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Reactivity of Spillover Hydrogen

Reactivity of Unsaturated Compounds

E. BAUMGARTEN, R. WAGNER, AND C. LENTES-WAGNER

Institut fiir Physikalische Chemie I, der Universitiit Diisseldorf, Universitdtsstrasse 1,
D4-000 Diisseldorf, West Germany

Received February 6, 1986; revised August 16, 1986

Different unsaturated carboxylic acids (benzoic acid, cyclohexene carbonic acid, acetylene di-
carbonic acid, maleic acid, and acrylic acid) were adsorbed on an oxide carrier (y-Al,03) in the
presence of a Pt/ALO; catalyst. After an investigation of the thermal stability, spillover experi-
ments were performed. Although under the given conditions HD exchange with the OH groups of
the carrier took place, and tungsten bronze was formed under similar conditions, none of the acids
were hydrogenated. This implies that the spiltover hydrogen leading to HD exchange is not able to

hydrogenate unsaturated compounds to a detectable degree.

1. INTRODUCTION

Since the description of hydrogen spill-
over by Khoobiar (/) in 1964, many aspects
of this effect have been investigated. Thus
Levy and Boudard (2) observed the cata-
lytic action of platinum during the reduction
of WO;, forming tungsten bronze. Teichner
et al. (3, 4) report on the ability of a carrier
(AL,Os, SiO,) to hydrogenate ethene after a
spillover experiment. Surface methoxy
groups were observed to react with spill-
over hydrogen (5). On the other hand An-
tonucci et al. (6) claim to have found but
little diffusion of active hydrogen to the ox-
ide surface. In the system Pt/Al,O;, ben-
zene will not react with the diffusing spe-
cies but only with hydrogen atoms trapped
on surface defects. The TPD experiment of
Kramer and Andre (7) gave identical peaks
for hydrogen desorption from spillover
samples as from others obtained by an elec-
tric discharge in a hydrogen atmosphere.
This is taken as evidence for some kind of
atomic species spilled over.

In our investigations we attempted to test
the nature of the species which are diffusing
in a fast reaction across the layer of alumina
in the Pt/Al,O; system, in accordance with
other investigations (8-10). Reducible car-
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boxylic acids were adsorbed on the oxide
component, and Fourier transform (FT)IR
spectrometry should be able to detect
whether or not they may react with
spilledover hydrogen.

2. EXPERIMENTAL

Fourier transform-infrared spectro-
scopic measurements were made with a
Bio-Rad spectrometer (FTS-15E) using a
cell described earlier (/7). Samples of y-
ALO; (Degussa type C) were impregnated
with HZ [PtCl(,] or [Pt(NOg)z(NH3)g] and re-
duced, giving a Pt weight loading of 3%. A
second sample was prepared from oxide
partially covered with the carboxylic acid.
Finally, a wafer was pressed from a mixture
of both samples to avoid direct contact of
metal and acid to ensure that reaction could
only occur after surface diffusion of the hy-
drogen species across the oxide. Tungsten
oxide was mechanically mixed with Pt/
AlyOs in a separate experiment. All samples
were pretreated in helium at the reaction
temperature before reaction with a hydro-
gen-helium stream (50 ml/min, 100 mm Hg
H; partial pressure, 1 mm Hg = 133.32 Pa).
During the reaction, spectra were taken
every 5 min. All spectra were plotted in the
form of absorbance with the spectrum of
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FIG. 1. State of benzoic acid adsorbed to y-ALO;: IR
spectra (absorbance vs wavenumber). 1, benzoic acid
adsorbed on y-ALO; (type C); 2, aluminum benzoate in
KBr; 3, benzoic acid in KBr.

the empty cell as background (resolution, 8
cm™).

3. RESULTS AND DISCUSSION

From investigations of Kummert and
Stumm (72) it follows that alcohols, alde-
hydes, and carboxylic acids all form car-
boxylates on alumina; thus we chose the
acids for adsorption. The adsorption of car-
boxylic acids has been also investigated by
other authors (13-16). Figure 1 gives spec-
tra of aluminum benzoate, adsorbed ben-
zoic acid, and free benzoic acid.

In Fig. 2 spectra of adsorbed benzoic acid
are shown. The samples were treated at dif-
ferent temperatures for about 30 min each
in helium. Up to about 620 K no decompo-
sition could be observed. Above this tem-
perature the intensity of the bands slowly
decreases without formation of new bands
attributable to possible decomposition
products.

The possible reaction of hydrogen with
the adsorbate in the absence of platinum
was tested by heating each sample for 120
min at 320, 470, and 570 K. As shown in
Fig. 3, as an example at 470 K, no reduction
takes place. This confirms that any reaction
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F1G. 2. Thermal stability of benzoic acid adsorbed
on y-ALO;: IR spectra (absorbance vs wavenumber)
taken after 30 min at temperature indicated.

that takes place in the presence of platinum
would be due to spilledover hydrogen. For
comparison Fig. 4 shows the spectra of
benzoic acid and its possible hydrogenation
products cyclohexene- and cylcohexane
carbonic acid, assuming that the carboxylic
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Fi1G. 3. Benzoic acid on y-ALO; (T = 470 K): IR
spectra (absorbance vs wavenumber). 1, Sample mea-
sured in He; 2, sample after 120 min in H,/He; 3, dif-
ference spectrum.
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FiG. 4. Spectra of benzoic acid and its possible hy-
drogenation products (T = 470 K). 1, cyclohexane car-
bonic acid; 2, cyclohexene carbonic acid; 3, benzoic
acid.

group does not react with spilledover hy-
drogen. Spillover experiments were per-
formed at 320, 370, 420, 470, 520, 570, and
620 K, with reaction times of 120 min. Fig-
ure 5 is representative for all results: no
reaction could be observed. The difference
spectrum does not show any new bands,
especially in the regions where the IR
bands from cyclohexene- or cyclohexane
carbonic acid adsorbates would be ex-
pected.

Two further measurements were per-
formed to ensure that hydrogen spillover
took place under the given conditions.
First, after each spillover experiment, hy-
drogen was replaced by deuterium, to test
the deuteration of surface hydroxyl groups.
As to be seen from Fig. 6 the hydroxyl
groups are extensively converted to
deuteroxyl groups after 20 min at 470 K.
This HD exchange was not caused by
traces of water or oxygen, as was shown
earlier (8-10) and it occurs without any
change in the bands of the benzoate groups,
even without deuteration of these groups.
Second, experiments in the system WO;—
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FiG. 5. Benzoic acid on Pt/y-ALO; (T = 470 K): IR
spectra (absorbance vs wavenumber). |, sample mea-
sured in He; 2, sample after 120 min in H,/He; 3, dif-
ference spectrum.

Pt/ Al,O; showed that formation of tungsten
bronze took place at temperatures as low as
290 K within 5 min. Within this time the
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F1G. 6. Deuteration of surface hydroxyl groups of
alumina on Pt/Al,0, with adsorbed benzoic acid (T =
470 K); reaction time-20 min). 1, i.r. spectrum before
reaction; 2, i.r. spectrum after reaction with D,.
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Fi1G. 7. Cyclohexene carbonic acid on Pt/Al,0;. 1, in
helium; 2, after 120 min in H,/He; 3, difference spec-
trum.

transmittance of the wafer dropped to
about 1% of its original value—measured in
helium. Visual inspection revealed that in-
deed the intensive blue bronze had formed.

The fact that benzoic acid did not react,
though spillover took place, cannot be ex-
plained by thermodynamic limitations (17),
since thermodynamic data favor the forma-
tion of cyclohexane from benzene below
560 K. The influence of the carboxyl group
should be small in this respect. A variation
of the reaction temperatures over a wide
range should exclude that the reaction did
not take place because of the stability of the
benzoate. To exclude any remaining
doubts, equivalent measurements were
made with adsorbed cyclohexene carbonic
acid, where the equilibrium is clearly on the
side of the hydrogenation product. As Fig.
7 shows no reaction is observed in this
case, except the desorption of the reactant,
leading to a decrease in the cyclohexane
carboxylate bands in the difference spectra.

Last, doubts about the reactivity might
arise from steric problems, which might ap-
ply especially to the benzoate ion, as this
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ion is adsorbed with the benzene ring per-
pendicular to the oxide surface (I8). Thus
the interaction between the mr-electron sys-
tem and hydrogen, fixed to the surface,
might be too small for a reaction. This prob-
lem should not arise with adsorbed maleic
acid, but even in this system no reaction
could be seen.

Finally experiments were carried out
with acrylic- and acetylene carbonic acids.
Even in these experiments there is no evi-
dence of reaction.

As a consequence of these experiments
we conclude that hydrogen spillover does
not necessarily lead to the formation of ac-
tive hydrogen species on the oxide surface,
which are able to hydrogenate aromatic,
olefinic, or acetylenic systems, yet the
spilledover hydrogen is able to effect ex-
change of surface hydroxyls or formation of
tungsten bronze. We therefore question the
importance of spilledover hydrogen in di-
rect reactions during catalytic conversion
of hydrocarbons at least for alumina as a
carrier.
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