H;),P).NI(WS,), complex
a good reference compound.

All EXAFS analyses have been carried
out with the program NEX (32), which was
kindly made available to us by the Eindho-
ven University of Technology.

RESULTS

Catalytic Activity

In Table 2 the rate constants kypg and
kyyp are given, while Ay and the ratio
kyups’kyyp are plotted in Fig. 1 as a func-
tion of the Ni/W atomic ratio. It is clear
that Ni has a strong promotional effect
on the hydrodesulfurization activity; the
Ni—-W(1.3)/C catalyst is 15 times more ac-
tive than the W/C catalyst. The hydrogena-
tion activity, relative to kg, shows an op-
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posite trend. Although k,vp increases as
well with increasing Ni/W ratio, kyyp/kyps
decreases by a factor of 5. The same trend
was observed in sulfided Ni-Mo/C catalysts
(33), which suggests that the properties of
our Ni-W catalysts are similar to the ones
of the Ni-Mo/C catalysts in the reported
study. An objection against the simultane-
ous determination of the activity for hydro-
genation and hydrodesulfurization is that as
the activity for hydrodesulfurization in-
creases, more and more H,S is produced,
which might poison hydrogenation sites. As
a consequence kyyp 18 artificially lowered.
However, since all experiments except the
ones with the W/C and Ni-W(0.1)/C cata-
lysts have been carried out at approximately
the same conversion (ca. 50%), we believe
that the observed trend in kyyp with the
Ni/W atomic ratio is real. Although it is
commonly assumed that the rate determin-
ing step in the hydrodesulfurization of thio-
phene is the hydrogenation of thiophene to
dihydrothiophene, Ayps increases much
more strongly with increasing Ni loading
than kyyp . This is not a contradiction, how-
ever, because in a Langmuir-Hinshelwood
description these rate constants are actually
composed of real rate constants and adsorp-
tion constants, and the adsorption strength
of thiophene will definitely differ from that
of butene.

T
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Fig. 1. The steady-state kinetic rate constant Kyps
and the ratio kyyp/Aypy as a function of the Ni/W atomic
ratio.



Ni AND W EXAFS OF WS./C AND Ni-WS,/C

TABLE 3

Ranges in A- and R-Space Used in the Analyses
of the EXAFS Spectra

Absorption Catalyst Range in Range in
edge k-space (A ')  R-space (A)

W Ly wiC 3.21-18.32 1.22-3.56
Ni-W(0.3)/C 3.20-18.31 1.20-3.54

Ni-W(0.5)/C 3.21-17.91 1.20-3.58

Ni K Ni-W(0.3)/C 3.18-12.75 0.39-3.38
Ni-W(0.5)/C 3.16-12.84 0.38-3.20

Another observation is that up to a Ni/W
atomic ratio of 0.3 the relation between ky g
and this atomic ratio is approximately lin-
ear, which might indicate that up to this ratio
the major part of the Ni atoms is in the
Ni-W-=S structure, the Ni—W analogue of
the Co—Mo-S structure (6-8).

EXAFS

The EXAFS functions were isolated from
the X-ray absorption spectra using the fol-
lowing procedure. First a victoreen curve
was subtracted from the data to remove the
pre-edge absorption. After that the back-
ground was determined using cubic spline
routines (34). This background was then
subtracted from the absorption data. Finally
the data were normalized by division by the
apparent edge height, which is obtained by
back extrapolation of the cubic spline back-
ground (35). For the analyses the EXAFS
functions were first Fourier transformed in
order to remove high- and low-frequency
noise as well as higher shell contributions.
In this procedure the k-range was chosen as
large as possible, while &, and &,,, were
chosen in nodes of the EXAFS functions to
minimize cut-off effects. The resulting radial
distribution functions were backtrans-
formed in the R-range of interest. The k- and
R-ranges used are given in Table 3. The thus
isolated spectra were fitted in k-space and
R-space, with a &' weighting as well as a &3
weighting.

W EXAFS. In order to calculate phase
shifts and backscattering amplitudes for the
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W-S and W-W contributions the corre-
sponding peaks in the Fourier transformed
spectrum (see Fig. 2a) of the WS, reference
compound had to be isolated. Unfortu-
nately, these contributions could not be sep-
arated completely. On the one hand, this is
due to the relatively large sidelobe at the left
side of the W-W contribution. On the other
hand, the occurrence of the W L edge at
k = 18.6 A~ ! limits the k-range over which
we could Fourier transform the EXAFS
datatoca 18.3 A !, This prevents the contri-
butions from sharpening up optimally.
These two factors cause an error in the anal-
ysis of the W-S and W-W contributions,
but fortunately it i1s relatively small. More
serious is its effect on the analysis of the
W-Ni contribution. This contribution is
small, and in the radial distribution function
it is located in between the two (much larger)
W-S and W-W contributions. Because the
error in the W-S and the W-W references
causes a difference between the experimen-
tal data and the fit in the region where the
W-Ni contnbution can be expected, it is
difficult to fit this contribution reliably.
From the relation N(W-Ni) =
N(Ni-W) - Ni/W, which describes the bal-
ance of the number of bonds and in which
N(W-=Nij) is the coordination number of the
Ni atoms around a W atom and Ni/W is the
Ni to W atomic ratjo, one calculates that
N(W-=Ni) should be about 0.5 for both
Ni-W/AlL O, catalysts when the observed
N(Ni-W) values (see below under Ni
EXAFS) are taken into account. Of course,
a better fit was obtained when the W
EXAFS spectra were fitted not only with a
W-S and a W-W contribution, but also with
a W-Ni contribution with N = 0.5. How-
ever, the improvement in the fit was statisti-
cally insignificant and therefore we have re-
frained from quoting the W-Ni contribution
in Table 4.

In Fig. 2 the radial distribution functions
of all catalysts and the WS, reference com-
pound are presented. It is clear from this
figure that the majority of the tungsten in the
catalysts has a WS, structure, with W-S and
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FiG. 2. Radial distribution functions afier a &' Fourier transformation of {a) the WS, reference com-
pound together with the W/C catalyst and (b) of the W/C, Ni-W(0.3)/C, and Ni-W(0.5)/C catalysts.

W-W peaks at almost the same distances as
in WS,. Other authors have also made this
observation for sulfided Ni-W catalysts on
other supports (36-38). It is also obvious
that the W-S and W-W peaks are much
smaller in the catalysts. Especially the
W=W contribution has decreased, as ob-
served before by Kochubei et al. (38).

A comparison between the catalysts is
given in Fig. 2b. This figure shows that the
magnitudes of the W-S§ and the W-W con-
tributions increase when Ni is added to the
W/C catalyst. A similar effect was seen in

Ref. (39), where sulfided Mo/Al,O; and
Co-Mo/Al,O; catalysts were investigated
with EXAFS. In this study it was found that
the Mo-S coordination number increased
when the Co/Mo atomic ratio was increased
from 0 to ca. 0.65. Interestingly, at still
higher Co/Mo ratios the authors observed a
decrease again. Bouwens et al. also re-
ported an increase of Ny, _g in carbon sup-
ported sulfided Mo and Co-Mo catalysts
(9). In their work the Mo-S coordination
number increased from 5.2 in the Mo/C cat-
alyst to 6.0 in the Co—-Mo/C catalyst with a

TABLE 4

Structural Parameters of the W-S and W-W Coordinations for the W/C, Ni-W(0.3)/C,
and Ni-W(0.5)/C Catalysts

Catalyst W-8 contribution W-W contribution
N¢ Ag? R E, N¢ Ag? R? E,
(A (A) (eV) (AY (A) (eV)

w/C 5.7 0.0018 2.41 -0.1 34 0.0014 3.15 -0.5
Ni-W(0.3)/C 6.4 0.0016 2.41 -0.3 4.5 0.0019 3.14 2.0
Ni-W(0.5)/C 6.4 0.0018 2.41 -0.6 4.4 0.0020 3.14 1.2
WS, reference 6.0 2.405 6.0 3.153

compound

Note. The coordination number is represented by N, the atomic distance by R, the difference between the
inner potentials of sample and reference compound by £, and the difference between the Debye—Waller factors
of the sample and the reference compound by Ac?. The coordination numbers have been corrected for the
photoelectron mean free path (A) dependence, assuming that A = § A.

9 Inaccuracy 20%.
® Inaccuracy 1%.
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F1G. 3. Comparison of the &* Fourier transformed W EXAFS data of the W/C, Ni-W(0.3)/C, and
Ni-W(0.5)/C catalysts, and the corresponding calculated Fourier transform: (a) W/C, (b) Ni-W(0.3)/

C, and (c) Ni-W(0.5)/C.

Co/Mo atomic ratio of 0.7. Also the Mo—Mo
coordination number was higher in the Co-
promoted catalysts.

The observed increase in the magnitude
of the W-S and W-W peaks in the Ni-
W/C catalyst relative to W/C might qualita-
tively be ascribed to an increase in Ny _g
and Ny_w. The results of the quantitative
analyses of the three W-EXAFS spectra is
given in Table 4, together with the struc-
tural parameters of WS, from Ref. (26),
while comparisons between the experimen-
tal data and fits are given in Fig. 3. Table
4 confirms that, indeed, the coordination
numbers Ny,_g and N,,_y increase on add-
ing Ni to a W/C catalyst. Ny._g rises from
5.7 to 6.4 and Ny,_y, increases from 3.4 to
4.5. It can also be seen that the atomic
distances are in very good agreement with
those of WS,. All lie within 0.01 A of
the theoretical WS, distances. Finally it is

observed that no W-O contribution was
detected.

Ni EXAFS. In Fig. 4 a comparison be-
tween the experimental data and the fit for
the Ni EXAFS of the Ni-W(0.3)/C and
Ni-W(0.5)/C catalysts is given, and the cor-
responding structural parameters are given
in Table 5. As seen from this table, the main
peak consists of two Ni-S contributions at
about 2.22 and 2.35 A. The total Ni-S coor-
dination number is about 6. Apart from the
Ni-S contributions a Ni-W contribution is
also present, with a coordination number of
1.1to 1.5 and an atomic distance of approxi-
mately 2.80 A. This atomic distance is ap-
proximately the same as the Ni-Mo atomic
distance of 2.85 A in Ni—-Mo catalysts (/7).
We also tried to add a Ni-Ni contribution
at approximately 3.2 A to the EXAFS spec-
tra of the Ni—-W(0.3)/C and Ni-W(0.5)/C
catalysts, since in an EXAFS study on sul-
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F1G. 4. Comparison of the &* Fourier transformed Ni EXAFS data of the Ni-W(0.3)/C, and Ni-W(0.5)/
C catalysts, and the corresponding caiculated Fourier transform: (a) Ni-W(0.3}/C and (b)

Ni-W(0.5)/C.

fided Ni—Mo/C catalysts we observed this
coordination and ascribed it to neighbouring
Ni atoms on the MoS, edge (/7). Adding this
contribution resulted in an improvement of
the quality of the fits, especially at higher R
values, but the improvement was not large
enough to state unequivocally that this coor-
dination is present. Thus, though we cannot
exclude the presence of this contribution,

we also cannot definitely confirm its pres-
ence. In a previous study on sulfided Ni-W/
SiO, catalysts Kochubei er al®claimed to
have observed Ni-W coordinations at 2.4 A
and 3.5 A (38). We did not find any evidence
for these coordinations.

It proved impossible to fit the main peak
with one Ni-S contribution only, as could
be done in previous Ni-EXAFS work of

TABLE 5

Structural Parameters of the Ni-S and Ni-W Coordinations for the Ni-W{0.3)/C and Ni-W(0.5)/C Catalysts

Catalyst First Ni-S coordination Second Ni-S coordination
N Ag? R E, N Ao? R’ E,
(A} {A) {eV) (A} (A) (eV)
Ni-W(0.3)/C 4.0 0.0015 2.21 -37 2.2 0.0044 2.35 -8.0
Ni-W(0.5)/C 4.0 - 0.0007 2.23 -6.5 2.4 —0.0001 2.37 -5.5
Catalyst Ni-W coordination
N¢ Acg? R¢ Eq
(AY) (A) (eV)
Ni-W(0.3)/C 1.5 0.0085 2.78 -15.6
Ni-W(0.5)/C 1.1 0.0063 2.80 —18.0

Note. N, R, E,, and Ao’ are as defined in Table 4. The coordination numbers have been corrected for the
photoelectron mean free path (A) dependence, assuming that A = 5 A,

4 Inaccuracy 20%.
b Inaccuracy 2%.
“ Inaccuracy 509%.
4 Inaccuracy 5%.
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carbon- and alumina-supported sulfided
Ni—Mo catalysts (/7). This is due to the fact
that the difference in the atomic distances
of the two Ni-S contributions in the Ni-W
catalysts is larger (2.21 and 2.35 A) than that
in the Ni-Mo catalysts (2.22 and 2.27 A).

DISCUSSION

The excellent agreement between the ob-
served W-W and W-S atomic distances in
the catalysts and the corresponding atomic
distances in WS, demonstrates that WS,
particles are present in our catalysts. Also,
since no other distances are observed, we
conclude that WS, is the only phase present
with a regular structure. The observed W-S§
coordination number of 6.4 for the Ni-W
catalysts seems somewhat high, but it must
be considered that the absolute inaccuracy
in the coordination number is large (+209).
Therefore a value of 6.4 is not at all unrea-
sonable. The increase in the W-S8 coordina-
tion number going from W/C to Ni-W/C,
on the other hand, is real, since in this case
the relative inaccuracy, that is, the inaccu-
racy between two (similar) samples, is rele-
vant. This inaccuracy is much better, and
can be estimated at 3-5%.

In a radial electron distribution study on
sulfided W/SiO, and Ni—-W/SiO, catalysts
Moroz et al. reported a contribution at 3.8
A (37), which they ascribed to a W-Si coor-
dination. We did not find any evidence of a
contribution at 3.8 A in our catalysts, maybe
because in our case a carbon support was
used.

A comparison between the W-S and
W-W coordinations in W/C, Ni-W(0.3)/C,
and Ni-W(0.5)/C on the one hand, and these
coordinations in WS, on the other, shows
that in our catalysts the coordination num-
bers Ny_g and Ny,_y are much smaller than
in the reference compound. Especially the
W-W coordination number is considerably
decreased. This suggests that the WS, parti-
cles in our catalysts are very small. It is
possible to obtain an idea of how small these
particles are from the W-W coordination
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- f,jtﬁr -

G Tungsten atom

Single SH group

7 Two sulfur atoms
~ resp. SH groups on
top of each other

FiG. 5. Top view of a WS, slab consisting of seven
W atoms. The average W-W coordination number of
this slab is 3.4 and the average W-S§ coordination num-
ber is 5.7.

number. For example, in Fig. 5 a WS, slab
is drawn that consists of seven W atoms
and has a W~W coordination number of 3.4.
Because of the inaccuracy of 20% in the
W--W coordination number, a W-W coordi-
nation number of 3.4 means that the WS,
slab contains between 5 and 14 W atoms,
also depending on the slab geometry. If one
assumes that also in such small particles all
W atoms have a formal charge of +4, there
are not enough sulfur atoms available to ex-
plain a W-S coordination number of 5.7.
However, it must be considered that the
W-S coordination numbers are systemati-
cally too high. This is indicated by the W-S
coordination numbers for the Ni-W cata-
lysts. Ny_s 15 6.4 for these catalysts, al-
though a W-S coordination number higher
than 6 is not possible. Probably all W-S
coordination numbers have a systematic er-
ror of approximately +10%. Stll, also a
10% lower W-S coordination number is rel-
atively high, the more so if one considers
that some of the W atoms at the crystallite
edges may have a formal charge of +3, so
that even less S atoms are available. Such a
high W-S coordination number can only be
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explained if many of the S*~ ligands at the
WS, edge are replaced by SH ™ groups (two
SH~ for one S?7). However, a change in
the formal charge on the sulfur atoms (—1
instead of —2) should affect the atomic dis-
tances. For example, Secheresse et al. (40)
have observed that the distance between a
W atom and an SH™ group in (W,S,; H) ™ is
significantly larger than the distance be-
tween a W atom and a terminal $°~ ligand
(2.38 vs 2.10 A). Manoli et al. (41) and Co-
hen and Stiefel (42) reported that the atomic
distance between W and an S atom of S3~
and S}~ groups was larger as well (2.40 A).
Therefore, it is somewhat surprising that we
find no evidence of W-8 atomic distances
longer than 2.41 A. On the other hand, W-S
atomic distances can show significant devia-
tions. Lee et al., for example, have reported
W-=S distances for equivalent W-S§ coordi-
nations that varied between 2.45 and 2.72 A
(43). This indicates that W-S distances can
be different from the expected values and
that it is not impossible to find distances
between W** and SH™ of 2.41 A.

The W-W coordination number is some-
what larger in the promoted Ni-W(0.3)/C
and Ni—-W(0.5)/C catalysts, which indicates
a better crystallinmty (larger WS, particles
and/or larger crystalline domains inside
these particles). A similar phenomenon was
observed by Bouwens et al. (9) in EXAFS
studies of sulfided Mo/C and Co-Mo/C.
They found that the Mo—Mo coordination
number increased from 2.7 for Mo/C to 3.2
for Co—Mo/C and concluded that this was
due to an increased slab size. The increase
in Ny_w in our catalysts probably has the
same explanation.

Not only the W-W coordination number,
but also the W-S coordination number in-
creases after the addition of Ni (from 5.7 for
W/Ct0 6.4 for Ni-W(0.3)/C and Ni-W(0.5)/
C). In other words, in the unpromoted cata-
lyst the W atoms are not fully surrounded
by S atoms, whereas in the promoted ones
they are. There are several possible expla-
nations for this observation. The first is that
the increase in the W-S coordination num-
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ber originates from the increased WS, slab
size. Since Farragher showed that a WS,
edge cannot be completely covered with sul-
fur atoms for reasons of stoichiometry (44),
the W-S coordination number of many W
edge atoms is smaller than 6. Thus the over-
all W-S8 coordination number is smaller than
6 as well. Of course if the WS, particles
grow, the contribution of the edge atoms to
the overall W-S coordination number de-
creases, and Ny,_g approaches 6, the value
for bulk WS, . However, it is hard to imagine
that an increase in slab size is solely respon-
sible for the observed increase in Ny,_g from
5.7t06.4. Anincrease this large would mean
that the WS, slabs in the Ni-W(0.3)/C and
Ni~W(0.5)/C catalysts would have to ap-
proach bulk WS, , which is not in agreement
with the observed W-W coordination num-
ber of 4.5 and 4.4, respectively. Another
explanation for the increase in Ny_g might
be that the Ni atoms, which are situated
on the WS, edge, bring some sulfur atoms
along, thus completing the sulfur coverage
of W. This explanation was suggested by
Bouwens et al. (9), when they observed an
increase in the Mo-S coordination number
going from a sulfided Mo/C catalyst to a
sulfided Ni-Mo/C catalyst. In their case the
Ni atoms were five-fold surrounded by sul-
fur atoms; four of those sulfur atoms were
on the MoS, edge, and one sulfur atom was
sticking out in an apical position. In a Ged-
ankenexperiment each Ni atom which is put
on the MoS, edge could bring along two
sulfur atoms (as Ni(SH), for example). One
would be the fifth sulfur atom ‘‘sticking
out,”” and the other one could serve to in-
crease the Mo-S coordination number. In
our Ni-W case, however, it is not so
straightforward, because the Ni atoms are
six-fold surrounded by sulfur atoms, with
not one, but two sulfur atoms sticking out
(S2 in Fig. 6). If one of the SH ligands that
a Ni atom would bring along would be used
to increase the W-S coordination number,
the other would not be sufficient to coordi-
nate the Ni atom with six sulfur atoms. A
third possibility to explain the increase in
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O Tungsten atom

F1G. 6. Model for the local environment of the Ni
atoms in the Ni—-W-S structure. The atomic distance
between the Ni atom and the S1 sulfur atoms is 2.21 A,
and between Ni and S2 it is 2.35 A.

Ny, is a better sulfidation of the W. It is
known that in W/ALO; catalysts it is diffi-
cult to completely sulfide the W, even at
high temperatures (19, 20), due to the strong
W-support interactions. In the case of a
carbon support the W—support interactions
are much weaker, but they might still be
strong enough to prevent a complete sulfi-
dation of tungsten. In this respect it is inter-
esting that studies have shown that Mo-C
or Mo-0 bonds are present on sulfided Mo/
C catalysts (9,45). In our case W—C or W-O
bonds might also be present, especially in
the W/C catalyst. Since W can be sulfided
much more easily in the presence of Ni (/9,
20), it is conceivable that in the Ni-W(0.3)/
C and Ni-W(0.5)/C catalysts these bonds
are broken to a large extent during sulfida-
tion and that additional W-S bonds are
formed. This would lead to an increase in
the W-S coordination number. This expla-
nation might seem to be in conflict with the
absence of detectable W-C or W-0O bonds
in the W/C catalyst, but it must be realized
that it is difficult to observe such coordina-
tions. Furthermore, they might be ex-
tremely disordered, which makes it even
more difficult to detect them. Kisfaludi et
al., for example, found that in Al,O;-sup-

535

ported MoQ, catalysts certain Mo-O contri-
butions almost disappeared due to disorder
(46). Thus, it is conceivable that the W
atoms in the Ni-W/C catalysts have been
sulfided to a larger extent than in the W/C
catalyst, thereby increasing the W-S coor-
dination number. However, to conclude
definitely that this is the case more work
needs to be done. Summarizing we can say
that, although it is not possible to decide
conclusively what is the reason for the in-
crease in the W-S coordination number, a
larger WS, slab size combined with a more
pronounced sulfidation might explain this
effect.

The plot of kg vs the Ni/W atomic ratio
shows a straight line up to Ni/W = 0.3,
which suggests that up to that ratio not much
Ni sulfide has been formed. Also at a Ni/W
atomic ratio of 0.5 no large amounts of Ni
sulfide are formed. This is confirmed by our
Ni EXAFS results, which show no evidence
of N1,S, in the Ni~W(0.3)/C and Ni~W(0.5)/
C catalysts. Since Ni;S, is the most stable
Ni sulfide under our sulfidation conditions,
any Ni sulfide that would be formed in large
amounts should be Ni,S,. Indeed, several
studies on sulfided Ni/C or Ni-Mo/C cata-
lysts with high Ni/Mo atomic ratio have
shown the presence of Ni,S, (/7, 33). The
presence of this Ni sulfide showed up in a
Ni-Ni coordination at about 2.5 A. When
we tried to fit the spectrum of the
Ni-W(0.3)/C catalyst with this Ni-Ni coor-
dination instead of the second Ni-S coordi-
nation, no satisfactory fit was obtained.
Also adding a Ni-Ni coordination to the
existing two Ni-S coordinations and the
Ni-W coordination did not lead to any im-
provement in the quality of the fit. The same
1s the case for the Ni—W(0.5)/C catalyst.
Another reason why no substantial Ni,S,
formation can have taken place is the Ni-S
coordination number. EXAFS is a bulk
technique, and the observed Ni coordina-
tion numbers are an average of the coordina-
tion numbers of all Ni atoms present. In
Ni;S, the Ni atoms are four-fold coordinated
by sulfur atoms. The presence of a substan-
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tial amount of Ni,S, should therefore show
up in a lowering of the Ni-S coordination
number. This was not the case, after adding
a Ni-Ni contribution at 2.5 A the Ni-S coor-
dination number remained 6. Because of
this, and because the quality of the fit did
not improve upon adding this Ni-Ni contri-
bution, we conclude that no large amounts
of N1,S, are present in the Ni-W(0.3)/C and
Ni-W(0.5)/C catalysts, and that nearly all
Ni is present in a Ni-W-S structure. Small
amounts of Ni;S, may have been formed,
since EXAFS is not sensitive to the pres-
ence of small amounts of Ni-containing
compounds. However, the observation that
the curve of kypg vs the Ni/W atomic ratio
does not markedly deviate from a straight
line up to Ni/W = 0.3 indicates that the
possible formation of these compounds has
no large influence on the catalytic properties
up to this Ni/W atomic ratio.

Based on the atomic distances found in
the Ni and W EXAFS of the Ni-W(0.3)/
C and Ni-W(0.5)/C catalysts a structural
model can be proposed for the tocal environ-
ment of the Ni atoms. The general outline
of this model has already been given for
Ni-Mo and Co-Mo catalysts (10, 11, 47).
Since the W atoms are present in a stmilar
environment to the Mo atoms in those cata-
lysts, since the catalytic behaviour of our
W and Ni-W catalysts also shows many
similarities with the Mo catalysts, and fur-
thermore since the results of the Ni EXAFS
in the present study very much resemble
those of the Niand Co EXAFS in the studies
mentioned above, it can be concluded that
the Ni environment in the Ni—-W catalysts
is similar to that in the Ni—-Mo catalysts.
With the observed Ni—-W, Ni-S, and W-§
atomic distances the Niatoms are calculated
to be located in sites which are almost like
substitutional W sites. Figure 6 presents a
schematic drawing of these sites. However,
relative to substitutional positions. the Ni
atoms have moved 0.90 A toward the WS,
slab. To account for the Ni-S atomic dis-
tance of 2.21 to 2.22 A. the four S1 sulfur
atoms (Fig. 6), by which the Ni atoms are
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attached to the WS, edge, move 0.06 A con-
certedly towards each other, and 0.04 A
away from the WS, edge. There are two
additional sulfur atoms bonded to the Ni
atoms at a somewhat larger Ni-S distance
of 2.35 10 2.36 A. These are the sulfur atoms
S2 in Fig. 6. The distances obtained from
the EXAFS data do not allow one to specify
the exact position of these S2 atoms. Any
position of the two S2 atoms in front of the
Ni(S1), face in which Ry, s = 2.36 A is
allowed. The most logical structure, how-
ever, is the trigonal prismatic structure,
since in this structure the S1 and S2 sulfur
atoms are furthest apart. One possible trigo-
nal prismatic coordination is given in Fig. 6,
and the other has the S2 atoms in the Ni-W
plane.

The Ni-S2 atomic distance of 2.35 A is
somewhat longer than the corresponding
one observed in earlier Ni EXAFS studies
on sulfided Ni-Mo/C catalysts (/7, 47). In
those catalysts the longest Ni-S distance
was 2.29 A, but the Ni atoms were only
surrounded by five sulfur atoms. The extra
sulfur neighbour in the Ni-W/C catalysts
might explain the increased Ni-S distance.
The question then is why in Ni-W catalysts
Ni is six-fold coordinated by sulfur atoms,
whereas in the comparable Ni-Mo catalysts
it is five-fold coordinated. It is unlikely that
there is a structural reason, since the struc-
tures of WS, and MoS, are practically identi-
cal, and also the position of Ni on the edge
1s almost identical in these catalysts. The
reason for this difference might lie in differ-
ent electronic properties of W and Mo, for
example in the higher electron affinity of
W (48). This might decrease the electron
density on the sulfur atoms, which might
then lead to a higher Ni~-S coordination
number. In this respect it should be noted
that W seems to be more sensitive to H,S
than Mo. An increase in the partial pressure
of H,S, which is a poison for active sites,
during sulfidation decreased the activity of
W catalysts more than the activity of Mo
catalysts, which suggests that sulfur re-
moval is more difficult in W-based catalysts.
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Ni/W atomic ratio

Fi1G. 7. Parameters used for the estimation of the
intrinsic activity of Ni atoms from the overall rate con-
stant kyps -

From the activity data it is possible to
estimate the intrinsic activity of a Ni-pro-
moted site. This can be done by dividing
the increase in activity (p in Fig. 7) by the
amount of Ni atoms, corresponding to the
Ni/W atomic ratio (Ni/W),. It is necessary
to use data at a low Ni/W ratio, to be sure
that all Niis in the Ni-W-S8 structure. If we
take the data for Ni/W = 0.3, we obtain p
= (4.35 - 0.55) x 10°% = 3.80 x 107 m}
kg cat ! s~ '. With a Ni loading of 0.39 wi%
(Table 1) this means that the intrinsic activ-
ity per Ni atom is 0.058 m* mol Ni~' s ".
This calculation can also be done with the
catalytic activity data for the Ni~Mo/C cata-
lysts (33), since these catalysts have been
prepared according to the same procedure
and on the same support. In this way an
intrinsic activity of 0.057 m* mol Ni~'s~!is
obtained for the Ni-Mo/C catalyst with a
Ni/Mo atomic ratio of 0.17. In these calcula-
tions it is assumed that ail of the W or Mo
sites are retained. However, since the Ni
atoms cover W (Mo) sites, part of the W
(Mo) sites are lost. The measured increase
in activity p is, therefore, the sum of the
increase in kypg due to the addition of Ni
sites and the decrease in kypg due to the loss
of W (Mo) sites. Hence, these values are
only estimates of the intrinsic activity of the
Ni sites. However, the striking similarity
between them suggests that the intrinsic ac-
tivity of the Ni sites is the same. This would

537

give support to the suggestion of Visser et
al. that the actual catalyst is in fact the Ni,
and the MoS, or WS, is merely a (secondary)
support (49). The more so since for W/C and
Mo/C the intrinsic activities (per W or Mo
atom) are significantly different (0.0025 m?
mol W~ 's ! for W/C vs 0.0040 m* mol Mo !
s~ ! for Mo/C). Because of the small Ni-Mo
and Ni-W distances, the Mo and W atoms
may still have an electronic influence on the
Ni sites.

It could be argued that the conclusion
about the catalytic activities of the Ni-W
and Ni-Mo catalysts is not in accordance
with their structures, since EXAFS has
shown that Ni is six-fold coordinated by sul-
fur in Ni—-W, but five-fold in Ni-Mo cata-
lysts. It is even highly unlikely that a six-
fold coordinated Ni site has any catalytic
activity at all. One should realize, however,
that the EXAFS measurements were made
at low temperatures under helium, whereas
the catalytic measurements were made at
673 K under 3% H,S in H,. Under the reduc-
ing hydrotreatment conditions, sulfur va-
cancies will be created on the catalyst sur-
face, on which thiophene can adsorb and
react. In agreement with this, we observed
in a former EXAFS study (/1) that the Ni-S
coordination number of a Ni-Mo catalyst
decreased from 5.6 to 4.8 when, after sulfid-
ing with 10% H,S in H, at 673 K, the catalyst
was first treated with 2% H,S in H, or with
pure H, at 673 K, prior to helium flushing.
All this suggests that the structures ob-
served by EXAFS might not be the real cata-
lytic sites, but rather the precursors.

CONCLUSIONS

In many respects Ni-W/C behaves simi-
larly to Ni-Mo/C. The catalytic proper-
ties of both catalytic systems resemble
cach other, and also the structures of the
active components are very similar. The
W EXAFS shows that W is present as small
WS, particles. Either these particles, or the
crystalline WS, domains inside them, con-
tain approximately 5-14 W atoms. Upon
adding Ni to a W/C catalyst the WS, parti-
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cles or domains grow, as is evidenced by the
increase in the W-W coordination number.

From the Ni EXAFS a detailed descrip-
tion of the Ni environment is obtained. The
Ni atoms are decorating the WS, edge, ca.
2.8 A removed from W atoms, in a position
much like the position of the Ni atoms in
Ni-Mo/C (/7). They are connected to four
sulfur atoms belonging to the WS, edge, at
a distance of 2.22 A. Another two sulfur
atoms are attached to a Ni atom at a some-
what longer distance of 2.35 A. In this re-
spect the Ni-W system is different from the
Ni-Mo system, where Ni was five-fold co-
ordinated by sulfur atoms. Also the second
Ni-S atomic distance of 2.35 A is somewhat
larger than in Ni-Mo/C catalysts.

From the increase in catalytic activity
with increasing Ni/W atomic ratio an esti-
mation of the intrinsic activity of the Ni
atoms is calculated, which is strikingly simi-
lar to the intrinsic activity of Ni atoms in
sulfided Ni-Mo/C catalysts.

ACKNOWLEDGMENT

We thank the EXAFS group of the Eindhoven
University of Technology and Professor Dr. D. C.
Koningsberger for their support and the use of their
equipment during our EXAFS measurements.

REFERENCES

I. McCulloch, D. C., in **Applied Industrial Cataly-
sis”’ (B. E. Leach, Ed.), Vol. 1, p. 69. Academic
Press, New York, 1983.

2. Weisser, O., and Landa, S., ‘*Sulphide Catalysts,
Their Properties and Application.”” Pergamon
Press, Oxford, 1973.

3. Kwant, P. B., and van Zijll Langhout, W. C.,
Proces Technol. 10, 11 (1986}.

4. Ratnasamy, P., and Sivasanker, S., Catal. Rev .-
Sci. Eng. 22, 401 (1980).

5. Prins, R., de Beer, V., H. J., and Somorjai, G. A,
Catal. Rev.-Sci. Eng. 31, 1 (1989).

6. Topsege, H., Clausen, B. S., Candia, R., Wivel, C.,
and Mgrup, S., J. Catral. 68, 433 (1981).

7. Wivel, C., Candia, R., Clausen, B. S., Mgrup, S.,
and Topsge, H., J. Caral. 68, 453 (1981).

8. Topsge, N.-Y., and Topsge, H., J. Catal. 84, 386
(1983).

9. Bouwens, S. M. A. M., Prins, R., de Beer,
V. H. 1., and Koningsberger, D. C., J. Phys.
Chem. 94, 3711 (1990).

10. Bouwens, S. M. A. M., van Veen, J. A. R,

11.

12.
13.

14.

15,

16.

17.

18.

19.

20.

21.

25.

26.

27.
28.

29.
30.

31.

32.

LOUWERS AND PRINS

Koningsberger, D. C., de Beer, V. H. J., and Prins,
R., J. Phys. Chem. 95, 123 (1991).

Louwers, 8. P. A., and Prins, R., J. Catal. 133, 94
(1992).

Grange. P., Catal. Rev.-Sci. Eng. 21, 135 (1980).
Duchet, J. C., van Oers, E. M., de Beer, V. H. J.,
and Prins, R., J. Catal. 80, 386 (1983).

Gachet, C., Breysse, M., Cattenot, M., Decamp,
T., Frety, R., Lacroix, M., de Mourgues, L., Por-
tefaix, J. L., Vrinat, M., Duchet, J. C.. Housni,
S., Lakhdar, M., Tilliette, M. J., Bachelier, J.,
Cornet, D., Engelhard, P., Gueguen, C., and Toul-
hoat, H., Catal. Today 4, 7 (1988).

Perot, G., Brunet, G., and Hamze, N., in “Pro-
ceedings, 9th International Congress on Catalysis,
Calgary, 1988’ (M. J. Phillips and M. Ternan,
Eds.), p. 19. Chem. Institute of Canada, Ottawa,
1988.

Mazzarino, 1., Baldi, G., and Iannibello, A., Bull.
Soc. Chim. Belg. 100, 849 (1991).

Ouafi, D., Mauge, F., Lavalley, J. C., Payen, E.,

Kasztelan, S., Houari, M., Grimblot, J., and
Bonnelle, J. P., Catual. Today 4, 23 (1988).
Payen, E., Kastzelan, S., Grimblot, J.. and

Bonnelle, J. P., Catal. Today 4, 57 (1988).
Scheffer, B., Mangnus, P. J., and Moulijn, J. A.,
J. Catal. 121, 18 (1990).

Duchet, J., Lavalley, J. C., Housni, S., Ouafi, D.,
Bachelier, J., Lakhdar, M., Mennour, A., and Cor-
net, D., Catal. Today 4, 71 (1988).

Breysse, M., Cattenot, M., Decamp, T., Frety,R.,
Gachet, C., Lacroix, M., Leclercq, C., de
Mourgues, L., Portefaix, J. L., Vrinat, M., Houari,
M., Grimblot, J., Kasztelan, S., Bonnelle, }. P.,
Housni, S., Bachelier, J., and Duchet, J. C., Catal.
Today 4, 39 (1988).

. Scheffer, B., Mothoek, P., and Moulijn, J. A.,

Appl. Catal. 46, 11 (1989).

. Ledoux, M. J., Hantzer, S., and Guille, J., Buil.

Soc. Chim. Belg. 96, 855 (1987).

. Stern, E. A. in **X-ray Absorption, Principles, Ap-

plication, Techniques of EXAFS, SEXAFS and
XANES™ (D. C. Koningsberger and R. Prins,
Eds.), p. 4. Wiley, New York, 1988.

Kampers, F. W. H., Maas, T. M. J., van Grondelle,
1., Brinkgreve, P., and Koningsberger, D. C., Rev.
Sci. Instrum. 60, 2635 (1989).

Schutte, W. J., de Boer, J. L., and Jellinek, F., J.
Solid State Chem. B 70, 207 (1987).

Elliot, N., J. Chem. Phys. 33, 903 (1960).

Teo, B. K., and Lee, P. A., J. Am. Chem. Soc.
101, 2815 (1979).

Rooksby, H. P., Acta Crystallogr. 1, 226 (1948).
Miiller, A., Bogge, H., Krickemeyer, E., Henkel,
G., and Krebs, B., Z. Naturforsch. 37b, 1014

(1982).
Miiller, A.. Diemann, E., and Heinsen, H.-H.,

Chem. Ber. 104, 975 (1971).
Vaarkamp, M., Linders, H., and Koningsberger,
D. C., to be published.



33.

34.

35.

36.

37.

38.

39.

40.

Ni AND W EXAFS OF WS,/C AND Ni-WS,/C

Bouwens, S. M. A. M., Barthe-Zahir, N., de Beer,
V. H. J., and Prins, R., J. Catal. 131, 326 (1991).
Cook, J. W., and Sayers, D. E., J. Appl. Phys. 52,
5024 (1981).

van Zon, J. B. A. D., Koningsberger, D. C., van’t
Blik, H. F. J., and Sayers, D. E., J. Chem. Phys.
82, 5742 (1985).

Ng. K. T., and Hercules, D. M., J. Phys. Chem.
80, 2094 (1976).

Moroz, E. A., Bogdanov, §. V., Tsybulya, S. V.,
Burmistro, V. A., Startsev, A. N., and Yermakov,
Y. I., Appl. Catal. 11, 173 (1984).

Kochubei, P. 1., Kozlov, M. A., Zamaraev, K. I.,
Burmistrov, V. A., Startsev, A. N., and Yerma-
kov, Y. ., Appl. Catal. 14, 1 (1985).

Boudart, M., Sanchez Arrieta, J., and Dalla Betta,
R..J. Am. Chem. Soc. 105, 6501 (1983).
Secheresse, F., Manoli, J. M., and Potvin, C.,
fnorg. Chem. 25, 3967 (1986).

41.

42.

43.

4.

45.

46.

47.

48.

49.

539

Manoli, J. M., Potvin. C., and Secheresse, F.,
Inorg. Chem. 26, 340 (1987).

Cohen, S. A., and Stiefel, E. L., Inorg. Chem. 24,
4657 (1985).

Lee, S., Staley, D. L.. Rheingold, A. L., and Coo-
per. N. 1., Inorg. Chem. 29, 4391 (1990).
Farragher, A. L., Adv. Colloid Interface Sci. 11, 3
(1979).

Hayden, T. F., Dumesic, J. A., Sherwood, R. D.,
and Baker R. T. K., J. Catal. 105, 299 (1987).
Kisfaludi, G., Leyrer, J., Knozinger, H., and
Prins, R., J. Catal. 130, 192 (1991).

Bouwens, S. M. A. M., Koningsberger, D. C., de
Beer, V. H. J., Louwers, S. P. A., and Prins, R.,
Catal. Lett, 8, 273 (1990).

Hotop, H., and Lineberger, W. C., J. Phys. Chem.
Ref. Data 14, 731 (1985).

Vissers, J. P. R., de Beer, V. H. J., and Prins, R.,
J. Chem. Soc. Faraday Trans. | 83, 2145 (1987).



