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The catalytically active coatings of tube wall reactors, consist-
ing of an aluminium oxide washcoat and platinum, platinum/tin,
or platinum/rhenium deposited by incipient wetness impregna-
tion, are characterized using BET surface area measurements, CO
chemisorption, X-ray photoelectron spectroscopy, plasma atomic
emission spectroscopy, high resolution transmission electron mi-
croscopy (HRTEM), and extended X-ray absorption fine structure
analysis (EXAFS). The mesoporous catalysts show a type-IV ad-
sorption isotherm, yielding an average pore diameter of 9 nm, and a
BET surface area between 178 and 197 m2/g. From the bulk and sur-
face analysis results, an enrichment of tin or rhenium, respectively,
is found to take place at the surface of the bimetallic catalysts. Very
good agreement between the particle sizes estimated from EXAFS,
CO-chemisorption, and HRTEM data is found for a low loading
(1.5 wt%) platinum catalyst, leading to dispersion values between
75 and 80%, a cluster size of 30 atoms, and a particle diameter
around 13 Å. Using the catalytic dehydrogenation of methylcyclo-
hexane as a test reaction, it is demonstrated that a pretreatment at
high reduction temperatures leads to a decrease in activity. EXAFS
show that this effect is due to a stronger metal–support interac-
tion, as indicated by the appearance of a Pt-O contribution at
2.25 Å in the coordination sphere of the surface platinum atoms.
c© 1999 Academic Press

INTRODUCTION

One of these solutions is the so-called MTH cycle
The catalysts investigated in this study are used in a
project aimed at the seasonal storage of electric energy.
In view of spatial and temporal mismatch between pro-
duction and demand of energy, the need for storage, long
distance transport, and distribution of energy is a well-
recognised problem. Solutions offering the possibility of
long-term storage with minimum transport losses are in the
centre of interest. Several projects (1–5) deal with the sea-
sonal storage and transport of surplus electricity, produced
during summer time out of hydropower. For the optimum
use of renewable energy sources, such as solar energy or
wind power, efficient storage solutions will again be a pre-
requisite.
113
(methylcyclohexane, toluene, and hydrogen) first proposed
by Taube and Taube (6). In this cycle surplus summer elec-
tricity is used to produce hydrogen by electrolysis of water.
In a hydrogenation step, hydrogen and toluene are con-
verted into methylcyclohexane. The product methylcyclo-
hexane can be stored at ambient pressure in tanks for a long
period. During winter season with a larger demand for elec-
tricity, hydrogen can be recovered from methylcyclohexane
by dehydrogenation, and transformed into heat, power, or
electricity. Toluene is recycled for further use in the next
summer cycle.

For the highly endothermic dehydrogenation reaction
(1H298K

r = 205 kJ/mol) usually packed bed reactors with
catalyst pellets are applied. Methylcyclohexane dehydro-
genation has been carried out using monometallic and bi-
metallic catalysts with aluminium oxide as support. Among
the monometallic catalysts, platinum treated with sulphur
showed the best results (7). For the bimetallic compositions,
Pt-Sn (8, 9) and Pt-Re (10) showed high selectivity, as well
as good stability for the methylcyclohexane dehydrogena-
tion. Müller (11) used specially prepared organometallic
cluster catalysts and reported high selectivity and activity,
comparable with commercial catalysts.

Platinum and bimetallic Pt-M catalysts have been used in
the closely related catalytic reforming of naphtha in order
to improve the octane number. In this process, the fast de-
hydrogenation of cycloalkanes to aromatics occurs mainly
in the first adiabatic reactor (12).

The use of packed-bed reactors for a fast and highly en-
dothermic reaction, such as the dehydrogenation of methyl-
cyclohexane, results in serious heat transfer problems.
Large temperature gradients in packed-bed reactors are
usually undesirable for several reasons, i.e. an unfavourable
influence on the equilibrium conversion, undesirable ef-
fects on the activity, selectivity or physical stability of the
catalyst, and, due to their adverse impact on reactor opera-
tion, safety. These problems could be avoided by enhancing
the heat transfer to the catalyst by the application of wall
0021-9517/99 $30.00
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reactors, instead of packed-bed reactors. The design of wall
reactors, in which a catalytic coating is applied to the tube
wall, results in good temperature control and reduces tem-
perature gradients (13).

In view of the mentioned results reported for packed-bed
reactors, we decided to study monometallic Pt, as well as
bimetallic Pt-Re and Pt-Sn catalysts, on aluminium oxide
support in a wall reactor. As the preparation procedure for
the catalytic coatings is largely different from the one of
catalyst pellets, an in-depth characterisation was required.

EXPERIMENTAL

Catalyst Coating

Four different catalysts were prepared by Doduco
GmbH, by wash coating and impregnation by incipient wet-
ness:

(a) platinum A: 3 mg/cm2 Pt on γ -Al2O3, desired metal
loading 1.5 wt%.

(b) platinum B: 3 mg/cm2 Pt on γ -Al2O3, desired metal
loading 15 wt%.

(c) platinum/rhenium: 3 mg/cm2 Pt/Re on γ -Al2O3, de-
sired metal loading 0.5/0.5 wt%.

(d) platinum/tin: 3 mg/cm2 Pt/Sn on γ -Al2O3, desired
metal loading 0.5/0.5 wt%.

A Fecralloy® tube, a steel tube with a high aluminium
content, was used as substrate for the wash coat. Prior to
the coating the tube was rinsed with acetone and was heated
up to 1273 K for 4 h under 200 ml/min air flow. This proce-
dure results in an enrichment of aluminium on the surface,
which proved helpful for attaching the wash coat to the steel
tube. The desired amount of the wash coat was applied to
the reactor tubes in several dipping and drying steps. Fi-
nally, the metal salts were deposited by incipient wetness
impregnation.

Catalyst Pretreatment

For the pretreatment of the catalyst two different proce-
dures were used. The first, termed “direct reduction,” con-
sisted of a reduction step at 703 K for 2 h in 30 ml/min of
pure hydrogen (99.995%, Sauerstoffwerk Lenzburg AG).
The second, termed “mild reduction,” started with a dry-
ing step in a 100 ml/min flow of pure nitrogen (99.999%,
Sauerstoffwerk Lenzburg AG) while the temperature was
increased from ambient to 573 K at a rate of 10 K/min.
This was followed by a reduction step in 30 ml/min pure
hydrogen at 663 K for 2 h.

Catalytic Tests

The catalytic studies were carried out in a micro reactor
system. Prior to the catalytic test one of the above pre-

treatments was applied. The reactant hydrogen flow was
controlled by a mass flow controller, and the hydrogen flow
N ET AL.

in the product stream after the condenser was determined
by a mass flow sensor (Bronkhorst High-Tec F-201C-FA).
Methylcyclohexane (impurities <0.2%, EMS Chemie) was
fed by a step-motor pump (RTC® M16) and evaporated
into the preheated feed gas stream. Hydrogen to methyl-
cyclohexane ratios used in the tests were 5 : 1 and 1 : 1. The
pressure in the system was regulated between 2 and 7 bar
absolute by a pressure controller (Bronkhorst High-Tec P-
702C-FA). The weight hourly space velocity (WHSV) was
maintained at 10 h−1. For each set of feed and pressure
conditions, catalytic conversion was determined for three
temperatures levels, i.e. 598 K, 648 K, and 698 K. The gas
composition at the reactor outlet was monitored using a
gas chromatograph (Hewlett-Packard, type 5890 series II)
with a cross-linked methyl-silicone-gum column (HP1). The
establishment of steady-state was verified for all results re-
ported below.

BET Surface Area Measurements

For the BET surface area measurements, the catalyst was
scraped from the tube substrate and powdered, to avoid
any influence from the steel tube. The BET surface areas
were measured by nitrogen (99.999%, PanGas) physisorp-
tion at 77 K, using a Micromeritics gas adsorption apparatus
(ASAP 2000). Prior to the measurement, the samples were
degassed overnight in vacuum at 473 K. For the calculation
of the BET surface areas, the relative pressure range p/p0

of 0.05 to 0.2 was used. The pore radius distribution was
determined by the method of Barrett, Joyner, and Halenda
(BJH method).

CO Chemisorption

Before the measurement, the samples scraped from the
tube walls were pretreated at 623 K for 30 min in oxygen
(99.995%, PanGas), cooled down to room temperature, and
then heated up to 373 K in helium (99.995%, PanGas). The
following reduction step at 623 K in hydrogen (99.995%,
PanGas) lasted for 2 h. The carbon monoxide (99.995%,
PanGas) chemisorption was carried out in a Micromeritics
apparatus (ASAP 2010C) at 308 K.

Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES)

The powdered samples were mixed with potassium py-
rosulfate. This mixture was heated with a gas burner and
the resulting solid residue was dissolved in dilute sulphuric
acid. The resulting solution was analysed using an ARL-
3410 analyser.

X-Ray Photoelectron Spectroscopy (XPS) Measurements

The XPS measurements were performed in a Leybold
LH 11 XPS apparatus, with the powdered catalyst samples

supported on appropriate tabs. A Mg Kα radiation source
was used with an energy of 240 W. The analyser had a
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constant pass energy of 150 eV, and the pressure in the
sample chamber was at 5 × 10−9 mbar. The surface compo-
sition was determined after the subtraction of a Shirley-type
background.

High Resolution Transmission Electron Microscopy
(HRTEM) Measurements

The catalyst was examined fresh (without any pretreat-
ment) and after a mild pretreatment. A small amount of
the scraped and powdered catalyst was mixed with ethanol.
This mixture was put into a ultrasonic bath before it was
applied to a special carrier matrix. For the examination a
Phillips microscope CM 30 ST (300 kV) was used.

Extended X-Ray Absorption Fine Structure (EXAFS)
Measurements

The samples were characterized by EXAFS spec-
troscopy at the Swiss Norwegian Beamline (SNBL) of
the European Synchrotron Radiaton Facility (ESRF) in
Grenoble. The storage ring was operated at 6 GeV and
a current between 120 and 250 mA. Samples were pressed
into self-supporting wafers and placed in an in situ cell (14).
All pretreatments were carried out in situ. EXAFS mea-
surements were performed at the Pt L3-edge at liquid ni-
trogen temperature. Data were collected in transmission
mode using a Si (111) double crystal monochromator.

The EXAFS spectra were analysed by deglitching, pre-
edge subtraction, normalisation, and Fourier transforma-
tion of the obtained χ(k) spectra. The FT-spectra were fit-
ted using standard procedures. Data for the phase shifts and
back scattering amplitudes were obtained form reference
compounds. Pt foil was used as reference for modelling the
Pt-Pt contributions, and Na2Pt(OH)6 for the Pt-O contri-
butions (15).

RESULTS

BET Measurements and CO-Chemisorption

Results from the nitrogen physisorption and carbon
monoxide chemisorption measurements are compiled in
Table 1. The physisorption isotherms of all samples showed
a type-IV shape, according to the IUPAC classification (16).

TABLE 1

Textural Properties of Catalysts from BET and CO
Chemisorption Measurements

BET surface Metal surface
area Pore diameter area Dispersion

Catalyst m2/g nm m2/g %

Pt A 197 8.9 5.2 76
Pt B 188 9.0 7.6 44

Pt/Sn 178 9.0 0.8 31
Pt/Re 190 9.1 0.1 12
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TABLE 2

Metal Loadings from ICPAES and XPS Measurements

ICPAES XPS

Metal 1 Metal 2 Metal 1 Metal 2
Catalyst wt% wt% wt% wt%

Pt A 2.75 Pt 4d 2.85
Pt B 6.98 Pt 4d 4.86
Pt/Sn 0.81 1.16 Pt 4d/Sn 3d5/2 0.98 2.39
Pt/Re 0.47 0.27 Pt 4d/Re 4f 1.01 0.97

This is typical for porous systems with mesopores between 2
and 50 nm and is often observed for industrial catalysts. The
mean pore diameter for the four samples is around 9 nm.
With BET surface areas between 178 m2/g and 197 m2/g the
samples are in the range of commercial catalysts with γ -
Al2O3 as support. The platinum catalyst A with a compara-
tively low Pt loading (cf. Table 2) and a specific metal surface
area of 5.2 m2/g shows a good dispersion, while the more
heavily loaded Pt B catalyst exhibits a significant decrease in
dispersion. The very low metal surface areas and dispersion
values for the bimetallic catalysts Pt/Sn and Pt/Re could be
caused by the low drying and reduction temperatures below
773 K, as pointed out in Ref. (17).

ICP-AES and XPS Measurements

Results from the ICP-AES and XPS measurements are
compiled in Table 2. For catalyst Pt A we note a good
agreement between the bulk composition (2.75 wt%) as
determined by ICP-AES, and the surface composition
(2.85 wt%) from XPS. For catalyst Pt B the difference be-
tween the ICPAES and the XPS value is larger, as may be
expected from the lower dispersion (Table 1). It is interest-
ing to note that XPS shows a higher loading of the second
metal, relative to the values measured with ICP-AES, for
both the Pt/Sn and the Pt/Re catalyst.

HRTEM Measurements

In the micrograph of the fresh Pt A catalyst after direct
reduction (Fig. 1), only very big metal particles with sizes
between 15 nm and 85 nm are discerned. These particles
show the typical shapes of face-centred cubic (fcc) crystals
as presented by Yacaman et al. (17). The authors point out
(18) that their population is a function of temperature of
reduction and preparation conditions. Figure 1 is also rep-
resentative for the fresh samples of the other investigated
catalysts. From inspection of the HRTEM image in Fig. 1 it
is clear that none of the dispersion values in Table 1 would
be compatible with particles of the size shown.

Therefore, further HRTEM measurements were carried
out with samples that underwent a mild pretreatment as

described in the experimental section. The resulting micro-
graph for the Pt A catalyst is shown in Fig. 2. A mean particle
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FIG. 1. High resolution transmission electron micrograph of the fresh Pt A catalyst after direct reduction (cf. Experimental part).
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FIG. 2. High resolution transmission electron micrograph of the Pt A catalyst after mild pretreatment (drying at 573 K and reduction at 663 K; cf.
Experimental part).
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FIG. 3. EXAFS spectra (Fourier transform of χ(k)k3) of the Pt A catalyst after direct reduction at 703 K (solid line). A fit including both Pt-Pt

and Pt-O contributions is shown as a dotted line.

size was determined by measuring 180 particles and by cal-
culating an average diameter. This leads to a mean particle
diameter of 13.6 Å. A diameter in the same range (13 Å)
was confirmed for Pt catalyst A after 48 h of reaction. Using
the mathematical relation between metal loading, particle
diameter, and dispersion of supported catalysts derived by
Pérez et al. (19), a dispersion between 75% and 79% was
obtained. This is in good agreement with the chemisorption
data.

EXAFS Measurements

Figure 3 shows the Fourier transformed EXAFS spec-
trum observed with catalyst Pt A after direct reduction at
703 K, as described in the experimental section. The (k3

weighted) Fourier transform shows a Pt-Pt contribution at
2.6 Å. A second scattering centre besides platinum, which is
not present in the spectra of the reference Pt-foil, is observ-
able around 2 Å. The fitting of the Fourier filtered, phase-
shift corrected EXAFS spectra resulted in the identification
of two significant contributions presented in Table 3. The
first is a Pt-Pt contribution at 2.74 Å, with a coordination

TABLE 3

EXAFS Structural Derived from the Data in Fig. 3

Absorber Backscatterer CNa 1σ 2 R/Å

Pt Pt 6.3 0.0032 2.74

Pt O 0.7 0.0021 2.25

a Coordination number.
number of 6.3. The second is a Pt-O contribution at 2.25 Å
with a coordination number of 0.7. Similar EXAFS spectra
were obtained by Vaarkamp et al. (20) after reduction of
platinum catalysts at higher temperatures.

The Fourier transformed EXAFS spectrum of the Pt A
catalyst after the mild pretreatment at 663 K, as described
in the experimental section, is shown in Fig. 4. In the k3

weighted Fourier transform a Pt-Pt contribution is observ-
able at around 2.6 Å. No other peak deviating form the
spectra of the Pt-foil could be detected. This is confirmed
by the fitting of the Fourier-filtered EXAFS spectra, with
results shown in Table 4. A significant fit of the spectrum
was obtained in terms of a Pt-Pt contribution at 2.74 Å and
a coordination number of 6.8. The same facts were obtained
by Vaarkamp et al. (20) for their reduction procedures at
temperatures of 573 K.

From the coordination number of this fully reduced state
of the Pt A catalyst, the number of atoms per cluster was
calculated according to Shido and Prins (21). This calcula-
tion is based on the assumption of hemispherical particles.
With a coordination number of 6.8 a cluster size of about
30 atoms was derived. This agrees with the findings from

TABLE 4

EXAFS Structural Derived from the Data in Fig. 4

Absorber Backscatterer CNa 1σ 2 R/Å
Pt Pt 6.8 0.0032 2.74

a Coordination number.
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FIG. 4. EXAFS spectra of the Pt A catalyst after a mild pretreatment at 663 K (solid line). A fit including only a Pt-Pt contribution derived from

a Pt-foil reference sample is shown as the dotted line.

Kip et al. (22) who calculated a diameter of 4.4 times the
atomic diameter for a cluster containing 30 atoms. With an
atomic radius of 137.3 pm, this leads to a particle diameter
˚
of 12.1 A, in good agreement with the TEM results. If we use
the relation between coordination numbers and dispersion

recorded after direct reduction and after mild pretreatment
is presented in Fig. 5. The small increase in the amplitude
FIG. 5. Overlay of the EXAFS spectra observed after direct reduction
663 K (data from Fig. 4, solid line).
derived by Kip et al. (22), a dispersion of 80% is determined
for a coordination number of 6.8.

An overlay of the Fourier transformed EXAFS spectra
at 703 K (data from Fig. 3, dotted line) and after a mild pretreatment at
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of the Pt-Pt contribution is also represented in the Pt-Pt
coordination numbers in Tables 3 and 4. A coordination
peak around 2 Å is observable with the higher reduction
temperature (direct reduction). This peak accounts for the
Pt-O contribution.

DISCUSSION

Structural Parameters Derived form BET,
CO-Chemisorption, ICP-AES, and XPS

The BET measurements show that the textural parame-
ters of the catalysts used in the wall reactors are comparable
to those of commercial catalysts used for the dehydrogena-
tion of methylcyclohexane in packed-bed reactors (7, 11).
A comparison of the values for the metal loading from ICP-
AES and XPS for the platinum catalyst Pt A exhibits a very
good agreement between these two methods. Because the
former is a bulk and the latter is a surface sensitive method,
this indicates that the platinum on this catalyst is well dis-
persed and present in clusters with a thickness of no more
than 10 atom layers. CO-chemisorption measurements con-
firmed this fact, yielding a dispersion of 80%.

The same comparison, when made for the Pt B catalyst,
leads to the conclusion that the metal in this catalyst is
not as well dispersed. The loading obtained from the sur-
face method is lower than the one from the bulk method.
The corresponding lower dispersion value of 44% resulting
from CO-chemisorption is in agreement with this differ-
ence.

Of particular interest is the comparison between ICP-
AES and XPS for the two bimetallic catalysts. Both show
higher metal loading values for the second metal in the XPS
measurements. This indicates that tin as well as rhenium are
enriched at the catalyst surface, as compared to the plat-
inum. The results from CO-chemisorption show that the
low reduction temperatures employed lead to a poor dis-
persion for the bimetallic catalysts. The low carbon monox-
ide uptakes may be due to an interaction between the two
metal oxide species. Various studies (17, 23, 24) describe
such a behaviour for rhenium for low reduction tempera-
tures, as used in the mild pretreatment.

HRTEM Measurements

The high resolution micrographs presented in Figs. 1 and
2 emphasise the importance of the pretreatment. Direct
reduction of the unpretreated catalyst (i.e., in the presence
of moisture) leads to extensive sintering of the platinum
particles, as expected from experience. In contrast, good
dispersion is obtained if the reduction step is preceded by
drying. The mean particle diameter of 13 Å determined
from Fig. 2 is in good agreement with the value of 12.1 Å

derived from EXAFS. Similarly, the dispersion for Pt A
between 75% and 79% calculated from HRTEM following
Pérez et al. (19) was confirmed by EXAFS (80%), as well
ET AL.

as by CO-chemisorption (76%). The good correspondence
between the above three methods does not only provide
strong evidence for a true dispersion value around 80%, but
also points to a good reproducibility of the catalyst surface
with the mild pretreatment, as for each experiment a freshly
prepared sample was used.

Dehydrogenation experiments of methylcyclohexane, as
mentioned in the experimental section and described in
detail elsewhere (25), showed that the well dispersed cata-
lyst Pt A exhibited high catalytic activity, i.e. high toluene
yields. These tests also revealed that the degree of disper-
sion, as established by the pretreatment, does exert a strong
influence on the catalytic activity. In the state after direct
reduction (Fig. 1) catalyst Pt A is not very active; the same
statement holds for the bimetallic catalysts after mild re-
duction. Significantly higher yields were obtained with the
bimetallic catalysts after direct reduction at 703 K, because
of an ensuing higher dispersion.

HRTEM pictures of a Pt A sample after 48 h of continu-
ous reaction showed no difference in the particle size. This
was also confirmed by EXAFS measurements performed
in situ under dehydrogenation conditions. Similar experi-
mental results were obtained by Caballero et al. (26, 27)
with Pt, Pt/Re, and Pt/Sn catalysts.

EXAFS Measurements

Noting that the reduction temperature (703 K) of the
sample characterised by the EXAFS spectrum in Fig. 3 was
higher than the one (663 K) used for the sample charac-
terized in Fig. 4, it becomes clear that the Pt-O contribu-
tion detected for the former does not originate from in-
complete reduction. If a temperature of 663 K is sufficient
to fully reduce the catalyst, this should also be the case at
703 K. Temperature programmed reduction experiments
confirmed that the catalyst is fully reduced at 663 K.

Fourier transformed EXAFS spectra of the catalyst in
its oxidised state are shown in Fig. 6. The corresponding
structural parameters from the fitting procedure (Table 5)
demonstrate that the peak in the spectra at around 1.8 Å
can be well represented just in terms of a Pt-O contribu-
tion. The resulting Pt-O distance is 2.04 Å, with a coordi-
nation number of 5.1. A comparison of the Pt-O distance
of the oxidised catalyst (2.04 Å) with the one obtained
from the catalyst after “direct reduction” (2.25 Å, Table 3)
points out that different kinds of Pt-O bonds are involved.
Upon oxygen chemisorption on reduced Pt/SiO2 at 298 K,

TABLE 5

EXAFS Structural Derived from the Data in Fig. 6

Absorber Backscatterer CNa 1σ 2 R/Å
Pt O 5.1 0.0011 2.04

a Coordination number.
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t in terms of a Pt-O contribution derived from the Na2Pt(OH)6 reference
FIG. 6. EXAFS spectra of the oxidised Pt A catalyst (solid line). A fi
sample is shown as the dotted line.

Lytle et al. (27) have determined a metal–oxygen distance
of 2.03 Å, which is suggested to be the Pt-O distance for sur-
face oxygen on the metal. Hence, the longer metal–oxygen
distance after direct reduction cannot be explained by sur-
face oxygen on the metal. According to Vaarkamp et al. (19)
the longer Pt-O distance can be attributed to a character-
istic interaction of zero-valent platinum in contact with an
oxide support. In their EXAFS measurements, Vaarkamp
et al. found two different Pt-O distances depending on the
reduction temperature, a short one at 2.2 Å and a longer one
at 2.6–2.7 Å. The authors suggest that both distances orig-
inate from metal–support bondings. The shorter distance
is ascribed to direct contact of the metal with the support
oxygen, while in the other case interfacial hydrogen causes
the longer bond of platinum and oxygen. This leads to the
conclusion that at higher reduction temperatures interfa-
cial hydrogen is irreversibly removed. In the present study,
only the shorter Pt-Osupport distance (2.25 Å) could be de-
tected, while any longer distance, if present, could not be ex-
tracted from the data due to overlap with Pt-Pt coordination
peaks.

Catalytic Tests

The mentioned structural changes occurring at the
metal–support interface during high reduction tempera-
tures lead one to expect severe influence on the catalytic
properties of the catalyst. This is confirmed by methylcyclo-
hexane dehydrogenation tests with catalysts tubes subject
to the different pretreatments, as described in more detail
elsewhere (25). For catalyst A pretreated by direct reduc-

tion at high temperature, Figs. 7 and 8 show the temperature
dependence of the toluene yield at 7 and 2 bar absolute,
FIG. 7. Dehydrogenation experiment at 7 bar absolute. Temperature
dependent toluene yields are shown for catalyst Pt A after direct reduction
at 703 K.
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FIG. 8. Dehydrogenation experiment at 2 bar absolute. Temperature
dependent toluene yields are shown for catalyst Pt A after direct reduction
at 703 K.

respectively. At 7 bar the maximum yield is ≈ 90%, while
at 2 bar only 20% was achieved.

For the corresponding experiments after mild pretreat-
ment of catalyst A, Figs. 9 and 10 show the toluene yield at
7 bar and 2 bar absolute, respectively. For both pressures,
a significant rise in activity was observed as compared to
the former pretreatment, with toluene yields higher than
98% for the maximum temperature. These tests demon-
strate clearly that the stronger metal–support interaction
after high reduction temperatures has a considerable ad-
verse effect on the catalytic activity of the catalyst. This
phenomenon was previoulsly suggested by Vaarkamp (20)
and also remarked by den Otter and Dautzenberg (29) af-
ter catalyst reduction at 823 K in the catalytic conversion
of n-hexane.

CONCLUSIONS

The examined platinum, platinum/rhenium, and plat-
inum/tin catalysts with aluminium oxide support are char-

acterised by type-IV nitrogen adsorption isotherms, indi-
cating mesopores with a average diameter of 9 nm and a
BET surface area between 178 m2/g and 197 m2/g.
ET AL.

For the platinum catalyst (with the lower Pt loading)
a good dispersion was found with CO chemisorption,
whereas the bimetallic catalysts exhibited low dispersion
values due to the mild reduction temperature used in the
pretreatment. A comparison of the data from XPS and ICP-
AES leads to the conclusion that for the bimetallic catalyst,
an enrichment of rhenium or tin at the surface is taking
place. This fact also accounts for the low platinum disper-
sion values.

CO chemisorption, HRTEM and EXAFS experiments
for the low-loaded platinum catalyst resulted in good agree-
ment with respect to the particle sizes. A dispersion value
between 75% and 80% was obtained, with an average clus-
ter size of 30 atoms and a particle diameter around 13 Å.

EXAFS measurements of catalysts reduced in hydrogen
at 703 K revealed a peak in the spectra corresponding to
a Pt-O contribution with a distance of 2.25 Å. This Pt-O
contribution is due to a stronger interaction between the
metal and the support. According to literature, this type
of coordination arises after loss of interfacial hydrogen at
higher reduction temperatures. After a mild pretreatment
FIG. 9. Dehydrogenation experiment at 7 bar absolute. Temperature
dependent toluene yields are shown for catalyst Pt A after a mild pretreat-
ment at 663 K.
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FIG. 10. Dehydrogenation experiment at 2 bar absolute. Tempera-
ture dependent toluene yields are shown for catalyst Pt A after a mild
pretreatment at 663 K.

at 663 K no such peak was detected. Tests of methylcyclo-
hexane dehydrogenation after both kinds of pretreatment
showed that the stronger metal–support interaction exerted
a negative influence on the catalytic activity. Toluene yields
after the mild pretreatment were considerably higher than
after the reduction at higher temperatures.
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