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Summary
Liquid-phase oxidation of alcohols to carbonyl compounds over supported Ptgroup metals using oxygen as oxidizing agent is an important, environmentally
benign process for the synthesis of fine chemicals. The mostly accepted reaction
mechanism is the classical dehydrogenation route, assuming that only the
metallic sites (Pd0 or Pt0) are active and the role of oxygen is to oxidize the
coproduct hydrogen. However, there are contradictory opinions concerning the
elementary steps, the involvement of oxygen in the reaction mechanism, the
oxidation state of the active (and promoter) metals, as well as the reason for the
often reported catalyst deactivation. The aim of this study was to analyze these
points and clarify whether the classical dehydrogenation mechanism of alcohol
oxidation is generally valid on Pt and Pd or there are exceptions.
At first, the transfer dehydrogenation of various alcohols has been
investigated over supported Pd catalysts using olefins as organic hydrogen
acceptors (Chapter 3). Pd/Al2O3 together with cyclohexene was the most active
and selective system, affording a simple laboratory method for the synthesis of
aromatic ketones in refluxing cyclohexane. Aliphatic and cycloaliphatic alcohols
were barely reactive under these conditions, which difference offers the
possibility of the selective transformation of an aromatic alcohol even in the
presence of an aliphatic alcohol.
In order to elucidate the role of oxygen in the reaction mechanism of
aerobic oxidation, the organic hydrogen acceptors have been replaced by
molecular oxygen. The transformation of cinnamyl alcohol under Ar and air over
Pd-based catalysts has been chosen as a sensitive test reaction (Chapter 4). The
studies revealed that dehydrogenation of cinnamyl alcohol follow the same
reaction pathways independent of the presence or absence of oxygen.
Hydrogenation-type side reactions during alcohol oxidation indicated that the
metal surface is covered by hydrogen despite of the presence of oxygen, which is
in agreement with the dehydrogenation mechanism. The catalyst deactivation
under Ar was attributed to decarbonylation of the product aldehyde and site-
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blocking by CO. Strongly adsorbed CO on Pd could be removed by air, and the
rate of alcohol conversion was accelerated. Obviously, regeneration of the active
sites by oxygen plays a key role during aerobic oxidation of alcohols.
In order to support the dehydrogenation mechanism, the oxidation state
of the metal constituent in a Pd/Al2O3 catalyst has been monitored by in situ Xray absorption spectroscopy (XAS) during oxidative dehydrogenation of
cinnamyl alcohol in toluene (Chapter 5). A small continuous-flow reactor has
been developed that served also as the spectroscopy cell, where the dynamic
structural changes of the catalyst were followed. The catalytic performance was
monitored by GC analysis simultaneously. The studies showed that Pd was in a
reduced state both in the presence and absence of molecular oxygen.
In situ X-ray absorption spectroscopy (EXAFS and XANES) was applied
to monitor the oxidation state of the metal constituents in a Bi–Pd/Al2O3
catalyst during the dehydrogenation and oxidation of 1-phenylethanol (Chapters
6 and 7). In alcohol oxidation only those bimetallic catalysts were active, where
Bi was deposited onto the surface of Pd. The XAS studies revealed that both Pd
and Bi were in a metallic state during dehydrogenation in He. After introducing
oxygen the metals remained in a reduced state as long as the oxygen supply to the
catalyst surface was rate-determining. As soon as the latter exceeded the rate of
alcohol dehydrogenation, both Bi and Pd were successively oxidized, leading to
catalyst deactivation due to “over-oxidation”. The steady-state oxidation
conditions could be maintained by using air as oxidant instead of molecular
oxygen. An important observation is that changes in the oxidation state of Bi and
Pd occurred always in parallel. Consequently, the promoter effect of Bi cannot
be related to its (partially) oxidized state (Bin+), neither to stronger adsorption of
oxygen on Bi. A feasible model for interpreting the promoter effect, that is
conform with these findings, is the “geometric blocking effect”, i.e. the smaller
active site ensembles are less active in side reactions, thus the formation of
poisoning species is prohibited.
To clarify the role of promoters, various promoted and unpromoted
catalysts have been compared in dehydrogenation and oxidative dehydrogenation
of 1-phenylethanol, 2-octanol, and cinnamyl alcohol to the corresponding
carbonyl compounds (Chapter 8). The observed promoter effects could be
classified into three groups: (i) acceleration of the hydrogen abstraction
(dehydrogenation) step, (ii) acceleration of a reaction involving the transfer of
oxygen, e.g., oxidation of the coproduct hydrogen or a surface impurity thus
generating free active sites, and (iii) a combination of these two processes.
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Besides, this study provided the first evidence for the promoting effect of Bi in
alcohol dehydrogenation in the absence of oxygen.
An extensive effort has been made to elucidate the reasons for the
frequently reported catalysts deactivation during oxidation of alcohols. Although
decarbonylation of the product carbonyl compounds is well established both in
the electrochemical literature and in surface science studies under UHV
conditions, much less is known about the process under conditions relevant for
liquid-phase alcohol oxidation. In order to analyze the effect of CO formation
under truly in situ conditions attenuated total reflection infrared (ATR–IR)
spectroscopy was applied for studying the catalytic solid–liquid interface
(Chapters 9 and 10). The experiments were carried out in cyclohexane solvent in
the presence and absence of oxygen over a Pd/Al2O3 catalyst located in the flowthrough ATR–IR cell. The catalytic activity was determined by GC analysis of
the cell effluent.
The in situ ATR–IR study during the transformation of benzyl alcohol
revealed a complex reaction network, including dehydrogenation to
benzaldehyde, decarbonylation of benzaldehyde, oxidation of hydrogen and CO
on Pd, and formation of benzoic acid catalyzed by both Pd and Al2O3.
Continuous formation of CO and its oxidative removal by air resulted in
significant steady-state CO coverage of Pd during oxidation of benzyl alcohol.
Unexpectedly, benzoic acid formed already in the early stage of the reaction and
adsorbed strongly on Al2O3, and thus remained undetectable in the effluent.
Additionally, removal of the hydrocarbon residue requires hydrogen; in contrast,
the complete removal of CO necessitates adsorbed oxygen. Hence, the parallel
removal of CO and the phenyl radical formed from benzaldehyde proved the
simultaneous presence of adsorbed oxygen and hydrogen on the Pd surface.
The spectroscopic study has been extended to other five primary and
secondary aromatic and aliphatic alcohols to clarify the structural effects. It was
proved that the aldehydes formed from primary alcohols (1-octanol, and
cinnamyl alcohol) decarbonylated on Pd while the ketones (2-octanone,
cyclohexanone, and acetophenone) were stable. Note that under UHV
conditions even acetone decomposed on a Pd single crystal surface. The
decarbonylation reactions revealed by in situ ATR–IR and the hydrogenationtype side reactions detected by GC even in the presence of oxygen provided
further support for the reduced state of Pd and an unambiguous evidence for the
dehydrogenation route.
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In conclusion, the validity of the classical dehydrogenation mechanism of
alcohol oxidation over Pt-group metal based catalysts has been confirmed. As a
refinement of the model it has been proposed that in the oxidation of primary
alcohols the major role of oxygen is to remove impurities and thus liberate
surface sites for alcohol dehydrogenation. On the basis of these results the
validity of various kinetic models developed for describing the behavior of Ptgroup metals in alcohol oxidation is questioned, since these models cannot
account for the partial coverage of active sites by the aldehyde degradation
products.

Zusammenfassung
Die Flüssigphasenoxidation von Alkoholen zu Carbonylverbindungen mittels
trägergebundenen Katalysatoren, die auf Metallen aus der Pt-Gruppe basieren,
ist eine wichtige, unweltfreundliche Oxidationsmethode in der Feinchemie. Als
Oxidationsmittel wird Sauerstoff verwendet. Die Reaktion verläuft gemäss dem
klassischen Dehydrierungsmechanismus, welcher annimmt, dass nur die
reduzierten Metalle (Pd0 oder Pt0) aktiv sind, und der Sauerstoff die Oxidation
der Wasserstoffatome, die in den Dehydrierungschritten abgespaltet werden,
übernimmt. Obwohl dies weitgehend akzeptiert ist, gibt es widersprüchliche
Vermutungen über die wirklichen Reaktionsschritte, die Beteiligung des
Sauerstoffs im Reaktionsmechanismus, den Oxidationszustand der aktiven (und
promotierenden) Metalle und über die Ursachen der häufig beobachteten
Katalysatordeaktivierung. Die Abklärung dieser Punkte wurde als Ziel angestrebt.
Zusätzlich wurde viel Gewicht auf die Untersuchung und den allgemeinen
Beweis des klassischen Dehydrierungsmechanismus der Alkoholoxidation mittels
Pt und Pd Katalysatoren gelegt.
Zuerst wurde die Transfer-Dehydrierung von verschiedenen Alkoholen
über Pd Trägerkatalysatoren mit der Anwendung von Olefinen als organischen
Wasserstoffakzeptoren untersucht (Kapitel 3). Pd/Al2O3 zusammen mit
Cyclohexen erwies sich als ein äusserst aktives und selektives System, das einen
einfachen Laborprozess für die Synthese aromatischer Ketone in refluxierendem
Cyclohexan anbietet. Aufgrund der Beobachtung, dass die aliphatischen und
cyclo-aliphatischen Alkohole unter diesen Reaktionsbedingungen nur beschränkt
aktiv sind, besteht die Möglichkeit für eine bevorzugte Dehydrierung
aromatischer Alkohole in Gegenwart von aliphatischen Alkoholen.
Um die Rolle des Sauerstoffs im Reaktionsmechanismus der Oxidation
abzuklären, wurden die organischen Wasserstoffakzeptoren durch Luftsauerstoff
ersetzt. Als Modellreaktion wurde die Pd-katalysierte Umwandlung des
Zimtalkohols in Argon und Luft gewählt (Kapitel 4). Die Untersuchungen
zeigten, dass die Dehydrierung des Zimtalkohols unabhängig von der Gegenwart
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von Sauerstoff auf dem gleichen Reaktionsweg ablaufen. Anhand der während
der Oxidation abgelaufenen Nebenreaktionen (C=C Hydrierung und C–O
Hydrogenolyse) liess sich beweisen, dass die Metalloberfläche trotz der
Anwesenheit von Sauerstoff mit Wasserstoff bedeckt ist, was den
Dehydrierungsmechanismus
unterstützt.
Die
in
Ar
beobachtete
Katalysatordeaktivierung wurde der Decarbonylierung des Produkts
Zimtaldehyd und der Vergiftung des Katalysators durch Kohlenmonoxid
zugeschrieben. Durch Luftzufuhr konnte das auf der Katalysatoroberfläche stark
adsorbierende CO oxidiert und der Alkoholumsatz beträchtlich gesteigert
werden. Entsprechend ist die oxidative Katalysatorregeneration ein
Charakteristikum der Flüssigphasenoxidation von Alkoholen mit Luft.
Um die Gültigkeit des Dehydrierungsmechanismus zu untermauern,
wurde der Oxidationszustand der Metallkomponenten in einem Pd/Al2O3
Katalysator mit Hilfe der in situ Röntgenabsorptionsspektroskopie während der
oxidativen Dehydrierung von Zimtalkohol in Toluol beobachtet (Kapitel 5). Zu
diesem Zweck wurde ein kleiner kontinuierlicher Reaktor entwickelt, der
gleichzeitig auch als spektroskopische Zelle diente, in der die dynamischen
Änderungen der Katalysatorstruktur verfolgt werden konnten. Für die simultane
Bestimmung der katalytischen Eigenschaften wurde die GC-Analyse eingesetzt.
Die Untersuchungen zeigten, dass Pd sowohl in Gegenwart als auch in
Abwesenheit von Sauerstoff in einem reduzierten Zustand vorhanden war.
Die in situ Röntgenabsorptionsspektroskopie wurde auch für die
Bestimmung des Oxidationszustandes der Metallkomponenten in einem Bi–
Pd/Al2O3 Katalysator während der Dehydrierung in He und oxidativen
Dehydrierung von 1-Phenyl-Ethanol eingesetzt (Kapitel 6 und 7). In der
Oxidation von Alkoholen erwiesen sich nur jene bimetallischen Katalysatoren als
aktiv, in welchen der Promotor Bi an der Oberfläche von Pd deponiert war. Die
Röntgenabsorptionsmethoden zeigten, dass sich sowohl Pd als auch Bi während
der Dehydrierung in He in metallischem Zustand befinden. Solange nach der
Sauerstoffzufuhr der Sauerstofftransport zur Katalysatoroberfläche der
geschwindigkeitsbestimmende Schritt der Reaktion war, blieben die Metalle
reduziert. Sobald dieser Transport die Geschwindigkeit der Alkoholdehydrierung
erreichte, wurden beide Metalle erfolgreich oxidiert. Letzteres führte aufgrund
einer
„Überoxidation“
zur
Katalysatordeaktivierung.
Stationäre
Reaktionsbedingungen konnten mittels Luft statt Sauerstoff erreicht werden.
Eine entscheidende Erkenntnis war, dass sich die Oxidationszustände von Bi und
Pd miteinander änderten. Dementsprechend lässt sich der Promotoreffekt weder
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auf einen (partiell) oxidierten Zustand (Bin+) noch auf eine stärkere
Sauerstoffadsorption an Bi zurückführen. Ein potentielles Modell welches den
Promotoreffekt beschreibt, in Übereinstimmung mit den Resultaten, ist der
sogenannte “geometric blocking effect”. Dieses Modell beruht darauf, dass die
kleineren aktiven Ensembles von Metallatomen für die Nebenreaktionen weniger
aktiv sind als die grösseren. Dies hat zur Folge, dass die Bildung von
deaktivierenden Nebenprodukten unterdrückt wird.
Um die Rolle der Promotoren näher zu beleuchten, wurde das Verhalten
der verschiedenen promotierten und nicht-promotierten Katalysatoren in der
Dehydrierung und oxidativen Dehydrierung von 1-Phenyl-Ethanol, 2-Oktanol
und Zimtalkohol zu den entsprechenden Carbonylverbindungen untersucht
(Kapitel 8). Es konnten drei Arten von Einflüssen der Promotoren unterschieden
werden: (i) die Beschleunigung der Abspaltung von Wasserstoff (im Schritt der
Dehydrierung), (ii) die Beschleunigung eines Vorganges, in dem der
Sauerstofftransport direkt beteiligt ist, z.B. die Oxidation von Wasserstoff oder
die oxidative Entfernung einer Oberflächen-Verbindung, wodurch freie aktive
Zentren entstehen, und (iii) eine Kombination der letzten zwei Prozesse.
Desweiteren lieferten diese Untersuchungen den ersten Hinweis für den
Promotoreinfluss von Bi in Dehydrierungen in Abwesenheit von Sauerstoff.
Es wurde versucht mit der abgeschwächten Totalreflexions Infrarot (engl.
ATR–IR) Spektroskopie einen vertieften Einblick in die Ursachen der häufig
beobachteten Katalysatordeaktivierung in der Alkoholoxidation zu gewinnen.
Obwohl die Decarbonylierung der Carbonylverbindungen sowohl von der
Elektrochemie als auch von Oberflächenstudien unter UHV-Bedingungen
bekannt ist, weiss man relativ wenig über den Prozess, der unter den für die
Flüssigphasenoxidation von Alkoholen relevanten Bedingungen abläuft. Um den
Einfluss der Bildung von CO auf die Vorgänge unter wirklichen in situ
Bedingungen zu betrachten, wurde ATR–IR Spektroskopie an der katalytischen
fest–flüssigen Grenzfläche angewandt (Kapitel 9 und 10). Die Experimente
wurden in Cyclohexan als Lösungsmittel in An- und Abwesenheit von Sauerstoff
über einem Pd/Al2O3 Katalysator durchgeführt, der in einer ATR–IR
Durchflussreaktor-Zelle fixiert war. Die katalytische Aktivität wurde durch GCAnalyse der Reaktionslösung, die nach der Reaktorzelle gesammelt wurde,
verfolgt.
Die in situ ATR–IR spektroskopischen Studien der Umwandlung des
Benzylalkohols zeigten ein komplexes Netzwerk von verschiedenen Reaktionen,
wie die Dehydrierung zu Benzaldehyd, dessen Decarbonylierung, die Oxidation
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von Wasserstoff und CO auf Pd, und die Pd- und Al2O3-katalysierte Bildung
von Benzoesäure. Die kontinuierliche Bildung von CO und dessen oxidative
Entfernung von der Oberfläche ergaben eine konstante CO-Bedeckung von Pd
während der Oxidation von Benzylalkohol. Erstaunlicherweise bildete sich
Benzoesäure schon während der Anfangsperiode der Reaktion, blieb aber stark
auf dem Al2O3-Träger adsorbiert. Aus diesem Grund konnte dieses Produkt im
flüssigen Reaktionsgemisch nicht nachgewiesen werden. Um die
Kohlenwasserstoff-Fragmente zu entfernen war eine reduktive Behandlung mit
Wasserstoff notwendig, während die Entfernung von CO Sauerstoff benötigte.
Um den Einfluss der molekularen Struktur der Alkohole zu studieren
wurden die spektroskopischen Untersuchungen mit fünf weiteren primären und
sekundären aromatischen und aliphatischen Alkoholen durchgeführt. Die
Messungen zeigten, dass die aus den primären Alkoholen (1-Oktanol und
Zimtalkohol) entstehenden Aldehyde auf Pd decarbonylierten, im Gegensatz zu
den Ketonen (2-Oktanon, Cyclohexanon und Acetophenon), die stabil blieben.
Anhand der mittels in situ ATR–IR entdeckten Decarbonylierungsreaktionen
und der trotz der Anwesenheit von Sauerstoff ablaufenden hydrierungsartigen
Nebenreaktionen wurde sowohl der reduzierte Zustand von Pd als auch die
Gültigkeit des Dehydrierungsmechanismus bestätigt.
Die Allgemeingültigkeit des klassischen Dehydrierungsmechanismus der
Alkoholoxidation über Katalysatoren, die auf Elementen aus der Pt-Gruppe
basieren, konnte bestätigt werden. Als eine Verfeinerung dieses Modells wurde
vorgeschlagen, dass die Hauptrolle von Sauerstoff in der Oxidation von primären
Alkoholen die Entfernung von deaktivierenden Oberflächenverbindungen ist.
Basierend auf diesen Resultaten ist die Gültigkeit von vielen kinetischen
Modellen, die für die Beschreibung des katalytischen Verhaltens der Metallen
aus der Pt-Gruppe in Alkoholoxidation entwickelt wurden, fragwürdig. Ihr
Versagen beruht darauf, dass die teilweise durch Zerfallsprodukte von Aldehyden
bedeckten aktiven Zentren in diesen Modellen nicht beachtet wurden.
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General Introduction
1.1 Heterogeneous Catalytic Oxidation of Alcohols
The selective oxidation of alcohols to aldehydes and ketones by heterogeneously
catalyzed routes still presents a great challenge in the fine chemical industry.1,2
The application of stoichiometric inorganic reagents such as KMnO4 or K2CrO4
although decreasing, is still widely common. Therefore considerable effort has
been made in the past years to develop “green” oxidation technologies.3-5
Though homogeneous catalysts often have high activity, homogeneous processes
suffer from the drawback of corrosion, and difficulty in catalyst recovery and
reuse. Hence, the most attractive route concerning large scale industrial
application is the heterogeneous catalytic oxidation with molecular oxygen.
Application of solid catalysts for the gas-phase oxidation of structurally
simple and volatile alcohols has been thoroughly investigated,6 but limitations
are noticed when synthesizing complex, thermally unstable molecules. In fact,
the liquid-phase oxidation under mild conditions has major practical
importance.7
There are several solid (supported metal) and heterogenized (immobilized
metal complex) catalytic materials applicable for the liquid-phase transformation
of alcohols to carbonyl compounds and carboxylic acids. The catalytic systems
become more attractive from the environmental point of view when applying
molecular oxygen as oxidant.5 There are several catalytic materials that show
good catalytic performance under close to ambient conditions and fulfill the
requirement of low ecological impact.
For example, the effectiveness of supported Pt-group metals (ranging from
mono- to multimetallic promoted systems) is well established,2,3,8-14 even in the
selective oxidation to carbonyl compounds without further oxidation to
carboxylic acids.3,9,10,15 Nowadays supported gold catalysts are also under
investigation mostly in the oxidation of diols,11,16,17 though the requirement of
aqueous alkaline medium is a severe limitation of the method. Very recently a
bimetallic Pd–Au/C catalyst has been reported to be efficient in the selective
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oxidation of glyoxal to glyoxalic acid.18 Silver-based catalyst are commonly
applied in gas-phase oxidation of alcohols and diols, though they are barely
active in the liquid phase.19 Several Ru-containing oxides and mixed oxides,
hydrotalcites and various metal substituted zeolites have also been tested in
alcohol oxidation5 but in many cases leached Ru, Mn, or Cr compounds seem to
be the real active species.20 Some supported metal complexes (particularly Ruand Pd-based catalysts) are also not truly heterogeneous and the active species are
dissolved metal complexes, or the oxidative stability of the support is
inadequate.21
A great number of new catalysts have been suggested in recent years for
environmentally benign oxidation methods. However, considering high yield
and selectivity as well as stability against oxidation and leaching, the
conventional Pt-group metal based catalysts represent in many reactions the best
choice also from an industrial point of view, as indicated by the great number of
patents.22,23

1.2 Supported Pt-Group Metals in Alcohol Oxidation
Supported noble metal catalysts (in particular Pd, Pt, Rh, Ru) have been widely
used in heterogeneous catalytic reactions for a long time due to their high
catalytic activity and widespread applicability. Pt-group metals can be applied
both in liquid- and gas-phase reactions. A few reaction types are listed below,
where supported Pt-group metals are widely applied: (asymmetric) C=C, C≡C,
C=O, and C=N bond hydrogenation,24-28 C–O and C–C bond
hydrogenolysis,29,30 skeletal isomerization of saturated hydrocarbons,31,32 alcohol
dehydrogenation and oxidation to carbonyl compounds,6,8,13,15,33-36 C–C
coupling (Heck and Suzuki reactions),37,38 catalytic hydrorefining,39 catalytic
naphta reforming,40,41 etc. In most cases alumina, silica, or activated carbon are
used as support to stabilize the small metal particles in the range of a few
nanometers.
This wide range of catalytic applications has also a disadvantage: it makes
it difficult to obtain high selectivity in a particular reaction and suppress the
undesired side reactions.
Oxidations of simple, small-chain alcohols in the gas- or vapor-phase6 will
not be discussed in the following sections, since these synthesis methods require
good volatility and thermal stability of the reactants and products. The focus of
the present thesis is the mechanism of alcohol oxidation in the liquid-phase over
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Pt-group metals for the synthesis of fine and speciality chemicals. Next, the state
of the art of this research field at the beginning of the thesis (2000) will briefly be
characterized. In this section only those methods will be presented which were
developed and published up to 2000.
1.2.1 Reaction Mechanism
Model A

The classical dehydrogenation mechanism of the reaction has been mostly
accepted, assuming that the adsorbed alcohol dehydrogenates in two elementary
steps (Scheme 1-1).2,8,42 At first, the O–H bond of the alcohol breaks upon
adsorption on the active sites resulting in an alkoxide species and hydrogen atom.

R H
H
OH

Pd
-H

R H
H C
O

Pd R
-H

H

H

O
Pd Pd

R

O

Pd
Scheme 1-1: Classical dehydrogenation mechanism of alcohol oxidation over
Pt-group metal catalysts (model A).

In the rate-determining step the weakest C–H bond, in our case, in the βposition, will break due to the electron-withdrawing effect of the neighboring
oxygen atom. The dehydrogenation is generally accelerated by bases. The role of
oxygen (or similarly adsorbed OH species in alkaline medium) is to oxidize the
coproduct hydrogen and thus shift the equilibrium towards the carbonyl
compound. The secondary importance of oxygen in this mechanism is supported
by Wieland’s early observation that the reaction can be performed by replacing
oxygen with an organic hydrogen acceptor such as quinone, nitrobenzene, or an
olefin.43 This approach has been applied later in the transfer dehydrogenation of
allylic and aromatic alcohols on Pd using an olefin (e.g., vinyl acetate or
ethylene)44 as a hydrogen acceptor.
Steady-state catalyst potential measurements supported the
dehydrogenation mechanism and the secondary role of oxygen. Müller and
Schwabe established, for the first time, that during oxidation of ethanol or 2propanol the potential of Pt was in the “hydrogen region”, i.e. the metal was
partially covered by hydrogen despite the presence of oxygen.45,46 Later some
more examples provided further support for this conclusion.47-49 More recently,
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deactivation of Pt due to oxidized Pt surface during cyclohexanol oxidation has
been demonstrated by in situ X-ray absorption spectroscopy.50 Additionally, it is
commonly accepted that the reduced metal sites are far more active in alcohol
dehydrogenation than the oxidized sites.51,52
Model B

An increasing number of reports disagrees with the above mentioned concept
and suggests that oxidation of some alcohols proceeds on a partially oxygencovered metal surface and that the actual concentration of adsorbed hydrogen
during reaction is negligible.52-56 This observation cannot easily be explained by
the classical dehydrogenation mechanism. A feasible interpretation could be an
oxidative dehydrogenation mechanism where the adsorbed oxygen, or OH
species, directly interacts with the reactant in the rate-determining step.9,12
Several kinetic studies indicated a Langmuir–Hinshelwood type behavior,
which was interpreted as evidence for a rate-determining step between the
adsorbed reactant and the dissociatively adsorbed oxygen.57,58 Some other authors
suggested that “oxygen-assisted dehydrogenation” would be the rate-determining
elementary step.52,59 Note, however, that kinetic analysis requires working under
conditions free from mass-transport limitations, which causes rapid catalyst
deactivation due to over-oxidation of the metal surface.60,61 This detrimental
effect can hinder the determination of the real initial rate. It was also shown that
multiple steady-states may complicate the kinetic analysis.62,63
In conclusion, although the oxidative dehydrogenation mechanism
(model A) is generally accepted, there are still contradictory opinions concerning
the real nature of the elementary steps, the adsorbed species, and the role of the
oxidizing agent.

1.2.2 Reaction Conditions
Since Pt-group metals can activate alcohols and molecular oxygen under close to
ambient conditions, the alcohol → carbonyl compound → carboxylic acid
transformations can be carried out under very mild conditions. The reactions are
usually performed at 30 – 90 °C and at atmospheric pressure. Besides the
common application of stirred batch (slurry) reactors, where the rate of oxygen
supply can easily be regulated, there are several examples on continuous
operation.62,64,65
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The reactions are generally carried out in an aqueous medium, but for
water-insoluble alcohols an organic, oxidation resistant solvent may be used. 1,4dioxane, ethyl acetate, cyclohexane, toluene, and n-heptane serve as
representative examples.42,66 Moreover, there are reports on the application of
“supercritical” CO2 as a “green” solvent as well.65 In case of a water-insoluble
alcohol a water–detergent mixture can be also used, if flammable organic solvents
should be avoided.48,67,68 There are several types of detergents (such as
dodecylbenzenesulfonic acid sodium salt), which are resistant to oxidation and
do not poison the catalyst.
For the selective synthesis of aldehydes, relatively high temperature and
non-aqueous medium is recommended in order to prevent the hydration of
aldehyde to a geminal diol and its dehydrogenation to acid (Scheme 1-2).60,69
When the desired product is a carboxylic acid, an appropriate pH-regulation
(pH = 7 – 11) is necessary to achieve high rate and selectivity. Alkaline medium
favors the hydration of aldehydes and thus accelerates the second step. Besides,
metal leaching can be avoided by facilitating the desorption of the product as
carboxylate ion.56,64,70 The rate of alcohol dehydrogenation can be accelerated
also by addition of a small amount of strongly adsorbing tertiary amine (e.g.,
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O H2O
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OH -2 H

R

O
OH

Scheme 1-2 Dehydrogenation of a primary alcohol followed by hydration of the
aldehyde and dehydrogenation of the intermediate geminal diol.

triethylamine), that does not shift the pH significantly.71
The catalyst : reactant mass ratio covers a broad range, which lies generally
between 0.01 and 0.1 for a supported catalyst containing 1 – 5 wt% Pt-group
metal.67 In some cases, the mass ratio necessary to achieve full conversion can
exceed even 1.72 The reaction rate varies in a broad range (TOF = 1 – 104 h-1)
depending on the reactant structure and the catalyst composition.

1.2.3 Catalyst Deactivation
An enormous effort has been made in the past decades to elucidate the nature of
catalyst deactivation often observed during alcohol oxidation.73 There are several
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interpretations for the loss of catalytic activity, but both the catalytic and the
electrocatalytic literature is lacking of unambiguous conclusions. Catalyst
deactivation during liquid-phase oxidation of alcohols has been attributed to
three major reasons as discussed below.
Over-Oxidation

Blocking of the active sites by strongly adsorbed oxygen is the most frequently
observed deactivation phenomenon during aerobic oxidation, which is
thoroughly discussed in the literature.50,52,60,61,74-76 Adopting the classical
dehydrogenation mechanism (model A in section 1.2.2), the active catalytic site
is in the metallic state (M0).46,47,49 The observation that the rate of alcohol
dehydrogenation is much higher on a reduced metal surface than on an oxidized
surface supports this statement.51 As a consequence, (i) the catalyst has to be
prereduced by hydrogen or by the alcohol itself in an inert atmosphere before
alcohol oxidation,51 and (ii) the rate of oxygen supply has to be properly adjusted
to the rate of alcohol dehydrogenation. The latter means that the reactor has to
be operated in the mass-transport limited regime, where the rate of oxygen
supply is the rate-determining step. Working in the kinetic region, where the rate
of oxygen supply to the catalyst surface it not rate-limiting, results in an excessive
oxygen coverage of the active sites and in a drop in activity. This unpleasant
obstacle has been frequently observed and termed also as “oxygen-poisoning”. A
deactivated catalyst can be regenerated,9 e.g., by replacing the oxidative
atmosphere by N2 or Ar for a short period. However, the activity keeps
decreasing in consecutive oxidation cycles.62 Clearly, this phenomenon has great
practical importance, as is reflected by the large number of reports on the
engineering aspects of the reaction and process optimization.12,63,77
Deactivation due to Strongly Adsorbed By-Products

Formation of by-products and their strong adsorption on the active sites can also
lead to catalyst deactivation,59,68,72,76 which phenomenon is termed sometimes as
“chemical poisoning”. The various side reactions include aldol condensation, C–
C bond cleavages, and decarbonylation and oligomerization of carbonyl
compounds.3,9,78,79 The deactivation process caused by impurities and byproducts has been extensively studied in aqueous-phase oxidation of 1-methoxy2-propanol, L-sorbose, and cinnamyl alcohol.56,68,71,79,80 However, since the
effects of over-oxidation and poisoning by by-products are similar, it is difficult
to distinguish between the two deactivation processes. Furthermore, there are
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numerous reports available on the decomposition of small-chain alcohols on
model catalysts (Pt or Pd single crystals) under ultrahigh vacuum (UHV)
conditions and during electrochemical oxidation in acidic medium. Especially
the decarbonylation of product aldehydes affording CO was thoroughly
investigated.81-91 Although extensive research efforts have been devoted to studies
under UHV and electrochemical conditions, much less is known about the
decomposition of alcohols and carbonyl compounds under conditions relevant to
the aerobic oxidation of alcohols on supported Pt-group metals in aqueous or
organic medium.
Modification of Catalyst Structure

Corrosion and surface restructuring of the Pt-group metal particles results in
irreversible deactivation.12,92,93 This process may start with sintering of the metal
particles already at close to ambient temperature. This restructuring is attributed
to dissolution (leaching) and subsequent redeposition of Pt or Pd onto larger and
more stable particles. This atomic migration process (Ostwald ripening)94 is
accelerated by good chelating molecules such as carboxylic acids, high catalyst
potential or excess of oxygen,54,56 and high pH.95,96 In principle, metal
dissolution can be minimized by keeping the catalyst in a reduced state. However,
during oxidation of (poly)hydroxy acids there is still a potential deactivation
process that has to be taken into account in practical applications.

1.2.4 Catalyst Promoters
In recent years, mainly promoted Pt and Pd catalyst are applied for the aerobic
oxidation of alcohols.2,3,9,97 As a promoter metal Bi, Pb, Sn, Te, and Cd
generated the largest interest, in agreement with reports from the field of
electrocatalysis.98-101 The promoters themselves are inactive under reaction
conditions, but can dramatically enhance the reaction rate67,92,102,103 and tune the
selectivity.68,104-108 Several models have been proposed to interpret the promoter
effect, but none of them could be unambiguously proved yet. Some feasible
explanations are listed below.
(i) One of the most popular models is the “geometric blocking effect” or socalled “ensemble effect”,68,80,93,96,105 which is illustrated in Figure 1-1 with the
example of Bi–Pd bimetallic catalyst. It is assumed, that the promoter acts as an
inactive site blocker. It decreases the size of active site ensembles and thus
reduces the rate of formation of poisoning intermediates (by e.g., C–C bond
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cleavage) to a larger extent than the rate of alcohol dehydrogenation. This
interpretation is favored also in several studies in the field of electrocatalysis.109
(ii) Another model assumes that there is a complex formation between the
reactant, a surface Pt or Pd atom, and a neighboring positively charged Bi or Pb
promoter (Figure 1-2).2,8,64,70,76,95 This interaction can explain the high
regioselectivity in the oxidation of polyfunctional alcohols in the 2-position.

Bideposit

Pd

Fig. 1-1: Schematic representation of promoter metal (Bi) deposition on Pt-group
metal (Pd) particles as an illustration for the “geometric blocking effect”
model.

Similarly, the preferential oxidation of the secondary OH-group in a 1,2-diol is
attributed to complex formation between the reactant and a Sn4+ species

Pt

Biδ⊕

Pt

Pt

Fig. 1-2: Surface complex formation for the interpretation of the promoter effect
in the oxidation of polyfunctional alcohols.

deposited onto platinum.107 In principle, the special role of neighboring
platinum–promoter surface sites is easily acceptable, but the (partially) oxidized
state of the promoter contradicts recent electrocatalytic and XPS studies.100
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(iii) The rate acceleration and the enhanced selectivity can be attributed to
bifunctional catalysis, assuming that the oxygen or OH species adsorbed on the
promoter atom is involved in alcohol oxidation,80,88 in line with model B of the
alcohol oxidation mechanism in section 1.2.2. In the same way, Bi might act as a
co-catalyst by changing the adsorption properties of hydrogen or of the oxidizing
species. Thus, due to its higher affinity for oxygen, Bi may protect the Pt-group
metal from over-oxidation.100 As a consequence, during reaction Bi would be in a
higher oxidized state than the active metal (Pt or Pd).
(iv) The formation of an intermetallic compound (ordered alloy) between
the active component (Pt or Pd) and the promoter atom (Bi, Pb or Te) has also
been thoroughly investigated.72,110 Nevertheless, an unambiguous link between
alloy formation and the shift in the catalytic properties could not be proved.
(v) More recently, in the oxidation of glucose, the role of the promoter
was traced back to partial leaching of Bi as Bi3+ and formation of homogeneous
complexes.110
The major reason of the disagreement is the lack of truly in situ studies.
Clearly, determination of the oxidation state of the active metals and the
promoters during the reaction is crucial to evaluate the proposed models.

1.2.5 Application Range of Supported Pt-Group Metals
Supported Pt-group metal catalysts possess a broad application area including the
oxidation of primary alcohols to aldehydes or acids, and secondary alcohols to
ketones. Additionally, the aerobic oxidation of carbohydrates on noble metal
catalysts has been well established in the past years.2,8,10,97 In the following
sections a few representative examples are depicted to illustrate some typical
applications.
Clearly, the selective oxidation of primary aliphatic alcohols to aldehydes
is one of the most difficult transformations due to poor catalytic activity and low
selectivity of Pt-group metals in these reactions.42,66 The selectivity is limited by
further oxidation of the product aldehyde to carboxylic acid in the presence of
water, as previously mentioned in section 1.2.2. For example, in the aqueousphase oxidation of 1-dodecanol on Bi–Pt/Al2O3 the selectivity to 1-dodecanal
was close to 80 % at low conversion (5 %), but decreased monotonously with
increasing conversion (e.g., to 50 % at ca. 45 % conversion).68 Also the fast
oxidation of the secondary (cyclo)aliphatic alcohols to ketones represents a
demanding task as neither Pt-, nor Pd-based catalysts perform really well. For
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instance, in the oxidation of cyclohexanol under mild conditions, catalyst
deactivation was often reported,10,52,111 though no further oxidation to acid is
expected.
In contrast, the reaction rates and selectivities are excellent in the
oxidation of aromatic secondary alcohols to ketones, especially on Pt-based
catalysts. Both 1-phenylethanol (Scheme 1-3) and benzhydrol (Scheme 1-4)

O

OH
O2

Bi-Pt/Al2O3
water
yield: 97%
60°C, 3 h
sel.: >99%
Scheme 1-3: Oxidation of 1-phenylethanol to acetophenone.

could be oxidized above 97 % yield and 99.5 % selectivity over Bi–Pt/Al2O3.67
Primary aromatic alcohols can easily be transformed to aldehydes. For
example, both benzyl and 2-hydroxybenzyl alcohols afford the corresponding
aldehydes with high yield and excellent selectivity.3 Interestingly, the oxidation

O

OH
O2
Bi-Pt/Al2O3
water
75°C, 5 h

yield: 99%
sel.: 100%

Scheme 1-4: Oxidation of benzhydrol to benzophenone.

of 2-hydroxybenzyl alcohol to salicylaldehyde (Scheme 1-5) is the fastest reaction
ever reported, in which near 10000 h-1 TOF was achieved over Bi- and Pbpromoted Pt/C catalysts.22,102
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The characteristics of the oxidation of allylic alcohols to aldehydes are
similar to those of aromatic alcohols. The aerobic oxidation of cinnamyl alcohol
is shown in Scheme 1-6 as an example for this reaction class. The transformation

OH

O2
Bi-Pt/C
water, 45°C

OH

O
OH
yield: 97%

Scheme 1-5: Selective oxidation of 2-hydroxybenzyl alcohol to salicylaldehyde.

is fast on Bi–Pt/Al2O3 and 95 % conversion and above 98 % selectivity could be
achieved in a basic aqueous solution.68 In most cases, no further oxidation to

OH

O2
Bi-Pt/Al2O 3
water
40°C, 5 h

O
yield: 94%
sel.: >98%

Scheme 1-6: Aqueous-phase oxidation of cinnamyl alcohol to cinnamaldehyde.

cinnamic acid was observed. The reason for the low reactivity of the product
α,β -unsaturated and aromatic aldehydes is that the carbonyl group is conjugated
with the C=C bond or the aromatic ring, respectively. Therefore, the equilibrium
between the aldehyde and the geminal diol is shifted to the aldehyde side (see
Scheme 1-2).9
Pt-group metals have a great practical potential also in the selective
oxidation of only one OH function in complex molecules such as sugar alcohols
and acids (Scheme 1-7) or steroidal alcohols.51,76,112-114 Several examples exist also
for the aldehyde → acid transformation, such as the selective oxidation of glyoxal
to glyoxalic acid10 over supported Pt catalysts, where above 70 % selectivity
could be achieved at near full conversion (40 °C, with 1 bar air, in water). Note,
that in this reaction several acid by-products (such as oxalic, formic, and glycolic
acid) can also be formed.
The oxidation of L-sorbose to 2-keto-L-gulonic acid (Scheme 1-8) is of
major practical importance since the target product is an intermediate in the
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Scheme 1-7: Selective liquid-phase oxidation of sodium gluconate at 6- and 2positions.

synthesis of vitamin C. In this reaction, unexpectedly, the Bi-promotion of a
Pt/Al2O3 catalyst decreased the selectivity and enhanced the rate only in the
initial period. Nevertheless, modification of the Pt/Al2O3 catalyst by
hexamethylenetetramine resulted in a remarkable high selectivity (95 % in
comparison to the 67 % achieved over the unpromoted catalyst).56,71,115

OH
HO
HO
HO

O

Pt/Al2O3

OH pH = 7
water

O
HO
HO

OH
O
OH

HO

Scheme 1-8: Oxidation of L-sorbose to 2-keto-L-gulonic acid.

An alcoholic OH group can be oxidized selectively in the presence of
several other functions including alkoxy and aryloxy, phenolic OH and amino
groups, C=C bond, nitro and nitrile groups, aromatic Cl and acetamino
functions.9 Among the secondary OH groups, the axial groups can be oxidized
selectively in a six-membered ring, and endo groups in a bicyclic molecule due to
their higher reactivity. In case of several axial OH functions, only one of them
will be attacked.
The practical usefulness of the catalysts is reflected by the high number of
patents, mostly in the synthesis of aromatic, heteroaromatic and α,β-unsaturated
aldehydes.22,68,102 Nevertheless, there are some limitations concerning the partial

General Introduction 13

oxidation of aliphatic alcohols to aldehydes even in non-aqueous medium,9 and
the synthesis of activated carbonyl compounds due to their high reactivity.56,69,72
To summarize, the aerobic oxidation of alcohols over Pt-group metal
based catalysts is a well established, simple, green process providing carbonyl
compounds in many cases with high selectivity. However, there are some open
questions concerning the reaction mechanism, including the role of oxygen, the
nature of the real active sites and the promoter effect.

1.3 In Situ Characterization of Catalysts in Liquid-Phase
Reactions
Extensive efforts have been devoted in the past decade to develop in situ methods
for catalyst characterization.116-127 The term in situ is often used for analyses
where the catalyst is in contact with a gas or liquid at a defined temperature and
pressure. Those characterization methods in which a catalyst is monitored and its
activity is measured simultaneously are of particular importance (real in situ
spectroscopy), since the catalyst structure under reaction conditions may differ
from that under ambient conditions.
Although many characterization techniques are well established for solid–
gaseous phase reactions,119,120,126,128 difficulties are encountered when
investigating solid–liquid interfaces. Oxidation of alcohols in the liquid phase
with molecular oxygen over Pt-group metal catalysts is a good example for this
problem. Due to the lack of truly in situ studies, other methods, mostly from
surface science, are generally applied. Care must be taken, however, when
transferring information obtained on single crystals to supported metal
catalysts.82,83,85 The major difference lies in the use of small supported metal
particles and extended single crystal surfaces, respectively. Moreover, the UHV
conditions used for single crystal measurements are far from those generally
applied for liquid–solid reactions. Hence, a structure–performance relationship
can only be obtained in a truly in situ experiment.
Electrochemical methods are often reported among the solid–liquid phase
in situ techniques to study the oxidation state of metals.47,49 The potential
measurements can be carried out under the favorite conditions of alcohol
oxidation (at 40 – 80 °C, atmospheric pressure, and in water). Working in
organic solvents is one of the limitations of the technique, despite the fact that
the medium can be made conductive by addition of a quaternary ammonium salt.
Moreover, the measured steady-state catalyst potential is only an indirect
indication of the oxidation state, since its interpretation is based on the mixed
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potential theory.129,130 Thus, the potential is influenced by the rate of all
component reactions, including the formation of by-products.67 Therefore, care
must be taken when interpreting the results.
As a consequence, suitable characterization techniques are required for the
liquid-phase oxidation of alcohols, which allow catalytic and structural studies
simultaneously under operating conditions. A number of powerful in situ
techniques exists, including vibrational spectroscopy (FT–IR, ATR–IR, and
Raman), X-ray absorption spectroscopy (XAS), magnetic resonance techniques,
UV-vis, and X-ray diffraction.127 We have chosen two of them, XAS and ATR–
IR, which are well suited for studying the catalytic solid–liquid interfaces.
1.3.1 X-ray Absorption Spectroscopy
X-ray absorption spectroscopy (XAS) is a valuable tool for direct structural
characterization of the catalyst under working conditions.117,119,122,125,131-134 It
provides information about the electronic properties, the symmetry of the nearest
neighbors, and the local structure around the atom under investigation. Due to
its element-specificity, XAS can be used in catalysis when different elements of
interest are present.135 The technique is widely applied for in situ characterization
of supported mono- and bimetallic catalysts both in solid–gas, solid–liquid, and
solid–fluid type reactions.123,125,128,136-138 A disadvantage of the technique is that it
requires white X-rays preferentially at synchrotrons, and that it averages over all
species present for the atom of interest.
Principle of X-ray Absorption

A typical XAS spectrum contains three main spectral regions: the pre-edge, the
X-ray absorption near-edge structure (XANES), and the extended X-ray
absorption fine structure (EXAFS), as depicted in Figure 1-3.
Electromagnetic radiation, such as X-rays, interacts with matter in several
ways.139 These interactions involve scattering with the medium and excitation
(absorption of a photon), which is followed by various relaxation mechanisms.
During the absorption of a monochromatic X-ray beam of energy E = h ⋅ν by
the sample, its intensity ( I ) will be attenuated via an exponential function of the
path length in the medium ( x ), where µ is the linear absorption coefficient and
I 0 is the intensity of the incident beam:
I = I 0 ⋅ e − µ⋅x

(1-1)
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Fig. 1-3: Pd K edge X-ray absorption spectrum of a Pd-foil (taken at beamline X1
at HASYLAB) with the three distinct regions of a spectrum.

If the energy of the initial beam reaches a certain value characteristic for a
particular edge of the atom, an electron will be excited into the continuum and a
core-hole in the absorber will be created. This energy is called threshold energy
or absorption edge ( E 0 ) and it is equal to the binding energy of the electron in a
particular orbital. The photo-electron can be viewed as a spherical wave with
kinetic energy:
E kin = hν − E0

(1-2)

Neighboring atoms around the absorber atom scatter the outgoing electronic
wave once or more resulting in single or multiple scattering, respectively. This
results in a backscattered wave. The outgoing and the backscattered waves
interfere and yield a unique interference pattern, which is a function of the
energy of the initial X-ray beam, the amount, the position, and the kind of
neighboring atoms (backscatterers). This interference pattern is reflected in the
X-ray absorption spectra by plotting the (normalized) absorption coefficient ( µ )
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as a function of the photon energy. As shown in Figure 1-3, µ decays smoothly
via an exponential function with increasing energy. The absorption is observed
by the sharp rise at E 0 and this rise is frequently called edge jump. Above the
absorption edge µ decreases in intensity, modulated by sinusoidal oscillations.
The XANES region starts with the absorption edge ( E 0 ) and contains the
multiple scattering part of the spectrum. The value of E0 is determined by the
oxidation state of the element. This region may extend to over 50 eV.
The EXAFS region, where predominantly single scattering events occur,
contains information about the coordination of the central absorber. Since the
backscattering occurs against potential gradients at neighboring atoms, the
position, and type of these backscatterers influences the interference pattern, and
thus the absorption spectrum. Moreover, it depends (i) on the number of
neighboring atoms, that are divided into coordination shells, containing N atom
of the same element at the same distance ( R ); and (ii) on the static and dynamic
thermal disorder, reflected by the Debye–Waller factor ( σ 2 ).
Concerning the possible detection methods, in the hard X-ray regime
spectra are usually recorded in the transmission mode, measuring directly the
attenuation of the initial beam. For example, this is the case for supported Ptgroup metal catalysts in sufficient concentration. The intensity of X-ray beam
before ( I 0 ) and after ( I ) the sample is usually measured with ionization
chambers. The absorption coefficient reads as follow:
1
x

µ = − ⋅ ln

I
I0

(1-3)

Where x is the path length in the medium, i.e. the thickness of the sample.
If the element is very diluted in the sample, other detection modes have to
be applied. In this case, the methods are related to annihilation processes, since
the number of the created core-holes is proportional to the absorption coefficient.
In general, fluorescence and electron yield detection are applied.
Since XAS data analysis is not the focus of the present thesis, details about
that are not provided here. For more information about XANES/EXAFS data
analysis see the book of B. K. Teo,139 a recent review,136 or the Volumes 6 (part
3) and 8 (part 2) of the Journal of Synchrotron Radiation.
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1.3.2 Attenuated Total Reflection Infrared Spectroscopy
Infrared spectroscopy has been extensively used for studying solid–gas interfaces.
However, catalytic solid–liquid interfaces suffer from the difficulty to minimize
the contribution of the solvent. This limitation can be overcome by using
attenuated total reflection infrared (ATR–IR) spectroscopy.140 The infrared beam
is reflected at the interface between an infrared transparent material and the
solution, where a thin layer of a powder material can be deposited. The ATR
technique makes use of the evanescent electromagnetic field in the vicinity of the
infrared transparent material that eliminates excessive solvent absorption. As a
result of the enhanced sensitivity of the interface, the technique is attractive to
follow heterogeneous catalytic processes at a molecular level. It can be applied for
model141-144 and real powder catalysts.145-148 The method is well suited for
studying species involved in surface processes such as reactants, products,
intermediates, and by-products, and the catalytic surface itself.146 The
combination of the technique with UV–vis spectroscopy149,150 or transmission IR
spectroscopy151 provides additional information on the catalytic processes and
the reaction network involved.
Principle of Attenuated Total Reflection

The principle of the ATR technique is depicted in Figure 1-4 for a multiple
internal reflection element (IRE).140 The IRE is an optical element of high
refractive index ( n1 ), which is brought into contact with a medium with lower
refractive index ( n2 ). ZnSe ( n1 = 2.4) or Ge (4.0) are typical IRE materials.
Different crystal geometries (trapezoidal, cylindrical or single bounce prism) and
single or multiple reflections can be used. The IR radiation propagates through
the IRE at an angle of incidence ( θ i ) larger than the critical angle
( θ c = sin −1 (n2 n1 ) ), thus causing total reflection at the interface.140,152 An
evanescent electromagnetic field is generated, that penetrates into the sample and
is attenuated, as shown in the inset of Figure 1-4. The electric field ( E x, y , z )
decays exponentially to a value equal to 1 e (~37 %) of its initial magnitude
( E x0 , y0 , z0 ), at a distance from the IRE ( z ), defined as the penetration depth ( d p ):
E x, y , z = E x0 , y0 , z0 ⋅ e

−z dp

(1-4)

The magnitude of d p depends on the wavelength of the incoming radiation ( λ ),
the angle of incidence ( θ i ), and n21 = (n2 n1 ) according to the formula:140

18 Chapter 1

dp =

λ

(1-5)

2
2π ⋅ n1 sin 2 θ i − n21

For weak absorbing media, the degree of coupling between the evanescent field
and the absorbing sample is given by the effective thickness ( d e ):
d e = n21 ⋅ Ex20 , y0 , z0 ⋅

dp

(1-6)

2 cosθ i

where E x , y , z is the electric field at the interface. The effective thickness
expresses the equivalent path length in a hypothetical transmission measurement
that yields the same absorption as in an ATR experiment. Due to the very short
0

0

0

n2
θi

θi > θc
n1 > n2

dp

z

n1

x
y
Fig. 1-4:

Pictorial of a coated trapezoidal ATR crystal with 9 total reflections
and θ i = 45o . The inset shows the generated evanescent wave at the
IRE–probed medium interface.

path length (typically in the order of micrometers) the ATR technique becomes
sensitive for the solid–liquid interface. The effective thickness ( d e , and also d p
penetration depth) strongly depends on the refractive indices of the IRE and
sample. For example, by decreasing n1 , e.g., by changing from Ge to ZnSe, the
penetration depth increases, and a thicker layer of the medium in contact with
the IRE can be probed by the IR beam.
It should be mentioned that the equation defining d e is derived for a twophase system, with the approximation that the sample is a weak absorber.140 In
the case of more layers (e.g., IRE/powder/solution) the equations become rather

General Introduction 19

complex, because they include the contribution of each component.
Furthermore, the approximation of the weak absorber medium is not valid when
using thin metal films deposited onto the IRE.153 Nevertheless, thin Pt-group
metal films and real supported metal catalysts are transparent enough for
investigations by ATR.

1.4

Scope of the Thesis

The aim of this thesis was to reinvestigate some debated elements of the reaction
mechanism of the liquid-phase dehydrogenation and oxidation of alcohols over
supported Pd- and Pt-based catalysts. Catalytic reactions were performed in a
batch reactor with various aliphatic, aromatic, and allylic alcohols. The behavior
of the different Bi-promoted and unpromoted Pt-group metal catalysts were
tested during dehydrogenation, transfer dehydrogenation, and aerobic oxidation
of various alcohols. The main target of the research was to clarify the role of
oxygen in the reaction mechanism, the oxidation state of the active metal and the
promoter during reaction, and to uncover side reactions that may support one or
another mechanistic model.
A fundamental part of the study was the application of two spectroscopic
methods under conditions identical to those of alcohol oxidation. In situ ATR–
IR spectroscopy was applied to gain a deeper insight into the processes occurring
at the catalytic solid–liquid interface. The aim was to unravel those surface
reactions, whose products are not detectable in the liquid phase.
Great effort has been devoted to the direct structural characterization of
the working catalyst. In situ X-ray absorption spectroscopy was applied for
determination of the oxidation state of the active (Pd) and promoter (Bi) species
and for clarifying the promoter effect.
Finally, we proposed a refinement of the model of classical
dehydrogenation mechanism of alcohol oxidation based on the catalytic and in
situ spectroscopic studies.
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Experimental
Here the general experimental methods and procedures are described. Detailed
experimental descriptions are given in the different chapters.

2.1 Catalysts
The following commercial catalysts were used in this study: 5 wt% Pd/Al2O3
(Johnson Matthey 324), 5 wt% Pd/C (Fluka 75992), 5 wt% Pd/CaCO3 (Fluka
76032), 5 wt% Pd/TiO2 (Johnson Matthey 324), 5 wt% Pd/organopolysiloxane
(Pd/OPS, Degussa 1994–8874), 4 wt% Pd – 1 wt% Pt – 5 wt% Bi/C (Degussa
CEF 196 XRA/W), and 5 wt% Pt/Al2O3 (Engelhard 4759). The 5 wt%
Pd/Al2O3 (Johnson Matthey 324) possessed a monomodal particle size
distribution in the range 1 – 6 nm, as depicted in Figure 2-1. The mean Pd
particle size (3.4 nm) was determined by TEM; the corresponding Pd dispersion
was 0.34.1 The mean Pt particle size of the unused 5 wt% Pt/Al2O3 (Engelhard
4759) was 2.8 nm as determined by TEM, which corresponds to a dispersion of
0.40. The latter two catalysts were used for the preparation of the bimetallic
catalysts, as described below.
Catalyst Preparation by Bi-Promotion

The bimetallic catalysts 0.75 wt% Bi – 5 wt% Pd/Al2O3, 1.0 wt% Bi – 5 wt%
Pt/Al2O3, and 0.9 wt% Bi – 5 wt% Pt/Al2O3 were prepared according to a
former recipe.2,3 At first, 2.5 g 5 wt% Pd/Al2O3 or 5 wt% Pt/Al2O3 were
prereduced by hydrogen (40 ml min-1) in 200 ml distilled water at room
temperature under magnetic stirring. After 20 min, the pH was set to 3 with
3 ml acetic acid and the appropriate amount of Bi(NO3)3 ⋅ 5H2O in 2 %
aqueous acetic acid solution (~10-3 M Bi3+) was dropped into the stirred slurry
within 30 min under hydrogen atmosphere. After a further 5 min, 3 ml 2propanol was added in order to keep the metals in a reduced state during
filtration. The system was flushed with nitrogen; the catalyst was filtered off and
washed until neutral with a 1 % aqueous 2-propanol solution without contact
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with air, then suspended with a 0.05 M NaHCO3 solution and washed with
water until neutral. The catalyst was dried under vacuum at room temperature.

Fraction of particles (%)

30

20

10

0

0 1 2 3 4 5 6 7

Particle size (nm)

Fig. 2-1:

Particle size distribution of the 5 wt% Pd/Al2O3 catalyst determined
by TEM.

2.2 Methods
2.2.1 Catalytic Studies in a Batch Reactor
Transfer Dehydrogenation

Catalyst (100 mg), alcohol (1.0 g), hydrogen acceptor, cyclohexane (30 ml), and
alternatively triethylamine (10 – 20 mg) as a catalyst poison were put in a 150 ml
flat-bottomed glass reactor equipped with gas inlet, reflux condenser,
thermometer, inlet for taking samples, and magnetic stirring. Air was replaced by
Ar, a balloon was filled up, and the reactor was put into a preheated oil bath.
The reactions were carried out at reflux temperature (80 °C) with magnetic
stirring (500 – 750 min-1). Alcohol conversion and the product distribution were
determined by GC analysis.
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Dehydrogenation in Organic Solvents

According to a general procedure, 50 – 100 mg catalyst (without any
pretreatment), 1.0 g alcohol, and 20 – 30 ml solvent (cyclohexane or toluene)
were added to a 100 ml flat-bottomed glass reactor. The reactor was purged with
Ar and a balloon was filled up. Then the reactor was immersed into a preheated
oil bath (reaction temperature: 65 – 80 °C) and stirring started (750 – 1000
min-1). For the dehydrogenation of cinnamyl alcohol, ethylene glycol diacetate
was used as internal standard that was added to the initial reaction mixture.
Samples were collected periodically and analyzed by GC.
When the catalyst was activated by an in situ prereduction (Chapter 4),
only the catalyst and the solvent were put into the reactor. The slurry was stirred
under flowing hydrogen for 10 min, purged with nitrogen for 5 min, and reoxidized by air for 30 min. The aim of this reduction–oxidation cycle was to
activate the catalyst stored in air but to avoid the presence of any additional
hydrogen source when introducing the reactant. The catalyst prereduction
temperature was lower by 20 – 25 °C than the temperature of alcohol
dehydrogenation. After catalyst pretreatment the reactor was purged with Ar and
a balloon filled up. The reaction was started with the injection of the alcohol
reactant through the septum (in case of cinnamyl alcohol together with the
internal standard in 5 ml solution). Periodically withdrawn samples were
analyzed by GC.
Aerobic Oxidation in Organic Solvents

The oxidation reactions were carried out in a 100 ml glass reactor at 1 bar. Gases
(oxygen, air, nitrogen, and hydrogen) were saturated with the corresponding
solvent (cyclohexane or toluene) before entering the reactor (Figure 2-2). The air
(oxygen) flow rate (5 – 60 ml min-1) and stirring speed (500 – 1000 min-1) were
set to ensure working in the mass-transport limited regime and avoid overoxidation of the catalyst.4-6 Generally, 100 mg catalyst (with or without
prereduction by hydrogen) was used for the oxidation of 1.0 g alcohol in 20 –
30 ml solvent. Samples were collected periodically for GC analysis.
For a combined dehydrogenation–oxidation reaction (Chapters 4 and 8)
the inert atmosphere (Ar) was replaced by air (oxygen) after the dehydrogenation
step. For details see the description of the corresponding figures and tables.
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Dehydrogenation and Oxidation in Aqueous Solutions

100 mg catalyst was prereduced at room temperature with flowing hydrogen for
10 min in 30 ml water containing 10 mg surfactant (dodecylbenzenesulfonic
acid sodium salt). Then the reactor was purged with nitrogen (5 min), and the
catalyst was re-oxidized with air (10 min). Air was replaced by Ar and the reactor
was immersed into a preheated oil bath (reaction temperature: 55 °C). 1.0 g
alcohol was injected to the reaction mixture through a septum and stirring
started (750 min-1).
During aerobic oxidation, the pretreatment procedure was started as
described above but after re-oxidation of the catalyst the reaction was started in
an air flow (20 ml min-1) instead of Ar. In aqueous-phase reactions no samples
were taken periodically but only the final products were analyzed. To the
aqueous slurry containing the catalyst, 3 ml saturated NaCl solution and 20 ml
toluene were added and the mixture was stirred for 15 min. After 16 h separation,
a sample from the organic layer was analyzed by GC.
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Catalytic Hydrogenation of Acetophenone

The hydrogenation reactions were carried out in a parallel pressure reactor
system Endeavor™ (Argonaut Technologies) with eight mechanically stirred
15 ml stainless steel reactors equipped with glass liners and mechanical mixing
(750 min-1). Generally, the slurry containing 10 mg catalyst (without
prereduction) and 0.5 g acetophenone in 5 ml toluene was stirred at room
temperature and 10 bars for 2 h. For hydrogenation in acidic medium, 0.25 ml
acetic acid was added to the slurry as well and the reaction was stopped after 1 h.
Conversion and product composition were determined by GC analysis.
X-ray Absorption Spectroscopy

The experiments at the Pd K and Bi L3 edges were recorded at beamline X1 at
HASYLAB (DESY in Hamburg) in the transmission mode using Si (311) and
Si (111) double crystal monochromators. The continuous-flow reactor cell
(0.12 ml) and an appropriate reference foil for energy calibration were located
between the first and second ionization chambers, and between the second and
third chambers, respectively. A closed system was used where all gas-out lines
were connected to the exhaust system. A powdered catalyst (exception for
Chapter 5, where a pressed pellet was used) was applied and the dead-volume of
the reactor cell was minimized to improve the flow characteristics. The reaction
mixture (solution of alcohols in toluene) was stored in two separate glass bubble
tanks,8 where the liquid could be saturated with He or O2 at 1 bar as depicted in
Figure 2-3. The third tank contained pure toluene saturated with He, O2, or H2.
Liquids were provided from the containers to the reactor or through a by-pass to
the purging collector vessel by a peristaltic pump (Ismatec Reglo 100) put in
front of the reactor. The joints and tubes transferring oxygen-free medium were
made of stainless steel in order to avoid oxygen diffusion into the feed. The
reactor, located in an oven, was fixed on an x, z, θ -table to allow positioning of
the cell in the beam. The X-rays passed through the reactor cell via X-ray
transparent windows (such as Al-foil, Kapton®). Samples were taken periodically
for GC analysis.
Typically, under stationary conditions extended EXAFS spectra were
taken in step scanning mode. When rapid structural changes were expected quick
EXAFS (QEXAFS) spectra were recorded in continuous scanning mode. The
raw data were energy-calibrated with the respective metal foil, backgroundcorrected, normalized, and fitted using the WINXAS 2.1 package.9 For EXAFS
data analysis, Fourier transformation was applied on the k3-weighted functions in
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the interval k = 3.5 – 16 Å-1 for Pd. For QEXAFS data around the Pd K edge an
interval k = 2.8 – 10.5 Å-1 was chosen. During reduction and oxidation of the Pd

O2

He

H2
air

By-pass
Catalyst

X-rays

Pump
XAS cell

Fig. 2-3:

GCsamples

Schematic presentation of the experimental setup used for the in situ
XAS measurements. The reaction solutions or the neat solvent were
stored in glass bubble containers saturated with different gases and
pumped through the thermostated XAS cell containing the catalyst.

and Bi constituents, the extent of reduction or oxidation was calculated by a
linear combination of the starting and ending spectra or appropriate reference
data. The procedure is described in Chapter 7.
The Bi/Pt and Bi/Pd mass ratios in the bimetallic catalysts were calculated
from the edge jumps (absorption step, i.e. difference in X-ray absorption
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coefficients times path length; ∆µ ⋅ x ) of the XANES spectra using pellets of
13 mm diameter by comparison to reference pellets with known Bi, Pd, and Ptconcentration. For the exact determination of the absorption step, all spectra
were treated in the same way using a linear background subtraction before the
edge and a parabolic correction above the edge.
2.2.3 Infrared Spectroscopy
Attenuated Total Reflection Infrared Spectroscopy (ATR–IR)

A thin layer of 5 wt% Pd/Al2O3 deposited on an internal reflection element
(IRE) was used to investigate the liquid–phase oxidation of alcohols. Generally,
an aqueous slurry of the catalyst was allowed to evaporate on the ZnSe IRE (45o,
50 × 20 × 2 mm, Komlas) in a vacuum exsiccator (100 mbar, room temperature,
15 h). Layers of Al2O3 and Pd/OPS for control experiments were prepared
similarly. All deposited films were highly stable under the conditions applied.
Due to the relatively high thickness of the resulting Pd/Al2O3 film, only a small
fraction of the layer is probed by the evanescent wave generated at the ZnSe–
catalyst interface by the IR beam.10
The home-built stainless-steel flow-through cell8,11 serving as a
continuous-flow reactor was mounted onto the ATR attachment (Optispec)
within the FT–IR spectrometer (IFS–66/S, Bruker Optics) equipped with an
MCT detector cooled with liquid nitrogen. A schematic representation of the
setup is depicted in Figure 2-4. Spectra were recorded by averaging 500 scans at
4 cm-1 resolution. The cell was kept at 50 °C throughout the measurements by a
thermostat. Cyclohexane solvent and solutions of alcohols in cyclohexane were
flown over the catalyst layer by a peristaltic pump (Ismatec Reglo 100) located
after the cell. When needed, mesitylene was also added to the solution of alcohol
as internal standard for GC analysis. Liquids were provided from three
independent glass reservoirs. All transfer lines were of stainless steel. Samples
were taken periodically for GC analysis.
In a general procedure, neat cyclohexane saturated with Ar was admitted
to the cell till steady-state conditions were achieved (ca. 30 min). The catalyst
was reduced in situ by admitting H2-saturated cyclohexane for 30 min. Then the
solution of the alcohol (or another organic probe compound) in Ar-saturated
cyclohexane was admitted to the pre-reduced catalyst. After typically 40 –
50 min on stream Ar was replaced by air for another 30 – 40 min. Finally, the
catalyst was washed with Ar-saturated cyclohexane for about 30 min to monitor
desorption of reactants and products. ATR spectra were collected throughout the
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experiment and are presented in the form A = − log( I / I 0 ) . Where required, the
spectra were corrected in order to compensate for the absorption of water vapor.
CO adsorption onto Pd/Al2O3 was also monitored in situ as reference for

air

Ar

H2

Pump
GC-samples
IR-beam
Catalyst
ATR-IR Cell
Fig. 2-4:

Schematic presentation of the experimental setup used for the in situ
ATR–IR measurements.

adsorbed CO species. ATR spectra of neat compounds were recorded with an
MVP ATR accessory (ZnSe crystal, Harrick) by averaging 16 scans at a
resolution of 4 cm-1.
DRIFT

Diffuse reflectance infrared (DRIFT) spectra of Pd/Al2O3 and Al2O3 diluted with
KBr were acquired at 25 °C by averaging 100 scans at 4 cm-1 resolution on an
Equinox 55 FT–IR spectrometer (Bruker Optics) equipped with a HVC–DRP2
reaction chamber (Harrick). Spectra are presented in the form A = − log( I / I 0 ) .
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Transmissions IR

Transmission infrared spectra of neat alcohols (benzyl alcohol, 1-phenylethanol,
1-octanol, and 2-octanol), carbonyl compounds (benzaldehyde, acetophenone,
2-octanone, 1-octanal, and cinnamaldehyde), and cyclohexanoic solutions
(0.01 M) of the mentioned substrates and additionally those of cinnamyl alcohol,
benzoic acid, cinnamic acid, and octanoic acid were recorded with a cell
equipped with CaF2 windows at 25 °C by averaging 100 scans at 4 cm-1
resolution.
1
2.2.4 Analytical Methods (GC, GC–MS, H NMR)
During reactions samples were taken periodically, the catalyst was filtered off
(Chromafil, PTFE membrane with pore size of 0.20 µm) and the filtrate was
analyzed by a Thermo Quest Trace 2000 gas chromatograph equipped with an
HP–FFAP capillary column and an FID detector. When needed internal
standard calibration for ethylene glycol diacetate or mesitylene was applied. In
case of slurry reactor experiments, yields and selectivities were calculated based
on the converted alcohols with the estimated reproducibility of ± 0.1 and
± 0.5 %, respectively. Products were identified either by GC–MS (HewlettPackard 6890 gas chromatograph, equipped with an HP 5973 mass selective
detector), or by comparison with authentic samples.
Yields in the transfer dehydrogenation of α-pyridoin and benzoin were
determined by 1H NMR (Bruker Advance DPX300, 300 MHz, in CDCl3).

2.2.5 X-ray Photoelectron Spectroscopy
The X-ray photoelectron spectroscopy (XPS) measurements of the prepared Bipromoted and unpromoted Pt/Al2O3 and Pd/Al2O3 catalysts were performed on
a Leybold Heraeus LHS11 MCD instrument using Mg Kα (1253.6 eV)
radiation.12 The powdered sample was pressed into a sample holder, evacuated in
the load lock at room temperature to 10-6 mbar and transferred to the analysis
chamber at a typical pressure of 10-9 mbar. The peaks were energy-shifted to the
binding energy of Al 2p (74.7 eV) to correct for the charging of the Al2O3
support. Reduction of the catalyst was performed in the load lock, for 15 min in
a hydrogen atmosphere at room temperature.12 The surface ratio of Bi3+ to Bi0
was determined by peak fitting (after correction for background and energyshifting), using the SPECSLAB program (Specs, Berlin). In order to limit the
number of fit parameters, the tabulated energy differences between Bi 4f7/2 and
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Bi 4f5/2 (5.39 eV) were kept constant. In addition, the full-width at halfmaximum (FWHM) was constrained to one value.
2.2.6 Electron Microscopy
The 5 wt% Pd/Al2O3 (Johnson Matthey 324) and 5 wt% Pt/Al2O3 (Engelhard
4759) catalysts were investigated by transmission electron microscopy (TEM).
The samples were dispersed in ethanol and deposited onto a perforated carbon
foil supported on a copper grid. The measurements were performed on a CM30
microscope (Philips; LaB6 cathode, operated at 300 kV), equipped with a
Supertwin lens (cs = 1.2 mm, point resolution <0.2 nm). For determination of
the metal particle size (surface average diameter), different areas were examined
and about 700 particles were counted. Metal dispersion was calculated from the
mean metal particle size.1
The 5 wt% Pd/Al2O3 (Johnson Matthey 324) deposited onto a ZnSe
internal reflection element was investigated also by scanning electron microscopy
(SEM), as will be presented and discussed in Chapter 10.
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3

Transfer Dehydrogenation of Alcohols
The Pd-catalyzed transfer dehydrogenation of alcohols has been investigated
using olefins as hydrogen acceptors. Pd/Al2O3 together with cyclohexene has
been found to be the most efficient system, affording an alternative route for the
synthesis of aromatic ketones.

3.1 Introduction
A broad range of homogeneous and heterogeneous catalysts were found to be
useful for alcohol oxidation in the past decades.1-6 From an environmental point
of view, a highly attractive method is the oxidative dehydrogenation over
heterogeneous noble metal catalysts in aqueous medium. The procedure is
particularly useful in carbohydrate chemistry.7-11 Aerobic oxidation of waterinsoluble alcohols can be performed in organic solvents but safety problems may
hinder the practical application. Another drawback of the method is the limited
possibility of tuning the selectivity according to special requirements, e.g.,
differentiation between aromatic and aliphatic OH functional groups.
Replacing molecular oxygen by an unsaturated organic compound as
hydrogen acceptor, that is changing from oxidative dehydrogenation to transfer
dehydrogenation offers the possibility to overcome these limitations. A potential
route for the synthesis of carbonyl compounds via hydrogen (hydride) transfer is
offered by the Oppenauer oxidation reactions.12 Solid catalysts, such as alumina,
zirconia, magnesium oxide, hydrotalcites, and zeolites that possess surface
basicity or Lewis acidity are moderately active but highly selective in the
transformation of secondary aliphatic alcohols to ketones in the presence of an
carbonyl compounds as H-acceptor.13-16 Although most of these catalysts are
water resistant and by-product formation is minor, the large excess (3 – 40
times) of the hydrogen acceptor required for sufficient conversion displays a
drawback of the method. Furthermore, due to side reactions such as the acidcatalyzed aldol condensation and acetalization of activated carbonyl compounds,
the application range of these reactions are restricted to the oxidation of
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secondary alcohol functions, mostly in cyclic alcohols.5 In the transformation of
aromatic alcohols to aldehydes that lack of an active α-hydrogen (e.g.,
benzaldehyde, furfural or cinnamaldehyde) the Lewis-acid catalyzed
Tischtschenko reaction lowers the selectivity due to formation of carboxylic
esters.17
Another possible route for the synthesis of carbonyl compounds is the
transfer dehydrogenation of alcohols over heterogeneous noble metal catalysts in
the presence of nitrobenzene, phenol, cyclohexanone or ethylene, that was
proposed many years ago18,19 but the synthetic potential of the method has barely
been exploited yet. Hayashi and coworkers20,21 reported that Pd/C in an ethylene
atmosphere offers good yields in the dehydrogenation of aromatic alcohols to
ketones at close to ambient conditions, though the reaction times were usually in
the range of days. Here we show that the use of a liquid olefin in small excess
(two molar equivalents) is more convenient and the reactions are faster.
Application of Pd/Al2O3 with cyclohexene in refluxing cyclohexane provides a
convenient and highly selective synthesis of aromatic ketones.

3.2 Experimental
3.2.1 Materials
Five wt% Pd/C (Fluka 75992), 5 wt% Pd/Al2O3 (Johnson Matthey 324), 5 wt%
Pd/CaCO3 (Fluka 76032), 5 wt% Pd/TiO2 (Johnson Matthey 324), and 5 wt%
Pd/organopolysiloxane (Pd/OPS, Degussa 1994–8874) catalyst were used for
transfer dehydrogenation without any treatment. 1-Phenylethanol (Aldrich,
>98 %), DL-6-methoxy-α-methyl-2-napthalenemethanol (Acros, 98 %), benzyl
alcohol (Fluka, 98 %), cinnamyl alcohol (Fluka, 97 %), 1-dimethylamino-2propanol (Fluka, 98 %), 1-octanol (Fluka, 99.5 %), benzhydrol (Aldrich, 99 %),
benzoin (Aldrich, 98 %), 3,5,5-trimethyl- 2-cyclohexene-1-ol (Fluka, 95 %), 1(4-chlorophenyl)ethanol (Aldrich, 98 %), 1-(1-naphthyl)ethanol (Fluka, 99 %),
α-pyridoin (Aldrich, 99 %), 1-(4-methoxyphenyl)-ethanol (Aldrich, 99 %),
ethyl-mandelate (Merck, 98 %), 1-(4-methylphenyl)ethanol (Lancaster, 97 %),
and cyclohexanol (Merck, >99 %) were used as received. 1-Indanol (Merck,
>98 %) was purified by sublimation. Analytical grade solvents were used as
received. Cyclohexene (Fluka, 99.5 % and Merck, >99 %), 1-hexene (Fluka,
98 %), methyl acrylate (Merck, >99 %), cyclopentene (Aldrich, 99 %), styrene
(Aldrich, 99 %), methyl vinyl ketone (Merck, >95 %), and vinyl acetate
(Aldrich, 99 %) were used as H-acceptor. Triethylamine was obtained from
Siegfried Synopharm (99 %).
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3.2.2 Methods
Catalyst (100 mg), alcohol (1.0 g), H-acceptor, 30 ml solvent, and alternatively
triethylamine (10 – 20 mg) as a catalyst poisoning agent, were put in a 100 ml
glass reactor. Air was replaced by Ar and the reactor was put into a preheated oil
bath. The reactions were carried out at reflux temperature with intensive
magnetic stirring. Alcohol and cyclohexene conversion and the product
distribution were determined by GC analysis (Thermo Quest Trace 2000,
equipped with an HP–FFAP capillary column and FID detector). Yields in the
dehydrogenation of α-pyridoin and benzoin were determined by 1H NMR
(Bruker Advance DPX300, 300 MHz, in CDCl3). Products were identified by
GC–MS, NMR, and GC analysis of authentic samples.

3.3 Results
3.3.1 Influence of Catalysts and Reaction Conditions
Preliminary studies revealed that only a few olefins are active as hydrogen
acceptors in the transfer dehydrogenation of 1-phenylethanol (1) to
acetophenone, a test reaction for the synthesis of aromatic ketones (Table 3-1).
Table 3-1: Effect of H-acceptor on the transfer dehydrogenation of 1phenylethanol (1) over Pd/Al2O3.a, b

H-acceptor : 1

Temp.

mol ratio

(°C)

Cyclohexene

5

80

77

Cyclohexene

2

80

72

Cyclohexene

1.2

80

69

Vinyl acetate
Methyl acrylate

2
2

80
80

41
9

1-Hexene
Cyclopentene

2
5

80
71

6
<1

Styrene
Methyl vinyl ketone

5
2

80
80

<1
<1

H-acceptor

a
b

Yield (%)

Conditions: 100 mg 5 wt% Pd/Al2O3, 1.0 g 1, 30 ml cyclohexane, 1 h.
The chemoselectivity to acetophenone is always 100 %.
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Over a 5 wt% Pd/Al2O3 the reactivity order is cyclohexene > vinyl acetate >>
methyl acrylate > 1-hexene. The reaction rate increased at higher cyclohexene : 1
ratios, though over 90 % acetophenone yield could be achieved in 5 h even with
the lowest ratio applied (1.2). For comparison, without a H-acceptor the
acetophenone yield was 35 % in 1 h and the selectivity was also lower (93.7 %).
Table 3-1 shows that only cyclohexene and vinyl acetate accelerate the
dehydrogenation of 1, the other olefins rather poisoned the catalyst. Blocking of
active sites by oligomers is a feasible explanation, though the different reactivity

OH

O

Pd

1
+ 2 Had
OH
+ 2 Had
1

+ 2 Had

Pd
fast
Pd
slow

+ H2O

Scheme 3-1: Competitive hydrogenation of cyclohexene (H-acceptor) and 1phenylethanol (1, reactant) which explains the apparent
disproportionation of 1 as a typical side-reaction during transfer
dehydrogenation.

of olefins in transfer dehydrogenation reactions may also be due to differences in
the adsorption strength relative to that of the substrate.22,23
Among the Pt-group metals, Pd was by far the most active in the
dehydrogenation of 1. When using cyclohexene in the presence of various
supported Rh, Ru, or Pt catalysts, the acetophenone yields were 3 % or less after
1 h reaction time. A comparison of various commercially available supported Pd
catalysts indicates that all catalysts afforded reasonable reaction rate and
selectivity (Table 3-2). The rate of dehydrogenation increased and the selectivity
slightly decreased with increasing catalyst concentration. For the following
experiments a catalyst : alcohol mass ratio of 10 % has been applied. The lower
selectivity of some catalysts, in particular over Pd/C (Table 3-2), is due to the
formation of ethyl benzene by hydrogenolysis of 1. This disproportionation-type
side reaction may be considered as a transfer hydrogenation reaction when the
reactant acts both as a hydrogen donor and an acceptor (Scheme 3-1). This side
reaction reveals a crucial requirement that the Pd catalyst–olefin system has to
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Table 3-2: Transfer dehydrogenation of 1-phenylethanol (1) to acetophenone with
cyclohexene over various supported Pd-catalysts and the effect of
triethylamine as selective poison.a

Amount of
amine (wt%)b

Time
(h)

Conversion
(%)

Selectivity
(%)c

Pd/Al2O3

–

1
5

77
93

100
100

Pd/CaCO3

–

1
5

47
79

100
100

Pd/TiO2

–

1
5

75
93

98.5
97.5

Pd/OPS

–

1
5

84
96

99
99

Pd/C

–
1
1
2
2

1
1
2
1
2

93
91
95
89
93

93
99.5
99.5
99.5
99.5

a

b
c

Conditions: 100 mg catalyst (5 wt% metal), 1.0 g (8.2 mmol) 1, 30 ml
cyclohexane, alternatively 10 or 20 mg (0.1 – 0.2 mmol) triethylamine,
alcohol : cyclohexene mol ratio = 1 : 5, reflux (80 °C).
Related to the amount of 1.
The other product was ethyl benzene.

fulfill, namely that the hydrogen consumption by the olefin should be much
faster than the hydrogenation of the reactant. When necessary, the
hydrogenolysis reaction can be selectively poisoned by addition of small amounts
of a tertiary amine (e.g., triethylamine). Organic bases are known to poison
hydrogenolysis reactions over Pt-group metals, while acids accelerate them.24,25
An advantage of this solution is that the overall rate of dehydrogenation of 1 is
hardly diminished by the amine (Table 3-2).
In alcohol dehydrogenation the metallic surface sites (Pd0) are much more
active than the oxygen-covered Pd or surface Pd oxides formed during exposing
the catalyst to ambient air.9-11 Before aerobic oxidation of alcohols on Pt or Pd,
the catalyst is usually prereduced by hydrogen at room temperature to form the
M0 active sites. The alcohol reactant can also reduce the oxidized metal but this
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process is much slower and incomplete at room temperature.10 Here we found
that prereduction of Pd by hydrogen at room temperature accelerated the
reaction at low conversion but the yields after several hours were barely effected,
compared to the reaction without this pretreatment. It is important that both the
alcohol and the olefin are added to the catalyst–solvent slurry before heating up
the reaction mixture. If the slurry is heated up in the absence of olefin, the
selectivity drops due to formation of a mixture of the corresponding carbonyl
compound and hydrocarbon according to Scheme 3-1.
Various solvents may be applied for the reaction. Higher than 90 % yields
to acetophenone were obtained in 1 – 3 h over Pd/Al2O3 in refluxing
cyclohexane, heptane, or toluene. Transfer dehydrogenation of 1 was facile at
80 °C or higher temperatures but rather slow under ambient conditions. Polar
organic solvents which adsorb strongly on Pd retarded the dehydrogenation
reaction. Solvents which are reducible and may act as hydrogen acceptors, such
as acetonitrile, prevented the complete transformation of 1.

3.3.2 Scope and Limitations of the Pd–Cyclohexene System
Application of Pd/Al2O3 (without any catalyst pretreatment) with cyclohexene in
refluxing cyclohexane seems to be a fast and convenient laboratory method for
the synthesis of aromatic ketones. Examples on the application range of the
method are collected in Table 3-3. Note that all substrates dissolved in hot
cyclohexane, thus the sometimes low reaction rates cannot be attributed to
solubility problems. Dehydrogenation of various secondary aromatic alcohols
(1 – 5) is selective and affords good yields to the corresponding ketones. The
slower reaction in case of two aromatic rings in the reactant (particularly 6, 7,
and 9) is attributed to a too strong adsorption of the product on the Pd surface.
This assumption is supported by the competitive dehydrogenation of 1 and 6
(Scheme 3-2). Dehydrogenation of 6 is slow with or without 1, affording less
than 1 % yield to 1-acetonaphtone. However, the presence of 6 decelerated the
initial rate of transformation of 1 by a factor of ca. 100. The most likely
adsorption mode of 1-acetonaphtone is a flat adsorption of the aromatic ring
system and the carbonyl group parallel to the Pd surface, involving the extended
delocalized π-electron system of the molecule. Apparently, this adsorption mode
is strongly favored for 1-acetonaphtone compared to 1; the latter possesses only
one aromatic ring and cannot efficiently compete for the active sites.
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Dehydrogenation of primary aromatic alcohols (e.g., 10) to aldehydes is
remarkably slower and also less selective than the synthesis of aromatic ketones.
Table 3-3: Transfer dehydrogenation of various alcohols to ketones with
cyclohexene.a

Substrate

OH

1

2

t (h)

OH

O

OH

3

Product

O

3

5

O

O

O

5
15 b

OH
21

15

5

OH

OH
O

O
O

N
8

N

OH
O

100

50
82

97.5
96

87

100

88

100

0.4

100

8
46

100
100

50 c

100

2c

100

N

O
O

7

OH

91

O
5
15 b

7

9

100

O
5

6

N

92

O

OH

8

Sel.
(%)

O

4

O

Conv.
(%)

O
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Table 3-3: (Continued)

t
(h)

Substrate
OH

10

11

OH

12

Sel.
(%)

20

93

29

50

87

20.5

41

7.5

1

100

O

1

100

O

–

–

–

–

O

15

OH

Cl

Conv.
(%)

Product

5

O

Cl

O

5

5

13

OH

O
OH

14

15

OH

5

OH

O
O

16

O

5

5

O
17
a

b
c

OH
N

O
5

O
N

Conditions: 100 mg 5 wt% Pd/Al2O3, 1.0 g alcohol, 30 ml cyclohexane,
reflux (80 °C), alcohol : cyclohexene mol ratio = 1 : 2.
300 mg 5 wt% Pd/Al2O3, alcohol : cyclohexene mol ratio = 1 : 5.
Determined by 1H NMR analysis in CDCl3.

A more important limitation of the method is that reducible functional groups,
such as aromatic halogen (11) or a C=C bond (12), are not stable under the
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reaction conditions. Hydrogenolysis or hydrogenation of these functions by the
hydrogen formed in the dehydrogenation of the C–O function diminishes the
selectivity.

OH
OH

+
6

1
cyclohexene

Pd/Al2O3

O
O

1h
5h

1%
3%

+
0.3%
0.5%

Scheme 3-2: Competitive transfer dehydrogenation of 1 and 6. Conditions: 100
mg 5 wt% Pd/Al2O3, 0.5 g from each alcohol, alcohol : cyclohexene
mol ratio = 1 : 2, 30 ml cyclohexane, reflux (80 °C).

A useful feature of the method is that aliphatic and cycloaliphatic primary
and secondary alcohols are not reactive. The same is true for α-functionalized
aliphatic alcohols, for example α-hydroxy-esters (16) and 1,2-aminoalcohols
(17). An exception is the dehydrogenation of allylic alcohols, such as isophorol
(13), which reactions are relatively fast but not selective. The poor selectivity to
ketones is only partly due to the side reaction depicted in Scheme 3-1. Another,
dominant route may be the isomerization via the half-dehydrogenated state as
shown in Scheme 3-3.26 For example, dehydrogenation of cinnamyl alcohol (12)
afforded a mixture of 3-phenyl-1-propanol, cinnamaldehyde, and
dihydrocinnamaldehyde as major products. The latter can also form via direct
hydrogenation of the C=C bond on Pd.
The low reactivity of aliphatic (14) and cycloaliphatic (15) alcohols can be
exploited for the selective synthesis of aromatic ketones. In the example shown in
Scheme 3-4 a reactant possessing both aromatic and aliphatic OH groups is
mimicked by an equimolar mixture of 1 and 14. As expected on the basis of
Table 3-3, competitive dehydrogenation of 1 and 14 afforded in 3 h higher than
90 % yield to acetophenone while 14 remained dominantly unattacked. For
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comparison, the Pt-group metal-catalyzed aerobic oxidation of aliphatic alcohols
is not slower than that of aromatic alcohols. As an example, oxidation of 1heptanol and 1-dodecanol on PtO2 in heptane at 60 °C afforded 26 and 77 %

OH
12

.

Pd

OH

Pd

O

-H

-H

.

OH

Pd + H
Pd + H

Pd + H
OH

Scheme 3-3: By-product formation via isomerization
dehydrogenation of allylic alcohols.

O

over

Pd

during

aldehyde yields in 1 and 0.25 h, respectively.27 Under the same conditions,
oxidation of 10 to benzaldehyde afforded 78 % yield in 1 h.

3.4 Discussion
The Pt-group metal catalyzed aqueous phase oxidative dehydrogenation of
alcohols with molecular oxygen affords high yields to ketones and carboxylic
acids under mild conditions. A drawback of the method is the high activity of
Pt- and Pd-based catalysts in the oxidation of almost all types of primary and
secondary alcohols. On the contrary, transfer dehydrogenation over supported
Pd catalysts using cyclohexene as H-acceptor affords the fast and selective
synthesis of aromatic ketones only; aliphatic and cycloaliphatic primary and
secondary alcohols are barely reactive under the conditions applied. Application
of cyclohexene in refluxing cyclohexane is convenient as the coproduct formed
from the H-acceptor is identical with the solvent.
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OH

+
14

1
Pd/Al2O3 cyclohexene
O

1h
3h

83%
93%

O

+

<1%

Scheme 3-4: Competitive transfer dehydrogenation of 1 and 14. Conditions: 100
mg 5 wt% Pd/Al2O3, 0.5 g from each alcohol, alcohol : cyclohexene
mol ratio = 1 : 2, 30 ml cyclohexane, reflux (80 °C).

Several liquid olefins were tested together with Pd/Al2O3 and the
conditions have been optimized for cyclohexene, which was the most reactive Hacceptor (Table 3-1). We have to emphasize that other olefins such as vinyl
acetate or 1-hexene may also be used for the synthesis of aromatic carbonyl
compounds when lower reaction rate is accepted. For example, using these two
olefins for the synthesis of acetophenone, 97 and 92 % yields were achieved in
5 h, respectively, and the only by-product was ethyl benzene (for conditions see
Table 3-3).
The high reactivity of cyclohexene as H-acceptor may be astonishing at
first sight, as cyclohexene is widely used as H-donor in transfer hydrogenation
reactions over supported Pd catalysts.28-31 In fact, when refluxing an
acetophenone : 1-phenylethanol = 94 : 6 mixture in cyclohexane solvent over
Pd/Al2O3, the ketone : alcohol ratio increased or decreased depending on the
cyclohexene concentration. When the alcohol : cyclohexene ratio was very low,
1 : 40, acetophenone was slowly hydrogenated to 1-phenylethanol (0.5 – 1 %
conversion per hour). The double role of cyclohexene can explain our
observation that increasing the excess of cyclohexene in transfer dehydrogenation
reactions enhanced the initial rate of alcohol conversion but the final yield could
not be improved.
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3.5 Conclusion
We conclude that transfer dehydrogenation of alcohols with the Pd/Al2O3–
cyclohexene system offers a facile and convenient synthesis of aromatic ketones.
The amount of hydrocarbon formed via hydrogenolysis of the C–O bond can be
minimized by selective poisoning with trace amounts of a tertiary amine, such as
triethylamine. In contrast to the transformation of benzylic and allylic alcohols
with Pd(OAc)2 or Pd/C under ethylene atmosphere21 that method requires 2 –
4.5 days till completion, our system resulted close to the same yields within 3 –
5 hours.

References
1.
2.

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

Arts, S. J. H. F.; Mombarg, E. J. M.; van Bekkum, H.; Sheldon, R. A.
Synthesis 1997, June, 597.
Marko, I. E.; Giles, P. R.; Tsukazaki, M.; Brown, S. M.; Urch, C. J. in:
Transition Metals for Organic Synthesis; Beller, M., Bolm, C., Eds.; WileyVCH: Weinheim, 1998; Vol. 2; p. 350.
Sheldon, R. A.; Arends, I.; Dijksman, A. Catal. Today 2000, 57, 157.
Muhler, M. in: Handbook of Heterogeneous Catalysis; Ertl, G., Knözinger,
H., Weitkamp, J., Eds.; VCH: Weinheim, 1997; Vol. 5; p. 2274.
de Graauw, C. F.; Peters, J. A.; van Bekkum, H.; Huskens, J. Synthesis
1994, October, 1007.
Naota, T.; Takaya, H.; Murahashi, S.-I. Chem. Rev. 1998, 98, 2599.
Heyns, K.; Paulsen, H.; Rüdiger, G.; Weyer, J. Fortschr. Chem. Forsch.
1968/69, 11, 285.
Haines, A. H., Methods for the Oxidation of Organic Compounds; Academic
Press: London, 1988.
Besson, M.; Gallezot, P. in: Fine Chemicals Through Heterogeneous
Catalysis; Sheldon, R. A., van Bekkum, H., Eds.; Wiley-VCH: Weinheim,
2001; p. 507.
Mallat, T.; Baiker, A. Catal. Today 1994, 19, 247.
van Bekkum, H. in: Carbohydrates as Organic Raw Materials;
Lichtenthaler, F. W., Ed.; VCH: Weinheim, 1991; p. 289.
Creyghton, E. J.; van der Waal, J. C. in: Fine Chemicals Through
Heterogeneous Catalysis; Sheldon, R. A., van Bekkum, H., Eds.; WileyVCH: Weinheim, 2001; p. 438.

Transfer Dehydrogenation of Alcohols

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.

49

van der Waal, J. C.; Tan, K.; van Bekkum, H. Catal. Lett. 1996, 41, 63.
Leyrit, P.; McGill, C.; Quignard, F.; Choplin, A. J. Mol. Catal. A 1996,
112, 395.
Creyghton, E. J.; Huskens, J.; van der Waal, J. C.; van Bekkum, H. Stud.
Surf. Sci. Catal. 1997, 108, 531.
Choplin, A.; Coutant, B.; Dubuisson, C.; Leyrit, P.; McGill, C.;
Quignard, F.; Teissier, R. Stud. Surf. Sci. Catal. 1997, 108, 353.
Lin, I.; Day, A. R. J. Am. Chem. Soc. 1952, 74, 5133.
Bayer, O. in: Methoden der Organischen Chemie (Houben-Weyl); Müller,
E., Ed.; G. Thieme: Stuttgart, 1954; Vol. 7/1; p. 160.
Kramer, D. in: Methoden der Organischen Chemie (Houben-Weyl); Müller,
E., Ed.; Thieme: Stuttgart, 1973; Vol. 7/2a; p. 699.
Hayashi, M.; Yamada, K.; Nakayama, S. Synthesis 1999, 11, 1869.
Hayashi, M.; Yamada, K.; Nakayama, S. J. Chem. Soc. Perkin Trans. 1
2000, 1501.
Nishiguchi, T.; Imai, H.; Hirose, Y.; Fukuzumi, K. J. Catal. 1976, 41,
249.
Kim, Y. H.; Choi, J. Y. Tetrahedron Lett. 1996, 37, 8771.
Rylander, P. in: Catalytic Hydrogenation in Organic Syntheses; Rylander, P.,
Ed.; Academic Press: New York, 1979; p. 251.
Notheisz, F.; Bartok, M. in: Fine Chemicals through Heterogeneous
Catalysis; Sheldon, R. A., van Bekkum, H., Eds.; Wiley-VCH: Weinheim,
2001; p. 415.
Sheikh, M. Y.; Eadon, G. Tetrahedron Lett. 1972, 13, 257.
Heyns, K.; Blazejewicz, L. Tetrahedron 1960, 9, 67.
Aramendia, M. A.; Borau, V.; Jimenez, C.; Marinas, J. M.; Sempere, M.
E.; Urbano, F. J. React. Kinet. Catal. Lett. 1992, 46, 279.
De, S.; Jain, N.; Krishnamurty, H. G.; Vimal. Ind. J. Chem. B 1994, 33B,
163.
Sansanwal, V.; Krishnamurty, H. G. Synth. Commun. 1995, 25, 1901.
Toplak, R.; Svete, J.; Stanovnik, B.; Grdadolnik, S. G. J. Heterocyclic
Chem. 1999, 36, 225.

Chapter

4

On the Role of Oxygen in Alcohol Oxidation
The mechanism of alcohol oxidation has been investigated over Pd-based
catalysts. The studies revealed that dehydrogenation of cinnamyl alcohol follows
the same reaction pathways independent of the presence or absence of oxygen.
Hydrogenation-type side reactions indicated the presence of hydrogen on the
metal surface during reactions. Catalyst deactivation in Ar is attributed to
decarbonylation reactions and CO formation. Introduction of oxygen induced a
dramatic rate-enhancement of alcohol conversion. We conclude that the key role
of oxygen is the continuous oxidative removal of CO and other degradation
products from the active sites.

4.1 Introduction
The dehydrogenation mechanism of alcohol oxidation over Pt-group metal
catalysts1-7 has been widely accepted, assuming that the role of oxygen is to
oxidize the coproduct hydrogen formed in the rate-determining step and thus
shift the equilibrium towards the carbonyl compound. The secondary
importance of oxygen in this mechanism is supported by Wieland’s early
observation that the reaction can be carried out by replacing oxygen with a
hydrogen acceptor such as quinone, nitrobenzene, or an olefin.8 This approach
has been applied recently in the transfer dehydrogenation of allylic and aromatic
alcohols on Pd under ethylene atmosphere9 or using a cheap liquid olefin as
hydrogen acceptor (Chapter 3).
In situ catalyst potential measurements provided further support for the
dehydrogenation mechanism and for the secondary role of oxygen. Müller and
Schwabe demonstrated for the first time that during oxidation of ethanol or
2-propanol the potential of Pt was in the “hydrogen region”, i.e. the metal was
partially covered by hydrogen despite of the presence of oxygen.10,11 Some more
examples on this situation can be found also in the later literature.12-14
However, an increasing number of reports are in contradiction with this
concept and suggest that oxidation of some alcohols proceeds on a partially
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oxygen-covered metal surface and that the actual concentration of adsorbed
hydrogen during reaction seems to be negligible.15-19 Several kinetic studies
indicated a Langmuir–Hinshelwood type behavior, a surface reaction between
the adsorbed reactant and the dissociatively adsorbed oxygen being the
rate-determining step.20,21 In recent studies Markusse et al. suggested that
oxygen-assisted dehydrogenation would be the rate-determining step.19,22
However, kinetic analysis requires working under conditions free from
mass-transport limitations, and such conditions result in a rapid catalyst
deactivation due to over-oxidation of the metal surface.23,24 It was also shown
that multiple steady-states may complicate the kinetic analysis.25,26
We conclude that the apparent general agreement in the oxidative
dehydrogenation mechanism of alcohol oxidation covers contradictory opinions
concerning the nature of elementary steps and the role of oxidizing species. Some
years ago a possible explanation for this contradiction was proposed: the blocking
of active sites by strongly adsorbed alcohol degradation products.17,18,27,28
Oxidative removal of these impurities accelerates the target reaction; thus
adsorbed oxygen plays a direct role in the reaction mechanism.
This question is addressed here with catalytic and in situ spectroscopic
methods. The model reaction is the transformation of an allylic alcohol,
trans-cinnamyl alcohol. Aerobic oxidation of allylic alcohols on Pt- and Pd-based
catalysts under appropriate conditions affords sometimes excellent yields to
α,β -unsaturated aldehydes.28,29 In the absence of oxygen the selectivity is low due
to side reactions in which the reactant alcohol acts as a H-acceptor (Chapter 3).
The high reactivity of reactant and product offers the possibility to demonstrate
the importance of competing side reactions, and to clarify the role of oxygen in
these reaction pathways.

4.2 Experimental
4.2.1 Materials
The following catalysts were used: 5 wt% Pd/Al2O3 (Johnson Matthey 324;
mean Pd particle size: 3.4 nm determined by TEM, calculated dispersion:
0.3430), 5 wt% Pt/Al2O3 (Engelhard 4759; mean Pt particle size: 2.9 nm,
dispersion: 0.40), and 4 wt% Pd – 1 wt% Pt – 5 wt% Bi/C (Degussa CEF 196
XRA/W). Trans-cinnamyl alcohol (Acros, 98 %) was purified by recrystallization
from petroleum ether (99.3 % by 1H NMR and GC). Ethylene glycol diacetate
(Aldrich, >99 %, internal standard) and toluene (J.T. Baker, >99.5 %) were used
as received. Gases were of 99.999 % purity (PANGAS).
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4.2.2 Catalytic Studies
The reactions were performed in a 150 ml flat-bottomed glass reactor equipped
with gas inlet, reflux condenser, thermometer, inlet for taking samples, and
magnetic stirring. According to the general procedure, 100 mg catalyst was
prereduced in situ by H2 for 10 min in 25 ml toluene, purged with N2 for 5 min
and re-oxidized by air for 30 min. The aim of this reduction–oxidation cycle was
to activate the catalyst stored in air but to avoid the presence of any hydrogen
when introducing the reactant. The catalyst prereduction temperature was lower
by 20 – 25 °C than the temperature of the alcohol oxidation reaction. After
catalyst pretreatment the air flow was set in the range 5 – 60 ml min-1, or the
reactor was purged with Ar and a balloon filled up when the reaction was carried
out in an inert atmosphere. The reaction was started by injection of 1.0 g
(7.5 mmol) cinnamyl alcohol and 1.1 g (7.5 mmol) internal standard in 5 ml
toluene. Samples were periodically withdrawn and analyzed by GC (Thermo
Quest Trace 2000, equipped with an HP–FFAP capillary column and an FID
detector). Products were identified by GC–MS and GC analysis of the
corresponding authentic samples.
4.2.3 ATR–IR Spectroscopy
The transformation of cinnamyl alcohol on Pd was studied by in situ attenuated
total reflection (ATR) infrared spectroscopy.31 A catalyst layer on the internal
reflection element was used for this purpose. A slurry of 10 mg 5 wt% Pd/Al2O3
in 5 ml toluene was stirred for 30 min. Then a ZnSe internal reflection element
(IRE, 45o, 50 × 20 × 2 mm, KOMLAS) was covered by dropping the slurry on
one of its sides. The solvent was allowed to evaporate and the procedure was
repeated three times. After drying for several hours in air the catalyst layer was
ready for use. The catalyst exposed to the reaction mixture, a film of 3.1 cm2
geometric area, amounted to 1 – 1.5 mg.
ATR spectra were recorded using a home-built stainless-steel flow
through cell with a total volume of 0.077 ml.32 The cell was heated to 60 °C by a
thermostat during the measurements. After assembling, the cell was mounted
onto an ATR attachment (Optispec) within the FT–IR spectrometer (IFS–66/S,
Bruker Optics) equipped with an MCT detector. At the entrance and exit of the
IRE the IR beam was collimated to minimize signal contributions from the
O-ring region. Liquid (toluene or a toluenic solution of cinnamyl alcohol) was
flown over the catalyst sample at a rate of 0.5 ml min-1 by a peristaltic pump
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(Ismatec Reglo 100) located after the cell. Liquid was provided from two separate
glass bubble tanks, where the liquids could be saturated with gases. The flow
from the two tanks was controlled by a pneumatically activated three way
Teflon® valve (Parker PV-1-2324). After purging the sample compartment of the
spectrometer with dry air for about one hour, neat toluene was admitted to the
sample for 20 min. Then the catalyst was reduced in situ by admitting toluene
saturated with H2 for 10 min. After purging with toluene saturated with Ar for
10 min the catalyst was oxidized by flowing toluene saturated with air. Then the
solution of cinnamyl alcohol in toluene was pumped over the pretreated catalyst
and the spectra were recorded.

4.3 Results
4.3.1 Reaction Network
Preliminary studies revealed a complex reaction network typical for the
transformation of cinnamyl alcohol (1) to cinnamaldehyde (2) (Scheme 4-1).
Changing the catalyst composition (Pd/Al2O3, Pt/Al2O3, and Pd–Pt–Bi/C),
reaction atmosphere (Ar or air), solvent (toluene, cyclohexane, or water with
detergent), and reaction temperature (45 – 80 °C) had a big influence on the
relative contribution of various reactions but the overall scheme was valid in all
cases.
Beside the target reaction, dehydrogenation of 1 to 2, a major reaction is
the production of the saturated alcohol 3. Formation of 3 may simply be
interpreted as a transfer hydrogenation reaction in which the reactant itself plays
the role of hydrogen acceptor. A similar reaction is the transformation of
cinnamaldehyde (2) to dihydrocinnamaldehyde (6). It has been shown in
Chapter 3 that many aromatic and allylic alcohols can act as hydrogen donors
and acceptors on the Pd surface.
The appearance of 1-propenylbenzene (5) among the products is a clear
indication for hydrogenolysis of the C–O bond in 1. Further hydrogenation of
the alkenyl side-chain leads to propylbenzene (4), though this product may also
form from 3 via C–O bond hydrogenolysis.
Decarbonylation of cinnamaldehyde (2) affords styrene (8), and ethyl
benzene (7) after hydrogenation. Alternatively, decarbonylation of
dihydrocinnamaldehyde (6) also provides 7. Note that Pt-group metals, and
particularly Pd, are good catalysts for aldehyde decarbonylation.33-35
There was no indication for further oxidation of cinnamaldehyde to
cinnamic acid in toluene. The likely explanation is that direct oxidation of the
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carbonyl group is slow and the faster dehydrogenation via hydration of the
carbonyl group is hampered by the stability of the aldehyde and the neutral
apolar organic medium.28 Similarly, no C=C double bond isomerization

+2H
8

7
- CO

- CO
O +2H
2

O
6

-2H
+2H
5

OH

- H2O

+2H

1
+2H

+2H
4

- H2O

OH
3

Scheme 4-1: Reaction network for the transformation of trans-cinnamyl
alcohol (1) over Pd/Al2O3; all products were identified by GC
and GC–MS.

occurred, which reaction is typical for aliphatic allylic alcohols, affording
saturated aldehydes via enol-keto tautomerization.36-38 In cinnamyl alcohol the
olefin function is in conjugation with the aromatic electron sextet; thus neither
isomerization of cinnamyl alcohol into dihydrocinnamaldehyde nor
isomerization of 1-propenylbenzene into allylbenzene took place. We assume the
formation of 6 via direct hydrogenation.
In summary, formation of 3 – 7 indicates the presence of surface hydrogen
during dehydrogenation or oxidation of cinnamyl alcohol, and the appearance of
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7 and 8 verifies decarbonylation type side reactions. This information will be
used next to interpret the catalytic results.
4.3.2 Catalytic Dehydrogenation and Oxidation of Cinnamyl Alcohol
Dehydrogenation of cinnamyl alcohol in Ar over Pd/Al2O3 is characterized by a
rapid loss of catalyst activity. An example is shown in Figure 4-1. Before reaction
the catalyst was activated by reduction with hydrogen and re-oxidized in air to
avoid the presence of surface hydrogen at the beginning of alcohol
transformation. After addition of cinnamyl alcohol the first step is the reduction
of the oxidized metal surface by the alcohol reactant. The initial rate of alcohol
conversion related to the number of surface Pd atoms (TOF) was 450 h-1. After

Conversion (%)

100

air

80

80

60

60
40

40

Selectivity (%)

Ar

20
20
0
0

20

40

60

80

100

120

Time (min)
Fig. 4-1:

Conversion of cinnamyl alcohol (1) and selectivity to cinnamaldehyde
(2) in Ar for 90 min and then in air. Conditions: 5 wt% Pd/Al2O3
prereduced by hydrogen and re-oxidized by air in situ at 40 °C, 1.0 g
cinnamyl alcohol, 30 ml toluene, reaction temperature: 65 °C, mixing
frequency: 1250 min-1, air flow rate: 60 ml min-1.

1 h the TOF was only 10 h-1 though the change in reactant concentration was
minor. Apparently, conversion of cinnamyl alcohol is strongly poisoned on the
reduced Pd surface. We propose that the loss of activity is due to aldehyde
decarbonylation and the strong adsorption of CO, as will be shown below.
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After 90 min, Ar was replaced by air that resulted in a dramatic
rate-acceleration (TOF: 2850 h-1) and conversion of the rest of the cinnamyl
alcohol within 10 min. The major products were cinnamaldehyde (2) and
3-phenyl-1-propanol (3). Interestingly, changes in selectivity with time and gas
atmosphere were small (Figure 4-1). The selectivity to 2 was higher by 5 – 7 %
on the oxidized Pd surface at the beginning of the reaction and after introduction
of air.
The reaction was repeated at a lower rate of oxygen transport by reducing
the mixing frequency and the air flow rate (Table 4-1, entry 1). The average
TOF of alcohol conversion in air decreased from 2850 to 1150 h-1 but the
product distribution barely changed. Note that in the second part of both
reactions, in the aerobic oxidation, the rate-limiting step is the oxygen transport
from the gas phase to the Pd surface. Oxygen transport limitation is necessary to
avoid too high oxygen coverage leading to catalyst over-oxidation and
deactivation.23,24
The product distribution before introducing air and at the end of the
aerobic oxidation is shown in Table 4-1 (entries 1a and 1b). As discussed above,
the products 3 – 7, formed via hydrogenation and hydrogenolysis reactions,
evidence the presence of hydrogen on the Pd surface. Introduction of air after
90 min reaction time disfavored the more demanding reaction, the
hydrogenolysis of the C–O bond (to produce 4 and 5) but barely hampered the
saturation of the C=C bond (to produce 3, 6, and 7). Similarly, oxygen retarded
only moderately the decarbonylation of aldehydes 2 and 6 to the hydrocarbons 7
and 8. A feasible explanation is that the amount of oxygen was sufficient to
(partially) oxidize the impurities on the Pd surface but the surface oxygen
concentration remained low and removal of hydrogen formed in the rapid
dehydrogenation of 1 was incomplete. The reaction in Table 4-1, entry 1 was
repeated with only a 3 min time period in Ar (Table 4-1, entry 2). The time
required for complete conversion of 1 in air increased but the product
distribution was very similar. The lower reaction rate is attributed to the
incomplete reduction of the Pd surface by the reactant alcohol.
When the aerobic oxidation was started without any prereduction with the
reactant alcohol in Ar, the conversion of 1 was even slower (entry 3). The
rate-enhancing effect of catalyst prereduction before the aerobic oxidation of
alcohols on Pt-group metals is well known.39 More important is that the
cumulative selectivity to hydrogenation and hydrogenolysis products 3 – 7 was
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Table 4-1:

Product distribution in the transformation of trans-cinnamyl alcohol
(1) over Pd/Al2O3.a For identification of the products see Scheme 4-1.
Yield (%)b

Atm.;
Time
(min)

Select.

Conv.
(%)

2

3

4

5

6

7

8

2

3–7

1a

Ar
90

10.7

5.7

4.1

0

0.5

0.1

<0.1

0.2

53

45

1b

Air
+ 25

99.8

62.8

34.9

0.2

0.5

0.6

0.8

<0.1

63

37

2

Airc
55

100

63.7

34.0

0.2

0.7

0.4

0.9

0.1

64

36

3

Air
85

24.7

21.9

1.5

<0.1

0.2

0.2

0.2

0.7

89

9

a

b
c

Conditions: 0.10 g 5 wt% Pd/Al2O3 (prereduced by hydrogen and
re-oxidized by air in situ at 40 °C), 1.0 g cinnamyl alcohol, 30 ml
toluene, reaction temperature: 65 °C, air flow rate: 20 ml min-1, mixing
frequency: 750 min-1.
No other products were detected by GC.
The catalyst was prereduced before aerobic oxidation with the reactant
alcohol itself under Ar for 3 min.

9 %, demonstrating the presence of surface hydrogen on the partially oxidized Pd
surface during aerobic oxidation.
These experiments indicate that the reaction rate and product distribution
strongly depend on the amount of oxygen present on the Pd surface but in all
cases alcohol dehydrogenation (leading to partial hydrogen coverage) seems to be
the dominant mechanism. On the basis of the product distribution shown in
Table 4-1 we assume that the rapid deactivation of Pd/Al2O3 in Ar and the sharp
rate-enhancement by introduction of air are due to catalyst poisoning by the
alcohol degradation product CO and to oxidative removal of these species,
respectively. In the following we show more evidence for this concept.
The striking effects observed with Pd/Al2O3 could not be corroborated
with Pt/Al2O3 due to its very low activity. For example, repeating the experiment
shown in Figure 4-1 with Pt/Al2O3 the TOF values were lower by up to three
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orders of magnitude. Thus, the differences due to variations in the catalyst
pretreatment procedure could not reliably be measured. It has already been
reported that Pt/Al2O3 is a poor catalyst for cinnamyl alcohol oxidation in
aqueous alkaline medium.28
Dehydrogenation and oxidation of cinnamyl alcohol on a Bi-promoted
catalyst 4 wt% Pd – 1 wt% Pt – 5 wt% Bi/C provided further support to the
presence of hydrogen on the metal surface during reaction (Table 4-2). The
amount of products 3 – 7 formed via hydrogenation- or hydrogenolysis-type
Table 4-2:

Product distribution in the transformation of trans-cinnamyl alcohol
(1) over Pd–Pt–Bi/C.a For identification of the products see
Scheme 4-1.
Select.
(%)

Yield (%)b
Conv.
(%)

2

3

4

5

6

7

8

2

3–7

1

Ar

7.1

4.9

1.1

0.1

0.8

0.1

0

<0.1

69

30

2

Air

34.6

31.2

2.0

<0.1

1.0

0.2

<0.1

0.1

90

9.5

a

b

Conditions: 0.10 g catalysts (prereduced by hydrogen and re-oxidized by air
in situ at 25 °C), 1.0 g cinnamyl alcohol, 30 ml toluene, reaction
tempreature: 45 °C, mixing frequency: 750 min-1, air flow rate: 20 ml min-1,
reaction time: 5 h.
No other products were detected by GC.

reactions is considerable both in Ar and in air. The higher selectivity to
cinnamaldehyde (2) in air (Table 4-2 and Figure 4-2) is mainly attributed to
suppression of transfer hydrogenation of cinnamyl alcohol. Decarbonylation
affording 7 and 8 was barely detectable over Pd–Pt–Bi/C. The much lower
decarbonylation activity of this three-component catalyst, as compared to
Pd/Al2O3 (last lines in Tables 4-1 and 4-2) is likely due to the promoting effect
of Bi. It has been shown that Bi-promotion can suppress CO formation during
electrocatalytic oxidation of ethyleneglycol.40 The reaction in air was considerably
faster than in Ar, as expected, but the sudden catalyst deactivation after a few
minutes dehydrogenation in Ar, as observed over Pd/Al2O3, was absent on the
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Fig. 4-2:

(a) Conversion of cinnamyl alcohol (1) and (b) selectivity to
cinnamaldehyde (2) in Ar and in air over Pd–Pt–Bi/C. Conditions:
catalyst prereduced by hydrogen and re-oxidized by air in situ at 25 °C,
1.0 g cinnamyl alcohol, 30 ml toluene, reaction temperature: 45 °C,
mixing frequency: 750 min-1, air flow rate: 20 ml min-1.

three-component catalyst (Figure 4-1). We attribute this difference to
suppression of side reactions that result in strongly adsorbing by-products or to
weaker adsorption of these species on the Bi-promoted Pd surface. The
contribution of Pt in the three-component catalyst seems to be negligible, based
on the poor activity of Pt/Al2O3.
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4.3.3 ATR–IR Spectroscopy
The importance of decarbonylation reactions during dehydrogenation of
cinnamyl alcohol has been investigated by attenuated total reflection infrared

(a)

(c)

(b)

Absorbance

0.002

2000

1800

2000

1800

2000

1800

-1

Wavenumber (cm )
Fig. 4-3:

(a) In situ ATR spectra recorded while flowing a solution of 0.056 M
cinnamyl alcohol in Ar-saturated toluene over Pd/Al2O3. The time lag
between first (bottom) and last spectrum (top) is 17 min. (b) Spectra
recorded while subsequently flowing an identical solution but saturated
with air over the same sample. The time lag between first (top) and the
last spectrum (bottom) is 2 min. (c) Spectra recorded while
subsequently flowing dissolved CO (0.5 % in Ar) in the same solution
over the same catalyst. Time between first (bottom) and last (top)
spectrum is 10 min. The background for the spectra shown in (a) and
(b) was recorded before admitting the alcohol. For the spectra in (c) the
background was recorded before admitting CO.

spectroscopy (ATR–IR) of the solid–liquid interface. Figure 4-3 shows the in situ
ATR spectra, which were recorded while flowing a solution of cinnamyl alcohol
in toluene over the Pd/Al2O3 catalyst. The solution was first saturated with Ar
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(Figure 4-3a), then with air (Figure 4-3b), and subsequently with CO (0.5 % in
Ar, Figure 4-3c). The bands in Figure 4-3a at 2000, 1900, and 1840 cm-1 are
attributed to adsorbed CO that forms during feeding the alcohol over the
catalyst. The latter two bands are ascribed to bridged CO and the former one to
linearly bound CO.41 The sharp bands at 1640 and 1690 cm-1 are associated with
cinnamyl alcohol (1) and species adsorbed on the Al2O3 support. It should be
emphasized that the spectra were recorded truly in situ, that is, while the catalyst
was working. GC analysis of the solution, which has passed through the cell,
showed the production of cinnamaldehyde (2) and 3-phenyl-1-propanol (3), the
two major products over Pd, with yields over 0.5 % for each. The spectra in
Figure 4-3a confirm that CO is built up on the alumina-supported Pd catalyst.
The time difference between the first (bottom) and the last recorded spectrum
(top) was 17 min. Figure 4-3b reveals that CO formed during dehydrogenation
of 1 is rapidly removed when air is introduced into the system. The time
difference between the first (top) and the last measured spectrum is about 2 min.
For comparison, Figure 4-3c shows the CO spectra obtained on the same catalyst
when the reactant solution was saturated with CO. The relative intensity of the
various CO bands and their behavior with coverage is qualitatively the same in
Figures 4-3a and c. For example, the low wavenumber bridged CO band grows
first, whereas the high wavenumber CO band grows faster at higher coverage.

4.4 Discussion
4.4.1 Oxidative Removal of Degradation Products
According to the classical dehydrogenation mechanism of alcohol oxidation over
Pt-group metals, the rate-limiting step is the dehydrogenation on the metal
surface and the role of oxygen is to oxidize the coproduct hydrogen to water and
accelerate by this way the overall reaction. Dehydrogenation and oxidative
dehydrogenation of primary unsaturated alcohols, such as cinnamyl alcohol, is a
sensitive test reaction for studying the reaction mechanism and the role of oxygen
in the aerobic oxidation of alcohols. The catalytic studies, presented in Tables
4-1 and 4-2, and Figures 4-1 and 4-2, revealed that transformation of cinnamyl
alcohol runs over the same reaction pathways independent of the presence or
absence of molecular oxygen, reaction conditions and catalyst composition.
Formation of by-products 3 – 7 (Scheme 4-1) demonstrated that there was
always sufficient amount of hydrogen on the metal surface to allow
hydrogenation and hydrogenolysis side reactions. Hence, these results prove that
the classical dehydrogenation mechanism is valid for the oxidation of 1 on Pd.
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Formation of 3 – 7 via hydrogenation and hydrogenolysis of reactant and
products even in the presence of molecular oxygen indicates that oxidation of the
coproduct hydrogen by oxygen on the Pd surface is unexpectedly slow. The
experiments in Figure 4-1 and Table 4-1, entry 1 demonstrate that
dehydrogenation of 1 can be accelerated by more than two orders of magnitude
by introducing oxygen and without significantly hampering the side reactions
involving surface hydrogen. These observations question the validity of the
general assumption that the role of oxygen would be oxidation of the coproduct
hydrogen, and thus regenerating free active sites and accelerating the overall
reaction.
The present study corroborates a former proposal17,18,27,28 that in many
liquid-phase alcohol oxidation reactions the major role of oxygen is the oxidative
removal of degradation products. The dramatic rate-acceleration achieved by
introducing oxygen (Figure 4-1) is not an indication for a direct involvement of
adsorbed oxidizing species in the alcohol dehydrogenation mechanism but is
rather an indication for the removal of strongly adsorbed species and an increase
in the number of active Pd0 sites available for alcohol dehydrogenation.
Decarbonylation of cinnamaldehyde (2) and dihydrocinnamaldehyde (6) affords
CO and hydrocarbons (styrene (8) and ethyl benzene (7), respectively,
Scheme 4-1). Introduction of molecular oxygen suppressed but did not eliminate
this side reaction (Tables 4-1 and 4-2). In situ ATR–IR spectroscopy revealed a
considerable CO coverage on the Pd surface during dehydrogenation of
cinnamyl alcohol in Ar and proved the subsequent oxidative removal of CO by
introducing air (Figure 4-3).
Pd is one of the best decarbonylation catalysts.33-35,42 That is, the
transformations 2 → 8 and 6 → 7 in Scheme 4-1 are not only fast but also
selective. The hydrocarbons produced and CO2 (after oxidation of CO) can
easily desorb from the metal surface and thus regenerate the active sites.
However, in other reactions and on other metals oxidative removal of CO may
not be sufficient to regenerate the alcohol dehydrogenation activity. In general, a
decarbonylation reaction produces CO, hydrogen and Cn-1 hydrocarbon species,
as has been shown by Barteau and coworkers under UHV conditions.34,35 Not
only CO but also the hydrocarbon fragments formed in the decarbonylation
reaction can cause catalyst poisoning. As it has been shown in Chapter 3 alcohol
dehydrogenation may be accelerated but also retarded by addition of an olefin as
H-acceptor. For example, styrene reduced the rate of dehydrogenation of
1-phenylethanol to acetophenone on Pd/Al2O3 by a factor of more than 30, as
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compared to the reaction in Ar without olefin. Note that styrene is the
decarbonylation product from cinnamaldehyde (8 in Scheme 4-1).
Electrocatalytic studies of the adsorption and reactions of allyl alcohol on
Pt and Pd indicated that removal of strongly adsorbed hydrocarbon fragments
(decarbonylation products) as easily desorbing hydrocarbons requires strongly
reducing conditions.43,44 It was also reported that the best regeneration process
for a catalyst deactivated in alcohol oxidation is a high temperature treatment in
hydrogen.45 Hence, we assume that the observed low activity of Pt/Al2O3 in
cinnamyl alcohol dehydrogenation may be due to catalyst poisoning by strongly
adsorbed hydrocarbon species and by the possible oligomerization products. This
assumption explains the minor positive effect of oxygen on the dehydrogenation
rate. Apparently, in this reaction Pd is less sensitive to poisoning by the
hydrocarbon fragments.
A possible alternative explanation to the positive effect of oxygen
introduction during dehydrogenation of 1 would be that in air the Pd surface is
partially covered by oxygen. Partial coverage of the active sites by oxygen can, for
example, reduce the size of active site ensembles and thus suppress side reactions,
and shift the catalyst potential leading to different adsorption strength and
reaction rates. In order to estimate the contribution of oxygen-covered metal
surface to the overall performance of the catalyst we have to keep in mind that
the reduced metallic sites are more active than the oxidized sites by at least an
order of magnitude.39 During our experiments the selectivity to products formed
via hydrogenation was in the range 9 – 37 % even in the presence of air
(Tables 4-1 and 4-2). This is an indication that the major part of the Pd surface
was in a reduced state and partially covered by hydrogen. Hence, the key role of
oxygen is assumed to be the oxidative removal of degradation products.
4.4.2 Generalization of the Observations
The role of oxygen in the aerobic oxidation of alcohols can be illustrated by the
bell-shaped curve in Figure 4-4. It was early discovered that the oxidized metal
(point a) is poorly active in alcohol oxidation.39 Prereduction of the supported
metal catalyst by hydrogen, or by the reactant itself in an inert atmosphere, can
accelerate the reaction dramatically (moving from right to left on the curve in
Figure 4-4). The present results, and also former observations,17,18,27,28 indicate
that below a certain oxygen coverage of the metal (point b) the rate decreases
again due to catalyst poisoning (point c). An important role of oxygen is to
remove the poisoning species and thus increase the number of active M0 sites

Rate of Dehydrogenation (a. u.)

On the Role of Oxygen in Alcohol Oxidation

b

CO
poisoning

Reduced
Fig. 4-4:

65

a

c

Pd

overoxidation
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Schematic representation of the rate of alcohol dehydrogenation as a
function of the oxidation state of Pd.

available for alcohol dehydrogenation. During development of an alcohol
oxidation procedure, the aim is to operate the reactor at around point b by fine
tuning the rate of oxygen supply to the actual rate of alcohol oxidation.
Catalyst deactivation during aerobic oxidation of alcohols is commonly
interpreted as over-oxidation of the metal catalyst. On the basis of Figure 4-4 the
distinction between catalyst poisoning by surface impurities and deactivation due
to too high oxygen coverage (over-oxidation) is simple. An unambiguous test is
to follow the reaction rate as a function of the oxidation state (potential) of the
catalyst.14 In situ catalyst potential measurements revealed that during oxidation
of L-sorbose the reaction rate was negligible on a reduced, partially H-covered Pt
surface.18 By increasing the rate of oxygen supply (i.e. moving from left to right
on the bell-shaped curve in Figure 4-4), the rate of L-sorbose conversion reached
a maximum corresponding to a relatively clean surface and moderate oxygen
coverage, then decreased again due to too high oxygen-coverage of Pt.
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Another important question is the scope of reactants prone to
decarbonylate on Pt or Pd. We propose that catalyst poisoning by alcohol
degradation should be expected in all reactions where the product is an
aliphatic34,35 or aromatic aldehyde,46 or an activated ketone42 (for example an
α-ketoacid, a typical oxidation product in carbohydrate oxidation). There is a
substantial literature on the facile decarbonylation, or in more general on the
degradation, of carbonyl compounds on Pt-group metals affording CO and a
hydrocarbon residue.33-35,42,46,47 Unexpectedly, even the dehydrogenation of
simple secondary aliphatic alcohols, such as 2-propanol, on Pt48 and Pd49 may be
accompanied by degradation to CO and hydrocarbon fragments. For example,
exposure of Pd (110) to 2-propanol at 120 K lead to the formation of CO, CH4,
hydrogen and surface carbon.49 Hence, poisoning of Pt-group metals by CO and
hydrocarbon fragments seems to be a general phenomenon during
dehydrogenation and oxidative dehydrogenation of alcohols.
Finally, we have to emphasize an interesting consequence of reactant and
product degradation and the positive effect of oxygen on the reaction rate. A
positive order of the oxygen concentration on the alcohol oxidation rate is
frequently used to support a reaction mechanism in which adsorbed oxygen is
directly involved. However, this conclusion is acceptable only when retardation
by degradation products and their oxidative removal can be excluded.

4.5 Conclusions
Dehydrogenation and oxidative dehydrogenation of cinnamyl alcohol over
Pd-based catalysts and in situ ATR–IR spectroscopic analysis of adsorbed species
on Pd/Al2O3 under reaction conditions indicate the following mechanistic
model:
(i)
The reaction obeys the classical dehydrogenation mechanism in which
adsorbed oxidizing species do not play a role.
(ii) Contrary to the general assumption, oxidation of the coproduct hydrogen
by oxygen is not a necessary requirement for achieving high reaction rates.
(iii) The major role of oxygen is the oxidation of strongly adsorbed CO
produced by decarbonylation-type side reactions. Continuous oxidative
removal of CO ensures a high number of free Pd0 sites available for the
dehydrogenation reaction.
(iv) The Cn-1 hydrocarbon fragments (coproducts of the decarbonylation
reactions), or the dimers and oligomers formed from them, can also lead
to catalyst deactivation. Removal of these species by oxygen is inefficient.
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We propose that this model can be applied to many other alcohol oxidation
reactions over Pt-group metal catalysts. The large differences observed in the
reactivity of various metal catalysts may partly be due to different extent of
catalyst poisoning by degradation products and to the efficiency of oxygen to
regenerate the active sites. The contradictory observations concerning the role of
oxygen in the reaction mechanism may be explained by the dramatic effect of
oxidative removal of strongly adsorbed degradation products on the reaction rate.
A positive order to oxygen in the kinetic analysis does not necessarily indicate a
Langmuir–Hinshelwood mechanism with direct involvement of oxygen. An
unambiguous interpretation of the role of oxidizing species requires in situ
investigation of the surface species and the role of the oxidation state of the
catalytic metal surface.
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Chapter

5

Oxidation of Cinnamyl Alcohol over Pd/Al2O3
Studied by XAS
The in situ EXAFS studies revealed that the Pd constituent in a Pd/Al2O3 catalyst
was reduced during dehydrogenation of cinnamyl alcohol under Ar, and Pd
remained in a metallic state after saturating the toluenic solution with 5 % O2 in
He. The catalytic performance was simultaneously monitored by GC analysis of
the reactor cell effluent.

5.1 Introduction
Although the Pt-group metal-catalyzed alcohol oxidation has already been
thoroughly investigated,1-4 there are still debated questions with regard to the
oxidation state of the active sites during alcohol oxidation, and the role of oxygen
in the reaction mechanism and in catalyst deactivation. The role of oxygen may
be (i) the oxidation of the coproduct hydrogen,2 (ii) the oxidative removal of
strongly adsorbed impurities (alcohol degradation products),5 or (iii) the
adsorbed oxygen may interact directly with the adsorbed reactant.3,6 Answering
these questions necessitates in situ studies. The oxidation state of the metals
during reaction can be followed by measuring the catalyst potential.7,8 The
technique is highly surface sensitive but requires a conductive medium, and
surface impurities may complicate interpretation of the results. Recently,
ATR–IR spectroscopy has been found to be efficient for monitoring the
adsorbed species on Pt-group metals in solutions.9
X-ray absorption spectroscopy (XAS, particularly in situ EXAFS) has been
widely used for characterization of catalysts in solid–gas type reactions.10-15 A
number of studies has already been reported on the application of in situ XAS
also in solid–liquid type reactions,3,16,17 including alcohol oxidation in aqueous
medium over Pt.18 A further challenge is the investigation of dynamic changes. In
solid–gas type reactions both quick EXAFS (QEXAFS) and dispersive EXAFS
(DEXAFS) have been used for this purpose19-21 but they have only rarely been
applied in solid–liquid type reactions. QEXAFS has the inherent advantage that
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it is less sensitive to heterogeneity usually encountered in solid catalysts.
Here we report on the dynamic structural changes in a 5 wt% Pd/Al2O3
catalyst followed by QEXAFS during dehydrogenation and oxidative
dehydrogenation of cinnamyl alcohol in toluene. A continuous-flow fixed-bed
reactor has been developed that allowed both catalytic and XAS measurements in
a closed system. The catalytic results are compared to those obtained in a slurry
reactor.

5.2 Experimental
5.2.1 Materials
Five wt% Pd/Al2O3 (Johnson Matthey 324, mean particle size: 3.4 nm as
determined by TEM) and toluene (J.T. Baker, >99.5 %) were used as received.
Trans-cinnamyl alcohol (Acros, 98 %) was purified by recrystallization from
petroleum ether (99.3 %).
5.2.2 Alcohol Dehydrogenation in the EXAFS cell
Working with organic solvents and gases at synchrotrons requires special security
handling. Here we used a closed system with all gas-out lines connected to the
exhaust system. Appropriate ventilation and gas sensors are also recommended. A
similar setup with three glass containers is shown in Figure 2-3 in Chapter 2.
The reaction mixture (1 g cinnamyl alcohol in 100 ml toluene) and pure toluene
were stored in two glass tanks, which allowed deoxygenation with Ar or
saturation with oxygen (5 % O2 in He). The liquids could be transferred by a
pump (Ismatec Reglo 100) through the tubing back to the tank, or to the
reaction cell and then to exhaust (collector vessel). All vessels contained a line to
the gas exhaust system to prevent any gas or solvent exposure of the
surroundings. The liquid feed flow rate was 0.13 ml min-1. The reactor cell (ca.
0.3 ml), containing a catalyst pellet of ca. 300 mg catalyst (d = 1.3 cm), was
thermostated at 55 °C. The reactor was fixed on an x, z, θ-table to allow
positioning of the cell in the beam. The X-rays passed through the reactor cell via
X-ray transparent windows.
At first deoxygenated toluene was passed over the catalyst, then the feed
was changed to the deoxygenated toluenic solution of cinnamyl alcohol, and
finally to the toluenic solution of cinnamyl alcohol saturated with 5 % O2 in He.
Samples for GC analysis (Thermo Quest Trace 2000, equipped with an
HP–FFAP capillary column and an FID detector) were taken periodically from
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the cell effluent. Products were identified by GC–MS, and by GC analysis of the
corresponding authentic samples.
5.2.3 Alcohol Dehydrogenation in a Slurry Reactor
Oxidation of cinnamyl alcohol was carried out in a flat-bottomed, magnetically
stirred (750 min-1) glass reactor. 100 mg 5 wt% Pd/Al2O3 (prereduced by
hydrogen and re-oxidized in air at 40 °C), 1.0 g cinnamyl alcohol and 30 ml
toluene were stirred at 65 °C under Ar for 90 min, then Ar was replaced by air
(20 ml min-1) for 25 min. More details can be found in Chapter 4.
5.2.4 EXAFS Analysis
The experiments were performed at beamline X1 at HASYLAB (DESY in
Hamburg) using a Si (311) double crystal monochromator. Higher harmonics
were minimized by slightly detuning the crystals. Three ionisation chambers
filled with Ar were used to record the intensity of the incident and the
transmitted X-rays. The reactor cell was located between the first and second
ionisation chambers, and Ag reference foil for energy calibration between the
second and third ionization chambers. Under stationary conditions EXAFS
spectra were taken around the Pd K edge in the step scanning mode between
24000 and 25800 eV. Additionally, faster QEXAFS scans in the continuous
scanning mode were recorded between 24300 and 24800 eV (3.5 min scan-1).
The raw data were energy-calibrated (Ag K edge energy of the Ag-foil: 25514 eV,
first inflection point), background-corrected, and normalized using the
WINXAS 2.1 software.22 For QEXAFS data, Fourier transformation was applied
on the k3-weighted functions in the interval k = 2.8 – 10.5 Å-1, and for EXAFS
data in the interval k = 3.5 – 15.5 Å-1.

5.3 Results and Discussion
5.3.1 Catalyst Reduction during Dehydrogenation
Figure 5-1A gives an overview on the in situ QEXAFS data obtained on
Pd/Al2O3, starting under oxygen-free conditions in toluene and changing to the
cinnamyl alcohol in toluene solution (zero time). The catalyst, previously stored
in air, is partially oxidized. No significant changes were observed when exposing
it to toluene but a continuous transformation was detected during exposure to
the toluenic cinnamyl alcohol solution. The strong white-line in the starting
spectra confirms that Pd was in an oxidized state before contacting it with the
alcohol reactant, and the metal oxide was successively reduced by cinnamyl
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alcohol. Simultaneously, dehydrogenation of cinnamyl alcohol was corroborated
by GC analysis of the effluent. Only a few % conversion of alcohol was detected
and the main product was cinnamaldehyde (over 90 % selectivity). On this

Fig. 5-1: QEXAFS spectra taken around the Pd K edge during Ar-saturated
cinnamyl alcohol in toluene was passed through the reactor: (A) raw
QEXAFS data, the time lag between the spectra is 3.5 min; (B) Fourier
transformed QEXAFS spectra, dotted lines are set for the position of
Pd–O and Pd–Pd scattering.

partially oxidized catalyst the only detectable by-product was
3-phenyl-1-propanol. This side reaction is typical for allylic alcohols and may be
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considered as a transfer hydrogenation reaction in which the reactant plays the
role of hydrogen acceptor (see Chapter 3). Parallel to reduction of Pd the
product distribution changed dramatically, as will be shown below.
Since the QEXAFS data are of sufficient quality, Fourier transformation
can be performed as well, as shown in Figure 5-1B. While the starting spectrum
shows both Pd–O and Pd–Pd contributions in the Fourier transformed spectra,
nearly no Pd–O contribution can be found after a time on stream of ca. 1 h. This
is supported by fitting the first Pd–O and Pd–Pd shell with phase and amplitude
functions of Pd-metal and PdO references. Only a Pd–Pd contribution with
coordination number CNPd–Pd = 10.0 and distance RPd–Pd = 0.276 nm is found.
The coordination number fits well to the main Pd particle size determined by
TEM (3.4 nm). This indicates a high degree of reduction of the catalyst by the
alcohol, in line with the increased Pd–Pd scattering. These observations are in
agreement with conclusions from EXAFS studies in an aqueous solution18 and
from catalyst potential measurements during oxidation of cinnamyl alcohol over
Pt-based catalysts.23
5.3.2 Oxidation State of Pd during Oxidative Dehydrogenation
In the next step the toluenic solution of cinnamyl alcohol saturated with 5 % O2
in He was passed over the reactor for an additional 120 min. The product
distribution measured at the end of this period is shown in Scheme 5-1. Beside
the target reaction, the transformation of cinnamyl alcohol (1) to
cinnamaldehyde (2), several other products were produced by hydrogenation- (3,
6), hydrogenolysis- (5) and decarbonylation-type (7, 8) side reactions. The
product distribution is compared to that obtained in a slurry reactor during
aerobic oxidation over the same catalyst (see Chapter 4). Despite the remarkably
different conversions and reaction conditions, there is a reasonably good
qualitative agreement in the product distribution. The only exception is that
propylbenzene (4) did not form in the continuous EXAFS cell. Another
difference is the remarkably higher reaction rate observed in the slurry reactor,
which is mainly attributed to the efficient mixing and the higher oxygen
concentration (21 % versus 5 % in the EXAFS cell). Another interesting point is
that steady-state was not completely reached in the EXAFS reactor cell after 2 h,
as indicated by changes in the product composition. This observation is in line
with other reports on solid–liquid type reactions using a pressed pellet catalyst.17
As a consequence, some mass-transport limitations are likely present in the
fixed-bed reactor. Nevertheless, the similar product distribution in the batch and
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Scheme 5-1: Reaction network for the transformation of trans-cinnamyl alcohol
over 5 wt% Pd/Al2O3. The conversion after 2 h in the presence of 5 %
O2 in He was 6.9 % in the EXAFS cell, as compared to the 99.8 %
achieved in a slurry reactor during aerobic oxidation. Selectivities are
indicated below the formulas, together with the selectivities (in
brackets) obtained in the slurry reactor.

continuous-flow reactors suggests that the results obtained in the EXAFS cell are
representative for the transformation of cinnamyl alcohol over Pd.
The EXAFS spectrum d in Figure 5-2 indicates that the catalyst remained
in a reduced state during the aerobic oxidation of cinnamyl alcohol. This
observation is not surprising if we consider the relative high alcohol : oxygen
ratio in the feed and the high amount of catalyst applied. The Fourier
transformed spectra c and d are similar to that of a Pd-foil. The lower Pd–Pd
scattering observed for the catalyst under reaction conditions is traced back to the
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smaller coordination number (3.4 nm Pd particles) compared to the Pd-foil and
is reflected by the fitting results: CNPd–Pd = 9.7 and RPd–Pd = 0.276 nm.

Fig. 5-2: Fourier transformed EXAFS spectra at the Pd K edge of (a) PdO; (b)
Pd/Al2O3 “as received”; (c) 5 wt% Pd/Al2O3 after reduction by the
cinnamyl alcohol in toluene under Ar; (d) 5 wt% Pd/Al2O3 after 120 min
exposure to the cinnamyl alcohol in toluene solution saturated with 5 %
O2 in He; (e) Pd-foil.

The observation that during dehydrogenation and oxidative
dehydrogenation of cinnamyl alcohol the Pd/Al2O3 catalyst is mainly in a
reduced state is in line with previous investigations23 and corroborates the
validity of the classical dehydrogenation mechanism of alcohol oxidation.
According to this model the Pt-group metal catalyzes the hydrogen abstraction
from the adsorbed reactant, and the role of oxygen is to oxidize the surface
hydrogen.2,4 Formation of products 3 and 5 – 7 (Scheme 5-1) suggests that there
was sufficient hydrogen available on the metal surface to allow hydrogenationand hydrogenolysis-type side reactions, even when oxygen was present in the
feed. Thus, no oxidation of the catalyst surface is expected on the basis of the
product composition, and the EXAFS results corroborate this assumption.
Generalization of the results necessitates the extension of investigations to
other reactants and catalysts, and also variation of the actual oxygen
concentration on the catalyst surface. It will also be attempted to improve the
reactor setup in order to minimize the dead-volume and to enhance the mass
transfer in the EXAFS reactor cell, e.g., by applying powder catalyst.
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5.4 Conclusions
The preliminary results on the oxidation of cinnamyl alcohol in a
continuous-flow fixed-bed reactor demonstrate that in situ EXAFS studies in
organic solvents are feasible. Similarly to the studies of solid–gaseous reactions,
dynamic changes of the catalyst structure can be monitored by QEXAFS. These
measurements give insight into the structure and bulk oxidation state of the
catalyst during reaction. Useful information on the solid–liquid interface can be
obtained as well, by applying supported metal catalysts which possess small metal
particles. The product compositions in the EXAFS reactor cell and in a slurry
reactor were similar, though the reaction rate was remarkably lower in the
continuous-flow reactor. The main obstacle is to overcome possible diffusion
limitations. Nevertheless, the approach may improve our understanding of the
mechanism of heterogeneously catalyzed reactions in organic liquid media.
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6

Alcohol Oxidation over Bi-Promoted Pd:
A Preliminary Study
In situ XAS studies on a Bi–Pd/Al2O3 catalyst indicated that Pd and Bi deposited
on the Pd surface, are in a reduced state during aerobic oxidation of
1-phenylethanol – a key for understanding the role of promoter in the reaction
mechanism.

6.1 Introduction
Various solid catalysts,1-4 in particular supported noble metals5-7 are active and
selective in the oxidation of alcohols, diols and polyols. Several papers and
patents have been published on the modification of Pt and Pd by metal
promoters, such as Bi and Pb that alone are inactive but can dramatically
enhance the activity and tune the selectivity.
The assumptions made for the interpretation of the beneficial role of
promoters are contradictory and include several possibilities. Most of these
models are speculative and not supported by measurements on the catalyst in its
working state. A plausible model (depicted schematically in Figure 1-1 in
Chapter 1) is the geometric blocking of a fraction of active sites by the promoter
that may accelerate alcohol oxidation since smaller active site ensembles are less
active in side reactions leading to the formation of poisoning species.8 Another
model attributes the change in product distribution to complex formation
between an α-functionalized alcohol, a surface Pt or Pd atom, and a
neighbouring positively charged promoter atom (Figure 1-2 in Chapter 1).6
More recently, the role of promoter was traced to partial leaching of Bi3+ and
formation of homogeneous complexes.9 Obviously, determination of the
oxidation state of the promoter during alcohol oxidation is inevitable for the
scientific evaluation of these proposals.
Here, we report the monitoring of the oxidation state of a bimetallic
catalyst during liquid-phase alcohol oxidation using in situ X-ray absorption
spectroscopy (XAS). XAS in terms of X-ray absorption near-edge structure

82

Chapter 6

(XANES) and extended X-ray absorption fine structure (EXAFS) is a powerful
technique for in situ characterization of solid mono- and bimetallic catalysts used
in solid–gas10-12 and solid–liquid type reactions,13,14 including the aqueous
alcohol oxidation over Pt15 and Pd (as discussed in Chapter 5). These XAS
studies offered element-specific determination of the structure of the noble metal
(oxidation state, morphology) during alcohol oxidation with molecular oxygen.
For in situ monitoring of the oxidation state, the XANES region is often
valuable.11,12 Thus, this technique was used for the characterization of the
structure of the promoter during dynamic changes of the reaction conditions.
A widely studied catalyst system, Bi-promoted Pd, and the oxidation of
1-phenylethanol to acetophenone as a commonly used model reaction, have been
chosen.

6.2 Experimental
The 0.75 wt% Bi – 5 wt% Pd/Al2O3 catalyst was prepared by preferential
deposition of Bi onto the surface of a 5 wt% Pd/Al2O3 catalyst (Johnson Matthey
324) according to the procedure described in Chapter 2.
XANES experiments at the Pd K and Bi L3 edges were recorded at
beamline X1 at HASYLAB (DESY in Hamburg) operating at 4.4 GeV in the
transmission mode using Si (311) and Si (111) double crystal monochromators.
Transformation of 1-phenylethanol (Aldrich, 98 %) in toluene (J.T. Baker,
>99.5 %) was carried out in a continuous-flow fixed-bed reactor that served also
as the EXAFS cell due to implementation of X-ray transparent windows. A
schematic illustration of the experimental setup is shown in Figure 2-3 in
Chapter 2. The reactions were carried out at constant temperature (60 °C) and
the structural changes in the bimetallic catalyst were induced by variation of the
oxygen concentration in the feed. Details about the measurements can be found
in section 2.2 of Chapter 2. Briefly, 65 mg powdered catalyst was put in the
reactor cell (0.12 ml), which was located in an oven. The reaction mixture
(20.5 mM 1-phenylethanol in toluene) and toluene were stored in three separate
tanks, where the liquids could be saturated with He, air or O2 at 1 bar. The
liquid flow rate was 0.68 ml min-1. The products were identified by GC analysis
(Thermo Quest Trace 2000, HP–FFAP column) of the cell effluent.
The raw data were energy-calibrated with the respective metal foil,
background-corrected, normalized, and Fourier transformed using WINXAS 2.1
program package.16 For EXAFS data analysis, Fourier transformation was applied
on the k1-weighted functions in the interval k = 3.5 – 16.4 Å-1 for Pd. The linear
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combination analysis (LCA) fits of Bi L3 XANES spectra (13.375 – 13.56 keV)
were performed using spectrum 1 (oxidized) and 2 (reduced) in Figure 6-3.

6.3 Results and Discussion
A special technique17 was applied to deposit the Bi adatoms mainly onto the
surface of the Pd particles in a 5 wt% Pd/Al2O3 catalyst to facilitate the interplay
between Bi and Pd and thus enhance the promoter effect. XPS analysis revealed
that the fraction of Bi, deposited onto Pd and reducible by hydrogen even at
room temperature in the XPS chamber, was 73 % (Bi 4f7/2 and Bi 4f5/2). The rest
of the Bi is assumed to be present on the alumina support as Bi3+-containing
particles (presumably as Bi2O3 ⋅ x H2O); this fraction was not reducible by
hydrogen even at 200 °C.
Preliminary catalytic experiments proved a remarkable promoter effect:
the activity of the 0.75 wt% Bi – 5 wt% Pd/Al2O3 catalyst in the aerobic
oxidation of 1-phenylethanol (Scheme 6-1) was up to six fold higher than that of
the unpromoted catalyst. Figure 6-1 illustrates the (oxidative) dehydrogenation
of 1-phenylethanol in toluene in the EXAFS cell.

OH Bi-Pd/Al2O3
toluene
2 Had

Oad
+ H2O

Scheme 6-1:

O
+ 2 Had

H2O

Aerobic oxidation of 1-phenylethanol over Bi–Pd/Al2O3.

Determination of the oxidation state of the noble metal constituent was
achieved by analysis of the near-edge structure (e.g., white-line at 24.36 keV
decreasing during reduction) and the Fourier transformed EXAFS spectra at the
Pd K edge (Pd–Pd scattering at 2.5 Å and that of Pd–O at 1.5 Å, Figure 6-2, see
also Chapter 5). A similar approach was used for the determination of the
oxidation state of Bi, where particularly the near-edge structure changed
significantly (Figure 6-3). Adopting that the Bi3+ species on the surface of Pd are
directly reduced to Bi0,18 linear combination analysis (LCA) of the near-edge
spectra of Bi0 and Bi3+ at the Bi L3 edge was used to determine the oxidation state
of Bi on Pd (Figure 6-3). Interaction of the catalyst with the alcohol reactant in
He-saturated toluene afforded the same extent of reduction as observed in
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hydrogen at 200 °C. Thus, the catalyst exposed to air (only Bi3+ is present) and
that reduced by 1-phenylethanol (all reducible Bi species are present as Bi0)
provided suitable reference spectra to calculate the fraction of reducible Bi3+ in
the catalyst (see Figure 6-1).
Feeding of 1-phenylethanol under He (from 93 min on, Figure 6-1)
showed that the catalyst was moderately active in dehydrogenation. The drop in
selectivity to acetophenone and the formation of up to 8.4 % ethyl benzene via
C–O bond hydrogenolysis are attributed to reduction of the Pd constituent to
Pd0 and a significant amount of hydrogen present on its surface (see Chapter 3).
This interpretation is supported by the observation that both Pd (spectrum 2 in
Figure 6-2) and Bi (Figure 6-1, and 6-3) were in a reduced state. In the same

500

Time (min)
Fig. 6-1:

Oxidation state of Bi (z), activity (▐ ) and selectivity to acetophenone
(|) during (oxidative) dehydrogenation of 1-phenylethanol over a
Bi–Pd/Al2O3 catalyst in the EXAFS reactor cell.

period the conversion decreased from 0.91 % (t = 121 min) to 0.53 %
(t = 200 min). This change may be due to establishment of the steady-state
conditions and to degradation reactions leading to strongly adsorbed
by-products19 (undetectable by GC); two effects that could not be separated from
each other.
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After 242 min the reaction mixture was changed from He to air. The
conversion increased to about 1.8 % and remained at around this value in the
next 150 min. The by-product ethyl benzene disappeared indicating that the
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Fig. 6-2:

Fourier transformed EXAFS spectra of the Bi–Pd/Al2O3 recorded during
the reaction series shown in Figure 6-1. The inset represents the XANES
region of the Pd K edge. The spectra were taken in He-saturated toluene (1:
t = 44 min in Figure 6-1), in He-saturated solution of 1-phenylethanol (2:
t = 163 min), in air-saturated solution of 1-phenylethanol (3: t = 367 min),
in O2-saturated solution of 1-phenylethanol (4: t = 506 min) and in
O2-saturated toluene (5: t = 603 min, not shown in Figure 6-1).

actual hydrogen concentration on the Pd sites was negligible (Scheme 6-1).
During this aerobic oxidation both Bi and Pd remained in a reduced state,
despite the presence of oxygen in the feed. Spectra 2 and 3 in Figure 6-2 are
almost identical and no changes can be observed in the near-edge structure at the
Pd K edge (see inset). In the Fourier transformed EXAFS spectra the same Pd–Pd
scattering is present at 2.5 Å. Similarly, linear combination analysis confirms the
reduced state of Bi (fraction of reducible Bi3+ = 0).
The above conditions are appropriate for the steady-state aerobic oxidation
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of 1-phenylethanol as the reactor was operated in the oxygen mass-transport
limited regime. Working in the kinetic region, however, results in a rapid catalyst
deactivation due to successive oxidation of the active Pd sites. This phenomenon
is commonly termed as over-oxidation.5,7 The appropriate conditions for
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Fig. 6-3:

Oxidation state of Bi in Bi–Pd/Al2O3 during the reaction series shown in
Figure 6-1, illustrated by XANES spectra at the Bi L3 edge. The spectra
were taken in He-saturated toluene (1: t = 70 min in Figure 6-1; reference
to oxidized Bi), in He-saturated solution of 1-phenylethanol (2:
t = 222 min; reference to reduced Bi), in air-saturated solution of
1-phenylethanol (3: t = 320 min), in O2-saturated solution of
1-phenylethanol toluene (4: t = 443 min; 5: t = 524 min; 6: t = 545 min,
not shown in Figure 6-1) and in O2-saturated toluene (7: t = 566 min, not
shown in Figure 6-1). It is shown that Bi remains in a reduced state during
feeding air (spectrum 3), but is successively re-oxidized in O2-feed
(spectrum 4 – 6).

over-oxidation are set in the next step by replacing air with oxygen. At first, the
higher oxygen concentration enhanced considerably the conversion (9.9 % at
t = 426 min), then the reaction rate decreased monotonously with time. XAS
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analysis proved that the slow oxidation of Pd (spectrum 4 in Figure 6-2) and Bi
(increasing fraction of Bi3+, Figure 6-1) was not observed before the loss of
activity. Oxidation of the Bi promoter occurred in parallel to that of Pd.
Further oxidation of both constituents was observed in oxygen-saturated
toluene, in the absence of alcohol. This change is illustrated for the Pd
constituent in Figure 6-2 (spectrum 5): the Pd–Pd scattering is lower and the
white-line at around 24.36 keV in the near-edge region (inset) is slightly higher
(for the Bi constituent see Figure 6-3).
The results presented in Figures 6-1 and 6-2 demonstrate that during the
aerobic oxidation of 1-phenylethanol both the active metal and the promoter in
the Bi–Pd/Al2O3 catalyst are in a reduced state. Their partial oxidation can only
be observed when the oxygen concentration is too high in the feed (kinetic
regime), which conditions lead to deactivation of the catalyst due to
over-oxidation. Therefore, the positive influence of Bi adatoms on the reaction
rate in the presence of oxygen cannot be attributed to oxidized Bi or to Bi
leaching and homogeneous catalysis.

6.4 Conclusion
An important observation during the preliminary in situ XAS studies is that
changes in the oxidation state of Bi and Pd occurred always in parallel.
Consequently, the promoter effect of Bi cannot be related to its partially oxidized
state, neither to stronger adsorption of oxygen on Bi. A feasible model that is
conform with the reduced state of both metals assumes an ensemble effect of the
promoter, as described in section 1.2.4 of Chapter 1.8 Briefly, the “geometric
blocking effect” assumes that the smaller site ensembles are less active in side
reactions, and thus the formation of poisoning species is prevented.
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Oxidation State of Bi–Pd/Al2O3 Studied
by In Situ XAS
In situ XAS was used to investigate the oxidation state of the metal constituents
in a 5 wt% Pd/Al2O3 and a 0.75 wt% Bi – 5 wt% Pd/Al2O3 catalyst during
liquid-phase dehydrogenation and oxidation of 1-phenylethanol. A special
technique was applied to deposit Bi mainly as adatoms onto the Pd particles.
Hence, the dispersion of Bi was higher than that of Pd, leading to more
pronounced changes in the oxidation state of Bi than of Pd. The studies showed
that both Pd and Bi were in a metallic state during dehydrogenation under He.
After introducing molecular oxygen, the metals remained in a reduced state as
long as the oxygen supply was limiting the global reaction rate, indicating a
dehydrogenation mechanism of alcohol oxidation. As soon as the rate of oxygen
supply exceeded the rate of dehydrogenation, both Bi and Pd were successively
oxidized, leading to catalyst deactivation due to over-oxidation.

7.1 Introduction
For the aerobic oxidation of alcohols besides the well-established supported noble
metal catalysts1-4 various bi- and multimetallic catalysts have been developed. The
mostly used catalysts consist of Pt or Pd as active components, and Bi, Pb, or Te
as promoter. The promoter alone is inactive under reaction conditions but can
enhance the reaction rate5,6 and selectivity.7,8
Numerous models have been proposed to interpret the role of promoters
as described in details in section 1.2 of Chapter 1. Here only the most popular
proposals are highlighted:
(i) The selectivity enhancement can be attributed to a complex formation
between an α-functionalized alcohol, a surface Pt or Pd atom, and a positively
charged promoter atom or promoter ion (see Figure 1-2 in Chapter 1).9-11
(ii) Geometric blocking of a fraction of active sites may be responsible for
the rate-acceleration (Figure 1-1 in Chapter 1).12,13 This so-called “ensemble
effect” is traced back to the bigger active site ensembles necessary for the
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formation of poisoning intermediates.
(iii) The rate-acceleration may be attributed to bifunctional catalysis,
assuming the direct role of oxygen adsorbed on the promoter in alcohol
oxidation.14,15 Furthermore, promoter leaching and formation of homogeneous
complexes16 was also suggested as a possible promoter effect.
We assume that the major reason for the different interpretations lies in
the difficulties in investigating the location and oxidation state of the promoter
during alcohol oxidation. The possibilities of using in situ techniques for
studying the solid–liquid interface in catalysis are limited. Infrared spectroscopy
can give only indirect and qualitative information on the oxidation state but is
well suited for the study of adsorbates.17,18 An electrochemical method, the
measurement of catalyst potential during reaction19-21 is restricted to conductive,
usually aqueous media. In addition, it provides only an indirect information on
the oxidation state of promoter as the measured value is influenced by various
surface species.6
Extended X-ray absorption fine structure (EXAFS) spectroscopy has been
used for direct structural characterization of the working catalyst in gas–solid
type reactions.22-27 Dynamic changes in the catalyst structure can be monitored
by applying dispersive EXAFS (DEXAFS) or quick EXAFS (QEXAFS).22,28-31 It
is also a powerful tool for in situ characterization of the solid–liquid
interface,4,32,33 including the aqueous alcohol oxidation reaction over Pt.34
An interesting challenge is the extension of the application range of the
method to bimetallic catalysts. Here we show that the surface sensitivity can be
enhanced by depositing the promoter onto the surface of the supported Pd
catalyst. Dehydrogenation and oxidative dehydrogenation of 1-phenylethanol in
toluene have been chosen as model reactions for the in situ EXAFS study of
Bi–Pd/Al2O3 and Pd/Al2O3 catalysts. Some preliminary results have been shown
in Chapter 6. A special effort is made to reveal a potential correlation between
the oxidation state and the effect of the Bi promoter on the catalytic behavior of
the palladium catalyst.

7.2 Experimental
7.2.1 Materials
1-phenylethanol (Aldrich, 98 %), toluene (J.T. Baker, >99.5 %), cyclohexane
(Aldrich, >99 %), and high purity water (Merck) were used as received. Gases
were of 99.999 % purity. The 5 wt% Pd/Al2O3 catalyst (Johnson Matthey 324;
main Pd particle diameter: 3.4 nm determined by TEM, which corresponds to a
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dispersion of 0.3435) catalyst was used as received.
The bimetallic catalyst 0.75 wt% Bi – 5 wt% Pd/Al2O3 was prepared by
the preferential deposition of promoter adatoms onto the surface of Pd
particles.15,36,37 The detailed procedure is described in Chapter 2. The Bi content
of the catalyst was calculated from the edge jump of a XANES spectrum.
7.2.2 Catalytic Studies in a Slurry Reactor
Oxidation and dehydrogenation of 1-phenylethanol were carried out in a
flat-bottomed, magnetically stirred 150 ml glass reactor. In a typical reaction,
100 mg catalyst, 1.0 g alcohol and 30 ml solvent were stirred at 55 – 80 °C
(under Ar or air at atmospheric pressure).
7.2.3 Catalytic Studies in the EXAFS Cell
The measurements were carried out at the Hamburger Synchrotron Laboratory
(HASYLAB at DESY) in a continuous-flow reactor cell (0.12 ml), which allowed
simultaneous catalytic and structural studies. A similar setup has been described
in Chapter 5 and is depicted in Figure 2-3 in Chapter 2. A closed system was
used where all gas-out lines were connected to the exhaust system. A powdered
catalyst was used and the dead-volume was minimized to improve the flow
characteristics. The reactor cell was filled with 28 mg catalyst. The reaction
mixture (20.5 mM 1-phenylethanol in toluene) was stored in two separate glass
bubble tanks,17 where the liquid could be saturated with He or O2 at atmospheric
pressure and room temperature. The third tank contained pure toluene saturated
with He, O2 or H2. A peristaltic pump (Ismatec Reglo 100) was used to pump
the liquids from the tanks to the reactor or through a by-pass to the purging
collector vessel. The flow rate was 0.68 ml min-1 except for oxygen-saturated
toluene (1.19 ml min-1). The joints and tubes transferring oxygen-free medium
were made of stainless steel in order to avoid oxygen diffusion into the feed.
Samples were taken periodically for GC analysis (Thermo Quest Trace 2000,
equipped with an HP–FFAP capillary column and an FID detector). Under the
conditions applied, steady-state was reached within 15 min and the conversion
and selectivity could be reproduced within ± 0.1 and ± 0.5 %, respectively.
The reactor was placed in an oven and fixed on an x, z, θ -table to
optimize the alignment of the cell in the beam. The X-rays passed through the
reactor cell via X-ray transparent windows. Typically, QEXAFS spectra were
taken when structural changes were expected and EXAFS spectra were recorded
only after reaching steady-state conditions.
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7.2.4 X-ray Absorption Spectroscopy
Experiments were performed at beamline X1 at DESY (ring operating at
4.4 GeV, injection current 140 mA) in the transmission geometry using Si (311)
and Si (111) double crystals for monochromatization of the beam at the Pd K
and Bi L3 edges, respectively. By detuning the crystals to 70 % of the maximum
intensity, higher harmonics were effectively eliminated. Three ionisation
chambers filled with Ar were used to record the intensity of the incident and the
transmitted X-rays. For the Bi L3 edge a more appropriate ionisation chamber
mixture of Ar/N2 was only used for ex situ and reference catalyst scans, since
changes of gasses would reduce the speed of measurement on the same catalyst.
In contrast, monochromator crystal change can be achieved within a few
minutes. The cell was located between the first and second chamber. The
reference foils for energy calibration were placed between the second and the
third ionization chamber (Pd or Ag for the Pd K edge and Bi or Au for the Bi L3
edge). In the case of Pd, EXAFS spectra were taken around the Pd K edge in the
step scanning mode between 24000 and 25600 eV. Quick EXAFS (QEXAFS)
scans were recorded in the continuous scanning mode between 24300 and
24800 eV (typically 80 s scan-1). EXAFS spectra around the Bi L3 edge were
recorded between 13350 and 14400 eV, and QEXAFS scans between 13400 and
13580 eV (typically 70 s scan-1). The raw data were energy-calibrated with the
respective metal foil, background-corrected, normalized, and fitted using the
WINXAS 2.1 package.38 For EXAFS data analysis, Fourier transformation was
applied on the k3-weighted functions in the interval k = 3.5 – 16 Å-1 for Pd. For
QEXAFS data around the Pd K edge an interval k = 2.8 – 10.5 Å-1 was chosen.
During reduction and oxidation of the Pd and Bi constituents, the extent of
reduction or oxidation was calculated by a linear combination of the starting and
ending spectra or appropriate reference data. This procedure is described in
section 7.3.4.
7.2.5 X-ray Photoelectron Spectroscopy
The XPS analysis of the Pd/Al2O3 and Bi–Pd/Al2O3 catalysts was performed on a
Leybold Heraeus LHS11 MCD instrument using Mg Kα (1253.6 eV) radiation.
The sample was pressed into a sample holder, evacuated in a load lock to
10-6 mbar and transferred to the analysis chamber (typical pressure <10-9 mbar).
The peaks were energy-shifted to the binding energy of Al 2p (74.7 eV) to
correct for the charging of the material. The surface composition of the catalysts
was determined from the peak areas of Pd 3d, Bi 4f, O 1s, Al 2s, and C 1s, which
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were computed after subtraction of the Shirley-type background by empirically
derived cross-section factors. The relative error of the analysis was ± 5 %. The
binding energies (Eb) of Bi3+/Bi0 and Pd2+/Pd0 were determined by peak fitting.
During calculation, the tabulated energy differences between Bi 4f7/2 and Bi 4f5/2
(5.39 eV) and between Pd 3d5/2 and Pd 3d3/2 (5.25 eV) were kept constant. In
addition, the full-width at half-maximum (FWHM) was constrained to one
value. This kept the fit parameters low. Reduction of the catalyst was performed
in the load lock in a similar way as described previously.39

OH

O

+ 2 Had
Oad

2 Had

H 2O
+HO
2
Scheme 7-1: Pd-catalyzed dehydrogenation of 1-phenylethanol to acetophenone
and hydrogenolysis to ethyl benzene in toluene under inert and
oxidative atmosphere.

7.3 Results and Discussion
7.3.1 Choice of Catalysts and Reaction Conditions
On the basis of preliminary studies with various supported Pd catalysts in a batch
reactor, the (oxidative) dehydrogenation of 1-phenylethanol to acetophenone was
chosen as a model reaction (Scheme 7-1). Dehydrogenation of this aromatic
alcohol was fast under mild conditions (in air at atmospheric pressure,
55 – 80 °C) and the product distribution provided a sensitive test for the
presence of surface hydrogen. For example, in cyclohexane at 80 °C, the
selectivity to acetophenone varied between 67 – 97 % in Ar depending on the
catalyst and conditions, and improved up to 100 % in air. In the absence of
oxygen, C–O bond hydrogenolysis occurred affording ethyl benzene (see
Chapter 3 as well). As concerns the role of support material, Pd/Al2O3 was the
most selective catalyst.
Next, the conditions were optimized in the continuous-flow fixed-bed
reactor cell developed for in situ EXAFS measurements. The reactor allowed
relatively fast variation of the conditions such as oxygen concentration, mass-flow

94

Chapter 7

rate and reaction temperature, and thus reduction and oxidation of the catalyst.
The reactor was mainly operated in the mass-transport limited regime (oxygen
transfer) that is a requirement for the steady operation during the aerobic
oxidation of alcohols on Pt-group metals. Working in the kinetic region, where
the oxygen transport to the catalyst surface is not rate-limiting, results in a
successive oxidation of the active sites and low reaction rates
(over-oxidation).2,4,40 The reactor allowed mimicking also this situation and
following the changes in the oxidation state of the catalyst.
Experiments in the continuous-flow reactor revealed some catalyst
deactivation during alcohol dehydrogenation in Ar. For example, under standard
conditions at 80 °C, the conversion on the 5 wt% Pd/Al2O3 catalyst dropped
from 4.3 % (20 min) to 2.5 – 2.6 % (340 min) and then stabilized at this value.
We attribute this deactivation to degradation of the product acetophenone to
CO and CxHy-type fragments in line with reports on the decomposition of
alcohols over Pt-group metals via the carbonyl compound intermediate or
product.41-43 It has been also shown in Chapter 4 that the catalyst can be (partly)
regenerated by introducing oxygen.
7.3.2 Investigation of Pd/Al2O3 during Alcohol Oxidation
The oxidation state of Pd was followed by recording spectra either in the
QEXAFS mode (during changes of the reaction conditions) or taking EXAFS
spectra in the step scanning mode (after reaching steady-state). During the first
step (Table 7-2), the reactor was flushed with He-saturated toluene at 65 °C, and
the spectra were recorded. The near-edge region of the Pd K edge is depicted in
Figure 7-1a and the corresponding Fourier transformed EXAFS spectra are
shown in Figure 7-1b. Spectrum 1 (start) shows that Pd was partially oxidized in
the catalyst stored in air: it exhibited a white-line and Pd–O scattering was
Table 7-1:

Crystallographic data and Fourier filtering ranges of reference
compounds.
Sample

Scatter atom

CN

R (Å)

FT range (Å-1)

Pd-foil

Pd

12

2.75

1.5 – 3.1

PdO

O
Pd

4
4

2.02
3.03

1.15 – 2.05
2.05 – 3.09
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observed at about 1.8 Å (Figure 7-1b, not corrected for the phase shift). The
small shoulder found in spectrum 1 of Figure 7-1a at about 24.41 keV indicates
the presence of Pd0. In addition, Pd–Pd scattering is found in the Fourier
transformed spectrum at 2.75 Å.

81

3

–

58

3

–

62

4

3

5

4

a

b
c

d
e

Scatter
atom

2

–

Pd2+/Pd0 c

2

He

e

CN c

–

–

0.60/
0.40

O
Pd
Pd

2.2
3.82
2.0

Conv.
(%)
Select.
(%) b

65

Reactant

1

Atm.;
GC sampling time

1

Steps

T (°C)

XANES and EXAFS analysis of Pd/Al2O3 combined with the catalytic
transformation of 1-phenylethanol in the EXAFS cell.

No a

Table 7-2:

R
(Å)

σ²
(Å )

∆E0
(eV)

²

2.00
2.75
3.03 d

0.001

-0.73

He;
After 70
min
O2 ;
After 50
min
O2 ;
After 110
min

+

3.5

78.9

0.07/
0.93

O
Pd

0.1
10.6

2.02 d
2.76

0.0027

1.18

+

1.0

100

0.14/
0.86

O
Pd

0.2
10.2

2.02 d
2.76

0.0031

0.08

+

<0.1

100

0.16/
0.84

O
Pd

0.5
9.7

2.02 d
2.76

0.0032

0.17

62

O2

–e

–

–

0.18/
0.82

O
Pd

0.5
9.3

2.02 d
2.76

0.0030

-0.62

62

H2

–e

–

–

–

O
Pd

0.2
10.4

1.98
2.80

0.0042

0.85

Number of spectra. The corresponding spectra are collected in
Figure 7-1; LCA-fits were made between 24.28 – 24.45 keV using
Pd-foil and PdO as models (Figure 7-2).
Selectivity to acetophenone (see Scheme 7-1).
Estimated error of ratio from XANES ± 5 %; error for EXAFS CN
± 10 %; for R ± 1 %; the goodness of fit for EXAFS was about 5 %.
Constrained to this value during the fit.
In toluene without reactant.

Two different procedures were applied to determine the fraction of Pd2+.
In the case of linear combination analysis (LCA) the XANES region
(24.28 – 24.45 keV) of the spectra was deconvoluted into Pd2+ and Pd0 using the
reference spectra of a PdO pellet and a Pd-foil, respectively.
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In addition, the Fourier-filtered EXAFS spectra were fitted to those of
PdO and Pd-foil with the help of the crystallographic data summarized in Table
7-1. Representative fits of the Fourier-filtered EXAFS functions are shown in
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E / keV
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24.60

(b)

3
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0.16
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1
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0.00
0

4

2

6

R/Å

Fig. 7-1: Selected X-ray absorption spectra at the Pd K edge during the reaction
series shown in Table 7-2: (a) normalised XANES data and (b) Fourier
transformation of k3-weighted EXAFS functions (not corrected for the
phase shift). The spectra were taken in He-saturated toluene at 65 °C (1),
in He-saturated solution of 1-phenylethanol at 81 °C (2), in O2-saturated
toluene at 62 °C (3), and in H2-saturated toluene at 62 °C (4).
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Figure 7-2. The results of both approaches are collected in Table 7-2. Clearly,
the untreated catalyst previously stored in air contained several outer layers of
PdO. The fraction of Pd2+ was 0.6, as determined by LCA. The considerably
oxidized state of Pd in this sample is also reflected by the coordination number
(CN) and the bond length to the corresponding neighbours (R). According to
these results oxygen neighbours to Pd are present and apart from the Pd–Pd
distance typical for metallic Pd also the Pd–Pd distance of the second shell
typical for PdO is found.
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Fig. 7-2: Fitting of the EXAFS data of Pd/Al2O3 with a Pd-foil and a PdO reference
material. Selected k3-weighted (k) functions after background removal
(straight line), after extraction of the first Pd–O and Pd–Pd shells (grayish
line) and the corresponding calculated fits (dashed line) are shown in (a)
He-saturated solution of 1-phenylethanol at 81 °C, (b) O2-saturated
solution of 1-phenylethanol at 62 °C, (c) O2-saturated toluene at 62 °C,
and (d) H2-saturated toluene at 62 °C. The fits were used for the data
analysis presented in Table 7-2.

In step 2 (Table 7-2), 1-phenylethanol in He-saturated toluene was fed to
the catalyst and the temperature was raised to 81 °C to accelerate the structural
changes. After 30 min the catalyst was fully reduced (spectrum 2 in Figure 7-1a,
b), and dehydrogenation of the reactant proceeded with acceptable conversion
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(TOF: 6.5 h-1). The moderate selectivity to acetophenone was due to formation
of ethyl benzene, indicating a considerable concentration of surface hydrogen
necessary for the C–O bond hydrogenolysis reaction. EXAFS analysis confirmed
the reduction of Pd (see also Chapter 5). Note that EXAFS detection of the
reduction of Pt during alcohol dehydrogenation has already been reported.34 The
LCA indicated that a fraction of “only” 0.93 of Pd was present in the catalyst as
Pd0 (instead of 1.0). The difference is attributed to the fact that the near-edge
structure of the X-ray absorption spectrum not only depends on the oxidation
state and symmetry of the metal atom but it is also influenced by the size of Pd
particles and the support. Thus, a Pd-foil is not a perfect reference for the small
Pd particles supported on a metal oxide though the relative changes in the
Pd2+/Pd0 ratio can be used as additional indicator for structural changes.
In the third reaction step (Table 7-2) over-oxidation of the catalyst was
investigated, a situation in which the rate of oxygen supply is higher than the rate
of alcohol oxidation, resulting in increasing oxygen coverage of the metal surface
and a drop in catalytic activity.2,4 To achieve these conditions, the feed was
changed to an O2-saturated solution of 1-phenylethanol and the temperature was
decreased to around 60 °C. Table 7-2 shows that over-oxidation of Pd was
indeed achieved: the conversion of 1-phenylethanol dropped dramatically and
the calculated TOF value was only 0.13 h-1, compared to 6.5 h-1 in He at 81 °C.
Partial oxidation of the Pd surface after 110 min in O2 was evidenced by EXAFS
analysis: the CNPd–Pd fell to 9.7 and the fraction of Pd2+ increased to 0.16.
To provide a reference value for oxidized Pd under reaction conditions,
the feed was changed to O2-saturated toluene without reactant (Table 7-2, step
4). Omission of the reactant induced only small changes of the white-line in
spectrum 3 (Figure 7-1a) after 45 min. The changes in the Fourier transformed
spectra were only partly visible from the increase of Pd–O scattering. The
decrease of the Pd–Pd scattering was more informative: the CNPd–Pd fell further
to 9.3. Interestingly, the Pd2+ fraction determined by LCA analysis rose only to
0.18. A possible reason is the partial coverage of Pd by CxHy fragments produced
mainly during dehydrogenation of 1-phenylethanol in He, as pointed out in the
former section.
Purging the reactor with H2-saturated toluene for 30 min was sufficient to
reduce Pd and reactivate the catalyst (Table 7-2, step 5). The Pd lattice expanded
in the presence of hydrogen due to Pd-hydride formation, as evidenced by
EXAFS analysis. Furthermore, a significant shift of spectrum 4 was observed as
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compared to spectrum 1 (Figure 7-1b). Accordingly, removal of surface oxygen
by hydrogen-saturated toluene was fast and complete.
In summary, operating the reactor in the kinetic regime led indeed to
over-oxidation, that is partial coverage of the Pd surface by oxygen, which could
be unambiguously confirmed by EXAFS. The observed striking drop in catalytic
activity is due to the lower number of free metallic sites available for the
dehydrogenation reaction.11,44
7.3.3 Structure of the Bimetallic Catalyst
The bimetallic catalyst was prepared by consecutive reduction of Bi onto
Pd/Al2O3. During Bi deposition, Bi adatoms (submonolayer deposition) and
small Bi particles (multilayer deposition) are formed on the surface of the Pd
particles. In addition, Bi3+-containing particles may develop on the support, as
illustrated in Figure 7-3. It is expected that the promoter influences the catalytic
performance of the neighboring Pd sites only. The Bi-containing particles on the
support are only spectator species and the possible dissolution of Bi3+ in the
presence of a good chelating agent reactant or product may complicate the
interpretation of the promoter effect. To favor the formation of modified active
sites, a special technique was applied allowing the preferential deposition of
promoter adatoms.15,36,37 The basis of the (non-electrochemical) method is that
under conditions where both adatom and bulk metal deposition are possible
thermodynamically, formation of adatoms is kinetically favored at low Bi3+
concentrations. Note that the characteristics of metal adatoms has been the topic
of intensive research in electrocatalysis.45,46

Biad

Bimultilayer
Bi2O3 · x H2O

Pd
Al2O3
Fig. 7-3: Schematic representation of the structure of Bi–Pd/Al2O3 prepared by
deposition of Bi onto Pd/Al2O3.

100 Chapter 7

XPS analysis of Pd/Al2O3 and Bi–Pd/Al2O3 (Tables 7-3 and 7-4) revealed
that a considerable fraction of Pd was covered by Bi in the bimetallic catalyst as
indicated by the decrease in the Pd 3d peak intensity. The fraction of Bi
Table 7-3:

Surface composition (at%) of the Bi–Pd/Al2O3 and Pd/Al2O3 catalysts
analysed by XPS.
Pd/Al2O3

Bi–Pd/Al2O3

C 1s

1.5

1.3

O 1s

76.8

74.9

Al 2s

20.9

23.0

Pd 3d

0.9

0.6

Bi 4f

–

0.2

deposited onto Pd, which is reducible by hydrogen in the XPS-chamber even at
room temperature, was calculated to be 73 % (Table 7-4, co-adding the extent of
Bi0 peaks). The reduction of Bi3+ to Bi0 on Pd at room temperature was
confirmed also by XAS as will be discussed later. The remaining 27 % Bi3+ is
assumed to be present as Bi2O3 ⋅ x H2O on the high surface area support (Figure
7-3). Note that already during evacuating the catalyst some Bi0 was observed by
XPS that may be due to some residual hydrogen being present in the load lock.
7.3.4 Investigation of Bi–Pd/Al2O3 during Alcohol Oxidation
The series of (oxidative) dehydrogenation experiments carried out over
Bi–Pd/Al2O3 is illustrated in Figure 7-4. In this series we focused on the changes
in the Bi constituent during reaction, since the oxidation state of Pd was already
studied in the former series with Pd/Al2O3.
Step 1

At first the Pd K edge of the catalyst was probed by XAS in He-saturated toluene
at 46 °C. The Pd constituent of the bimetallic catalyst stored in air (spectrum 1
in Figure 7-5a, b) contained less oxidized species, compared to Pd/Al2O3 under
similar conditions (spectrum 1 in Figure 7-1a, b). Also the increased Pd–Pd
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Table 7-4:

XPS analysis of Bi 4f- and Pd 3d-peaks in the Bi–Pd/Al2O3 and
Pd/Al2O3 catalysts.
Bi0

Bi3+

Pd0

Bi 4f7/2 Bi 4f5/2 Bi 4f7/2 Bi 4f5/2
Eb (eV)
Bi–Pd/
Al2O3 a

Extent
(%) c
FWHM
(eV)
Eb (eV)

Bi–Pd/
Al2O3 b

Extent
(%) c
FWHM
(eV)
Eb (eV)

Pd/Al2O3
a

a
b
c

Extent
(%) c
FWHM
(eV)

Pd 3d5/2

Pd 3d3/2

156.9

162.3

160.7

166.1

335.4

340.6

33.9

29.8

16.1

20.1

54.6

45.4

3.15

3.15

3.15

3.15

3.15

3.15

157.2

162.6

160.4

165.8

335.5

340.7

38.0

35.2

15.2

11.6

54.6

45.4

2.95

2.95

2.95

2.95

3.0

3.0

–

–

–

–

335.1

340.3

–

–

–

–

55.2

44.8

–

–

–

–

3.5

3.5

Stored in air.
After in situ reduction by hydrogen at room temperature.
Due to the limitations of the peak fitting program (SPECSLAB), the
spin doublet ratios deviate from the theoretical 4:3 in case of 4f- and
from the 3:2 ratio in case of 3d-electrons.

scattering of Bi–Pd/Al2O3 in the Fourier transformed EXAFS spectrum (1 in
Figure 7-5b) confirmed this difference. The difference is obvious when
considering the preparation method: a substantial fraction of surface Pd atoms
was covered by the promoter during deposition of Bi onto the supported Pd
particles, preventing oxidation of these atoms after exposure to air. The Bi L3
edge of the bimetallic catalyst only revealed the presence of Bi3+. (This spectrum
will be used as a reference for calculating (by LCA) the oxidation state of Bi
during the subsequent reaction steps; vide infra.)

1: He

2: alcohol / He

4: O2

3: alcohol / O2
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Fig. 7-4: Catalytic studies combined with XAS analysis during transformation of
1-phenylethanol over Bi–Pd/Al2O3 in the in situ EXAFS cell. Standard
conditions as given in the experimental part; the only by-product is ethyl
benzene. Vertical dashed lines indicate the change of the feed composition;
toluene was always present in the feed.

Step 2

Reduction of Bi–Pd/Al2O3 was studied by feeding a He-saturated solution of
1-phenylethanol to the catalyst (from 153 min on in Figure 7-4). The
temperature was raised to 65 °C to accelerate reduction of the metals. The
QEXAFS spectra measured at the Bi L3 edge are collected in Figure 7-6.
Reduction of Bi3+ started already at 46 °C and was complete within 1 h. The last
QEXAFS spectrum shows that the white-line around 13.44 keV (assigned to
Bi3+) nearly disappeared. At t = 214 min no further reduction of bismuth was
observed and the catalyst was moderately active in 1-phenylethanol
dehydrogenation (Figure 7-4). The product distribution (93 % selectivity to
acetophenone and 7 % selectivity to ethyl benzene) reflects the presence of
considerable amount of hydrogen on the surface Pd sites necessary for the
hydrogenolysis of the C–O bond (Scheme 7-1).

Oxidation State of Bi–Pd/Al2O3 103

Figure 7-7 illustrates that the XANES spectra of the catalyst stored in air
(measured as a pellet, spectrum 3) and after its exposure to He-saturated toluene
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Fig. 7-5: Selected X-ray absorption spectra of Bi–Pd/Al2O3 at the Pd K edge during
the reaction series shown in Figure 7-4: (a) normalised XANES spectra
and (b) Fourier transformed k3-weighted EXAFS functions. The spectra
were taken in He-saturated toluene at 46 °C (1), in He-saturated solution
of 1-phenylethanol at 62 °C (2), in O2-saturated toluene at 27 °C (3) and
in H2-saturated toluene at 82 °C (4).
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(measured as a powder, spectrum 4) are very similar. The white-line at 13.44 keV
is also found in Bi(NO3)3 and is typical for Bi3+, while it is decreased for the Bi
metal powder and also the reduced Bi–Pd/Al2O3 catalyst.
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Fig. 7-6: QEXAFS spectra at the Bi L3 edge of Bi–Pd/Al2O3 recorded in a
He-saturated toluenic solution of 1-phenylethanol at 46 °C (step 2 in
Figure 7-4). The inset shows the extent (α) of reduced and oxidized Bi
determined by linear combination of the first and last QEXAFS spectrum.
At the dotted line (48 min) the temperature was raised to 65 °C.

In addition, the spectrum taken after reduction by diluted gaseous H2
(spectrum 5) and that recorded after reduction by 1-phenylethanol in
He-saturated toluene (spectrum 6) are almost identical. Reduction in the absence
of solvent by 5 % H2 in Ar at 200 °C (not shown here) and at room temperature
(spectrum 5) indicated the same extent of reducible Bi. In conclusion,
1-phenylethanol reduces the Bi promoter in Bi–Pd/Al2O3 to about the same
extent as diluted gaseous H2. Accordingly, the fraction of Bi0 in Figure 7-4 was
calculated by linear combination of the spectra of “oxidized” and “reduced”
Bi–Pd/Al2O3 (Figure 7-7, spectra 4 and 6). Some selected fits obtained from
linear combination of the reference spectra are shown in Figure 7-8. The LCA
fits were performed in the near-edge region (13.37 – 13.56 keV). The QEXAFS
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data shown in Figure 7-6 were also analysed by LCA using the starting and final
scan (interval 13.41 – 13.55 keV).
The original XANES spectra at the Bi L3 edge of Bi–Pd/Al2O3, taken

1.4

1.2

1
2

Fig. 7-7: XANES spectra at the Bi L3 edge of Bi–Pd/Al2O3 compared to reference
materials. (1) Bi(NO3)3 × 5 H2O; (2) Bi metal powder; (3) Bi–Pd/Al2O3
catalyst in air before reduction (no solvent); (4) Bi–Pd/Al2O3 catalyst in
He-saturated toluene (step 1 in Figure 7-4); (5) Bi–Pd/Al2O3 catalyst after
reduction by 5 % H2 in Ar at 35 °C (no solvent); (6) Bi–Pd/Al2O3 catalyst
reduced by 1-phenylethanol in He-saturated toluene at 65 °C (step 2 in
Figure 7-4).

during the continuous experiment in Figure 7-4, are shown in Figure 7-9. The
pronounced difference between spectra 1 and 2 is due to reduction by
1-phenylethanol in the absence of oxygen. As noted before, spectrum 2 refers to
the state of the catalyst where all reducible Bi is present as Bi0. The small
white-line at 13.44 keV compared to Bi-powder (spectrum 2 in Figure 7-7) may
be due to some Bi present as Bi3+ (presumably Bi2O3 ⋅ x H2O) on the support.
These species are not reducible by hydrogen even at 200 °C. Note that XPS
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confirmed this interpretation, as discussed above. An important conclusion from
Figure 7-9 is that reduction of the bimetallic catalyst at 82 – 84 °C by
hydrogen-saturated toluene (spectrum 7) or by 1-phenylethanol in toluene
(spectrum 6) affords almost identical oxidation states of Bi.
After reduction of Bi–Pd/Al2O3 by 1-phenylethanol, the crystal was
changed from Si (111) to Si (311) and the Pd constituent was analysed at the Pd
K edge. Spectrum 2 in Figure 7-5a and b shows that also Pd was reduced during
dehydrogenation of 1-phenylethanol in He, as expected.
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Fig. 7-8: Selected Bi L3 XANES spectra of Bi–Pd/Al2O3 and the resulting fits
achieved by linear combination analysis (LCA). (a) reference spectra for
LCA (oxidized: straight line; reduced: dashed line), (b) He-saturated
solution of 1-phenylethanol at 47 °C (t = 196 min in Figure 7-4; measured
spectrum: straight line, corresponding fit: dashed line), (c) O2-saturated
solution of 1-phenylethanol at 30 °C (t = 618 min in Figure 7-4; measured
spectrum: straight line), (d) H2-saturated toluene at 82 °C (measured
spectrum: straight line; spectrum 7 in Figure 7-9). The calculated fraction
of Bi0 is shown in Figure 7-4.
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Step 3

Alcohol oxidation and re-oxidation of the bimetallic catalyst was investigated
stepwise by changing the feed from He- to O2-containing toluenic solution of
1-phenylethanol (Figure 7-4). Addition of molecular oxygen resulted in a
rate-enhancement by a factor of 12. Simultaneously, the by-product ethyl
benzene disappeared indicating that the actual hydrogen concentration on the Pd
sites was negligible. Still, the oxidation state of Bi did not change detectably
(t = 415 min), despite of the presence of oxygen in the feed. These conditions
seem to be ideal for the oxidation of 1-phenylethanol: the reaction runs fast and
selective over a completely reduced metal surface. Assuming a solution saturated
with O2 at the reaction temperature,47 the theoretical limit of alcohol conversion
was higher than 80 %.
Next, we tried to mimic the so-called over-oxidation of the catalyst by
applying the same feed and decreasing the reactor temperature. The
phenomenon is well known in the literature and is based on the fact that the
dehydrogenation activity of oxidized Pd or Pt is remarkably lower than that of
the reduced metal surface.11,44 Lowering the temperature diminished the rate of
alcohol dehydrogenation and increased the solubility of oxygen in the feed.
Induced by these two effects, the rate of oxygen supply to the catalyst surface
successively exceeded the rate of alcohol dehydrogenation, the bimetallic particles
were oxidized and the rate of alcohol dehydrogenation dropped further to a low
value (t = 520 min, Figure 7-4). Spectra 3 and 4 in Figure 7-9 show that
re-oxidation of Bi during catalyst over-oxidation was incomplete. A prolonged
exposure of the catalyst to these conditions increased the fraction of Bi3+, though
complete re-oxidation of the promoter was not achieved (t = 618 min,
Figure 7-4). Interestingly, further oxidation of the Bi constituent was not
reflected by any change in the catalytic properties (conversion and selectivity,
Figure 7-4).
Step 4

The oxidation state of Bi was further investigated in the absence of
1-phenylethanol. As spectrum 5 in Figure 7-9 shows, complete re-oxidation of Bi
could not be achieved even after exposure to oxygen-saturated toluene for several
hours at room temperature. LCA revealed a fraction of 63 % Bi3+ after 807 min
time on stream (Figure 7-4). Assuming again that the feed was saturated with
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O2,47 we calculated that complete oxidation of the total amount of surface Pd,
and Bi atoms on the Pd particles, would require less than 30 s.
A plausible explanation for the incomplete re-oxidation of Bi could be that
the surface Bi atoms were partially covered by some strongly (irreversibly)
adsorbed organic residue. As mentioned above, preliminary studies in the
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Fig. 7-9: XANES spectra at the Bi L3 edge of Bi–Pd/Al2O3. (1) in He-saturated
toluene at 46 °C (step 1 in Figure 7-4); (2) in He-saturated solution of
1-phenylethanol at 64 °C (step 2 in Figure 7-4); (3) in O2-saturated
solution of 1-phenylethanol at 48 °C (step 3 in Figure 7-4); (4) the same as
(3) but at 30 °C; (5) in O2-saturated toluene at 27 °C (step 4 in Figure
7-4); (6) in He-saturated solution of 1-phenylethanol at 84 °C (not
included in Figure 7-4); (7) in H2-saturated toluene at 82 °C (not included
in Figure 7-4).
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continuous-flow reactor cell indicated a significant catalyst deactivation, which
we attributed to product degradation to CO and CxHy-type fragments.
Oxidation of these poisoning species is incomplete at close to ambient
temperature. In a control experiment we tried to regenerate the catalyst by
reduction with the He-saturated solution of 1-phenylethanol at 84 °C. The
reduction of Bi3+ by the alcohol occurred fast but remained incomplete (fraction
of Bi0 = 0.83). A comparison of spectra 2 to 6 in Figure 7-9 reveals that the
intensity differences between the second and first maximum in spectrum 6 is
lower indicating lower fraction of reduced Bi. This difference corroborates the
assumption that a part of the bimetallic catalyst is successively covered by organic
residue during the long experiment, which contamination distorts the structural
analysis.
Parallel to the analysis of the Bi constituent, the oxidation state of Pd in
Bi–Pd/Al2O3 was also investigated in oxygen-saturated toluene. Spectrum 3 in
Figure 7-5a and b reveals only a partial re-oxidation of Pd. The deviation at the
Pd K edge is smaller than that observed for Pd/Al2O3 (spectrum 3, Figure 7-1a
and b). The reason for this difference is the structure of the bimetallic catalyst: a
large fraction of surface Pd atoms is covered by Bi. Note that a reference
spectrum for completely reduced Pd in Bi–Pd/Al2O3 cannot be obtained by
feeding H2-saturated toluene due to hydride formation (spectrum 4, Figure 7-5).
From the point of view of alcohol oxidation with molecular oxygen, the
most interesting observation is the reduced state of both metal components in
Bi–Pd/Al2O3 during reaction (step 3, after ca. 420 min in Figure 7-4). This result
was confirmed in another study presented in Chapter 6, which was carried out
under standard conditions in a similar way as depicted in Figure 7-4 but 65 mg
catalyst was filled in the reactor instead of 28 mg. The reactor temperature was
kept constant at 60 °C throughout the procedure. The conditions for aerobic
oxidation were maintained for more than two hours by feeding air-saturated
toluenic solution of 1-phenylethanol. During that period both the Pd K edge and
the Bi L3 edge were analysed. The analysis corroborated that both Bi and Pd
remained in a reduced state, despite of the presence of oxygen.
7.3.5 Implication to the Reaction Mechanism over Bi-Promoted Pd
It is generally accepted that promotion of Pt-group metals by Bi, Pb or other
inactive components can improve the activity and selectivity in alcohol oxidation
with molecular oxygen.2-4,9,48,49 Several methods have been developed for the fine
tuning of the structure of the bimetallic catalysts and the improvements achieved
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are sometimes dramatic. There is no agreement, however, in the mechanistic
understanding of the role of promoters. Many plausible models have been
suggested in the past years, which are supported only by indirect observations,
such as kinetic analysis. The present study provides unambiguous evidence for
the reduced, metallic state of Pd and Bi in Bi-promoted Pd/Al2O3 during the
oxidation of 1-phenylethanol to acetophenone. Clearly, on the surface of the
particles the oxidation state of both metals is the same during dehydrogenation
in Ar and during oxidation with molecular oxygen. Among the various models
referred to in the introduction, the geometric blocking of a fraction of active sites
by the modifier fits best to these observations.12,13 This model assumes that the
major role of modifier is the suppression of side reactions by decreasing the size
of active Pd site ensembles. In line with this model, the study in Chapter 4 on
the oxidation of cinnamyl alcohol over Pd/Al2O3 indicated that the reaction
obeyed a dehydrogenation mechanism and the major role of oxygen was the
removal of poisoning species (CO and CxHy fragments) from the active sites.
Another model (see section 1.2 in Chapter 1) that is in agreement with the
reduced state of promoter during alcohol oxidation assumes the presence of
intermetallic compounds,50-52 in our case Bi2Pd and BiPd,51 as active sites.
However, formation of alloys requires elevated temperatures and our catalysts
were prepared under very mild conditions, at room temperature. Hence, this
possibility is unlikely.
A further important conclusion is that the promoter effect in alcohol
oxidation is a truly heterogeneous catalytic phenomenon. As both metals were in
reduced state during oxidation, dissolution of bismuth as Bi3+ and homogeneous
catalysis can be excluded.
Measurement of catalyst potential during oxidation of alcohols and polyols
has revealed that in some cases, for example in L-sorbose oxidation,53 the
reactions ran only on a partially oxygen-covered metal surface; partially
hydrogen-covered metal was inactive. Clearly, the structure of the reactant and
product has a critical influence on the side reactions and may also affect the
oxidation state of the catalyst during reaction. It remains the task of future work
to clarify to which extent the observations presented here can be generalized to
other reactions and other bimetallic catalysts.

7.4 Conclusions
Catalytic oxidation and dehydrogenation of an aromatic alcohol in an organic
medium were performed in a continuous-flow fixed-bed reactor. The reactor was
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designed to serve at the same time as EXAFS cell and the oxidation state of the
supported metal catalyst was followed in situ by XANES/EXAFS spectroscopy.
This approach provides insight into the structure-activity relationship at the
solid–liquid interface, similarly to previous in situ studies of gas–solid type
reactions.22-25 An important feature of our approach is that the Bi promoter was
present mainly on the Pd surface. This structure resulted in high Bi dispersion
and the “bulk technique” XAS could sensitively detect the changes in the
oxidation state of the promoter atom. This technique of using “probe atoms”
may be generally applicable for in situ catalytic studies. A considerable advantage
of using XANES/EXAFS is that the technique is not sensitive to the reaction
medium and it is element-specific, in contrast to IR spectroscopy or catalyst
potential measurement.
Dynamic changes in the activity and selectivity of a Pd/Al2O3 and a
Bi-promoted Pd/Al2O3 catalyst were detected during the transformation of
1-phenylethanol in toluene, induced by the changes in the actual surface
concentration of oxygen. XAS revealed that both the promoter (Bi) and the
active noble metal component (Pd) were in a reduced state in the presence of
oxygen when the reaction ran with high rate and 100 % selectivity to
acetophenone. This observation is conform with the classical dehydrogenation
mechanism of alcohol oxidation on Pt-group metals, namely that the reaction
proceeds via dehydrogenation and the coproduct hydrogen is oxidized to water.
The reduced state of the noble metal is due to the presence of surface hydrogen
and the alcohol–carbonyl compound redox couple.
The present results allow us to extend this model to bimetallic catalysts.
There are several contradictory explanations for the positive effect of metal
promoters on the rate and selectivity of alcohol oxidation over Pt-group metals.
None of these models, addressed in details in section 1.2 of Chapter 1, has been
supported yet with in situ analysis of the oxidation state of the promoter. The
present study indicates that only those models can be used to rationalize the
promoter effect that does not assume a partially or completely oxidized state of
the metal promoter.
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Chapter

8

A Simple Discrimination of the
Promoter Effect
Several models have been suggested to interpret the positive effect of Bi, Pb, and
other promoting metals in the oxidative dehydrogenation of alcohols over
Pt-group metal catalysts, although the experimental proof to these models is
mainly missing. In this chapter a simple approach has been proposed to clarify
the promoter effect: the comparison of dehydrogenation in inert atmosphere and
oxidative dehydrogenation in the presence of oxygen over Bi-promoted and
unpromoted catalysts. As test reactions the transformations of 1-phenylethanol,
2-octanol, and cinnamyl alcohol to the corresponding carbonyl compounds in a
slurry reactor are used. The observed promoter effects can be classified into three
groups: (i) acceleration of the hydrogen abstraction, (ii) acceleration of a reaction
involving the transfer of oxygen, e.g., oxidation of the coproduct hydrogen or a
surface impurity, and (iii) a combination of these two different processes. This
discrimination revealed that the promoter may have a dual effect on the aerobic
oxidation of alcohols, and this behavior may rationalize some former
controversial interpretations. Besides, this study presents the first evidence for the
promoting effect of Bi in alcohol dehydrogenation in the absence of oxygen.

8.1 Introduction
There are numerous reports on the improvement of the performance of
supported Pt-group metal catalysts by promotion with metals (such as Bi, Pb,
Te, Sn), oxides, phosphates, amines, or phosphines.1-10 The metal promoters
alone are inactive in alcohol oxidation under the mild conditions applied; still,
they sometimes enhance the catalytic performance spectacularly.5,11-15 Despite the
great effort by several research groups, the real nature of the promoter effect is
still debated. Several strategies have been applied to understand the behavior of
the bi- and trimetallic catalysts, including the detailed kinetic analysis of the
reaction,16-18 in situ study of the oxidation state of the metals by electrochemical
methods19-22 and X-ray absorption spectroscopy (XAS),23,24 and the synthesis and
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catalytic test of intermetallic compounds.25,26
Here we report a new approach to clarify this mechanistic point. We
compare the performance of various promoted and unpromoted catalysts in the
oxidation of aromatic, aliphatic, and allylic alcohols in the presence and absence
of molecular oxygen. The bimetallic catalysts were prepared by preferential
deposition of Bi onto the surface of alumina-supported Pt or Pd particles.27,28
The advantage of this approach is that during the promotion step the original
structure of supported Pt and Pd is dominantly preserved and thus a direct
comparison of promoted and unpromoted catalysts is possible.

8.2 Experimental
8.2.1 Materials
1-phenylethanol (Aldrich, 98 %), 2-octanol (Fluka, >99.5 %), toluene (J.T.
Baker, >99.5 %), cyclohexane (Aldrich, >99 %), acetic acid (Fluka, >99.8 %),
acetophenone (Fluka, >99 %), 2-propanol (J.T. Baker, >99.5 %), NaHCO3
(Merck, >99.7 %), Bi(NO3)3 ⋅ 5 H2O (Fluka, 99 %), and high purity water
(Merck) were used as received. trans-Cinnamyl alcohol (Acros, 98 %) was
purified by recrystallization from petroleum ether (99.3 % by 1H NMR and
GC). Ethylene glycol diacetate (Aldrich, >99 %) was applied as an internal
standard and dodecylbenzenesulfonic acid sodium salt (Fluka, techn.) as a
detergent. Cyclohexene (Merck, >99 %) and vinyl acetate (Aldrich, 99 %) were
used as H-acceptor for transfer dehydrogenation reactions. Gases were of
99.999 % purity (PANGAS).
The 5 wt% Pd/Al2O3 (Johnson Matthey 324) and 5 wt% Pt/Al2O3
(Engelhard 4759) catalysts were used as received. The bimetallic catalysts
0.75 wt% Bi – 5 wt% Pd/Al2O3, 1.0 wt% Bi – 5 wt% Pt/Al2O3, and 0.9 wt%
Bi – 5 wt% Pt/Al2O3 were prepared according to a former recipe,28 and it is
described in detail in section 2.1 of Chapter 2.
8.2.2 Methods for Catalyst Characterization
X-ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements were performed on a
Leybold Heraeus LHS11 MCD instrument using Mg Kα (1253.6 eV)
radiation.29 The powdered sample was pressed into a sample holder, evacuated in
the load lock at room temperature to 10-6 mbar and transferred to the analysis
chamber at a typical pressure of 10-9 mbar. The peaks were energy-shifted to the
binding energy of Al 2p (74.7 eV) to correct for the charging of the Al2O3
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support. Reduction of the catalyst was performed in the load lock, for 15 min in
a hydrogen atmosphere at room temperature, in a similar way as described
previously.29 The surface ratio of Bi3+ to Bi0 was determined by peak fitting (after
correction for background and energy-shifting) using the SPECSLAB program
(Specs, Berlin). In order to limit the number of fit parameters, the tabulated
energy difference between Bi 4f7/2 and Bi 4f5/2 (5.39 eV) was kept constant. In
addition, the full-width at the half-maximum (FWHM) was constrained to one
value.
X-ray Absorption Spectroscopy

The Bi/Pt and Bi/Pd mass ratios in the bimetallic catalysts were calculated from
the edge jumps (absorption step, i.e. difference in X-ray absorption coefficients
times pathlength; ∆µ·d) of the X-ray absorption near-edge structure (XANES)
spectra using pellets of 13 mm diameter by comparison to the reference pellets
with known Bi, Pd, and Pt-concentrations.
X-ray absorption spectroscopy (XAS) experiments at the Pd K, Pt L3 and
Bi L3 edges were recorded at beamline X1 at HASYLAB (DESY in Hamburg) in
the transmission mode using Si (311) and Si (111) double crystal
monochromators. The raw data were energy-calibrated with the respective metal
foil (Pd K, Pt L3 edges), background-corrected, and normalized using the
WINXAS 2.1 program package.30 For the exact determination of the X-ray
absorption step (∆µ·d), all spectra were treated in the same way using a linear
background subtraction before the edge and a parabolic correction above the
edge.
TEM

For transmission electron microscopy (TEM), the samples were dispersed in
ethanol and deposited onto a perforated carbon foil supported on a copper grid.
The measurements were performed on a CM30 microscope (Philips; LaB6
cathode, operated at 300 kV). For determination of the metal particle size
(surface average diameter), different areas were examined and about 700 particles
were counted. Metal dispersion was calculated from the main metal particle
size.31
8.2.3 Alcohol Dehydrogenation
Oxidative dehydrogenation and dehydrogenation of 1-phenylethanol,
trans-cinnamyl alcohol, and 2-octanol were carried out in a flat-bottomed,
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magnetically stirred 100 ml glass reactor at 1 bar (see Figure 2-2 in Chapter 2).
Gases (argon, nitrogen, hydrogen, oxygen, and air) were saturated with the
corresponding solvent before entering the reactor. The air (oxygen) flow rate
(20 – 60 ml min-1) and stirring speed (500 – 1000 min-1) were set to ensure
working in the mass-transport limited regime and avoid over-oxidation of the
catalyst.17,32,33
Method I

100 mg catalyst (without any pretreatment), 1.0 g 1-phenylethanol or 2-octanol,
and 30 ml solvent (cyclohexane or toluene) were put into the reactor. Air was
replaced by Ar, the reactor was immersed in a preheated oil bath (reaction
temperature: 80 °C) and stirring started (750 min-1).
Method II

100 mg catalyst was prereduced at room temperature by flowing hydrogen for
10 min in the mixture of 30 ml water and 10 mg detergent
(dodecylbenzenesulfonic acid sodium salt). Then the reactor was purged with
nitrogen (5 min) and the catalyst was re-oxidized with air (10 min), which
treatment resulted in a few outer layers of surface PdO. Air was replaced by Ar
and the reactor was immersed in a preheated oil bath (reaction temperature:
55 °C). 1.0 g 1-phenylethanol or 2-octanol was injected to the reaction mixture
through a septum and stirring started (750 min-1).
Method III

The pretreatment procedure was started according to method II but after the
re-oxidation of the catalysts the reaction was started in an air flow (20 ml min-1).
Method IV

For the dehydrogenation of 1.0 g cinnamyl alcohol only 50 mg catalyst (without
prereduction) was applied in 20 ml toluene, in the presence of ethylene glycol
diacetate as the internal standard. Air was replaced by Ar, the reactor was
immersed in a preheated oil bath (reaction temperature: 65 °C), and stirring
started (1000 min-1).
Method V

100 mg catalyst (without any pretreatment), 1.0 g 1-phenylethanol, hydrogen
acceptor (cyclohexene or vinyl acetate; H-acceptor : alcohol molar ratio = 2 : 1),
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and 30 ml cyclohexane were given into the reactor. Air was replaced by Ar, the
reactor was immersed in a preheated oil bath (reaction temperature: 80 °C) and
stirring started (500 min-1). The reactions were stopped after 1 h.
The reaction mixtures were analyzed by GC (Thermo Quest Trace
2000, equipped with an HP–FFAP capillary column and an FID detector).
Products were identified by GC–MS, and by GC analysis of authentic samples.
From the reaction mixtures containing non-aqueous solvents (methods I, IV and
V) samples were periodically taken during dehydrogenation and analyzed. In
aqueous-phase reactions (methods II and III) only the final products were
analyzed. To the aqueous slurry containing the catalyst 3 ml saturated sodium
chloride solution and 20 ml toluene were added and the mixture was stirred for
15 min. After 16 h separation a sample from the organic layer was analyzed by
GC.
8.2.4 Catalytic Hydrogenation
The hydrogenation reactions were carried out in a parallel pressure reactor system
Endeavor™ (Argonaut Technologies) with eight mechanically stirred 15 ml
stainless-steel reactors equipped with glass liners and mechanical mixing
(750 min-1). Generally, the slurry containing 10 mg catalyst (without
prereduction) and 0.5 g acetophenone in 5 ml toluene was stirred at room
temperature and 10 bars for 2 h. For hydrogenation in acidic medium 0.25 ml
acetic acid was added to the slurry as well and the reaction was stopped after 1 h.
Conversion and product composition were determined by GC analysis as
described above.

8.3 Results
8.3.1 Catalyst Characterization
Some important features of the mono- and bimetallic catalysts and their
abbreviations are collected in Table 8-1. The unpromoted Pd/Al2O3 and
Pt/Al2O3 catalysts possessed medium dispersion and monomodal particle size
distribution as determined by TEM. A histogram of the particle size distribution
of Pd/Al2O3 is depicted in Figure 2-1 in Chapter 2. The Bi-promoted catalysts
were prepared by a method that affords dominantly bimetallic particles.27 The
basic idea is that under ambient conditions Bi3+ cannot be reduced to Bi0 by
hydrogen on the support surface, but it is readily reduced on the surface of the Pt
or Pd particles to form the metal adatoms.10 Thus a well-prepared and reduced
catalyst contains only small amounts of Bi3+ on the support originating from the
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Table 8-1:

Characteristics of the mono- and bimetallic catalysts.

Catalyst a

Abbreviation

Origin

Metal particle
size b (nm)

Metal
dispersion c

5 wt%
Pd/Al2O3

Pd/Al2O3

Johnson
Matthey 324

3.4

0.34

5 wt%
Pt/Al2O3

Pt/Al2O3

Engelhard
4759

2.8

0.40

Surface Bi0/Bi3+ ratio d
0.75 wt% Bi –
5 wt% Pd/Al2O3

0.75 Bi–Pd/
Al2O3

Synthesized e

73/27

1.0 wt% Bi –
5 wt% Pt/Al2O3

1.0 Bi–Pt/
Al2O3

Synthesized e

63/37

0.9 wt% Bi –
5 wt% Pt/Al2O3

0.9 Bi–Pt/
Al2O3

Synthesized e

35/65

a
b
c
d

e

Bi contents were calculated from the edge jumps of XANES spectra.
Determined by TEM.
Calculated from the metal particle size.
Determined by XPS analysis after reduction by hydrogen at room
temperature.
By Bi-promotion (see section 2.1 of Chapter 2).

incomplete removal (washing) from the high surface area support at the end of
catalyst preparation. A schematic picture of a bimetallic catalyst is drawn in
Figure 7-3 in Chapter 7 with the example of Bi deposited onto Pd/Al2O3.
Figure 8-1 shows the X-ray photoelectron spectra of Bi in the
0.75 Bi–Pd/Al2O3 and 1.0 Bi–Pt/Al2O3 catalysts after reduction by hydrogen at
room temperature. In both cases the majority of Bi promoter was in a metallic
state at room temperature (Table 8-1): 63 % Bi0 in 1.0 Bi–Pt/Al2O3 and 73 %
Bi0 in 0.75 Bi–Pd/Al2O3. As discussed above, the reducible fraction of bismuth is
located on the Pt or Pd particles. The fraction of unreducible bismuth
corresponds to Bi3+ species present on alumina; this fraction is assumed to be
ineffective in the catalytic dehydrogenation of alcohols. More details of the
analysis of Bi 4f-signals in the bimetallic catalysts can be found in Table 8-2.
The surface composition of 0.75 Bi–Pd/Al2O3 was determined by XPS as
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Fig. 8-1: X-ray photoelectron spectra of Bi in 0.75 Bi–Pd/Al2O3 (solid line) and
1.0 Bi–Pt/Al2O3 (dashed line) catalysts after reduction by hydrogen under
ambient conditions.

well. Compared to the unpromoted Pd/Al2O3 the Pd concentration on the
surface is lowered from 0.9 % to 0.6 % (see Table 7-3 in Chapter 7). In the case
of 0.9 Bi–Pt/Al2O3 catalyst the extent of the reducible Bi is smaller (35 %, Tables
8-1 and 8-2); a considerable part of Bi is deposited on the alumina support.
The total Bi content of the bimetallic catalysts was estimated from the
edge jumps in the XANES spectra (Table 8-1). Furthermore, XAS measurements
revealed that in the samples exposed to air the Bi constituent was always in an
oxidized state (Bi3+), while the noble metal components were mainly in a reduced
state. These results are in good agreement with the proposed structure of the
catalysts: a considerable fraction of surface Pd and Pt atoms is covered by Bi, and
upon exposure to air these Bi atoms prevent the oxidation of Pd and Pt atoms
below them. The white-line at the Pt L3 edge decreased significantly from
Pt/Al2O3 towards 0.9 Bi–Pt/Al2O3 and 1.0 Bi–Pt/Al2O3, the latter thus
containing mainly metallic platinum. Also in the case of 0.75 Bi–Pd/Al2O3
palladium was dominantly in the metallic state as described previously in
Chapters 6 and 7.
Additionally, the presence of Bi on the surface of the Pd and Pt particles
was evidenced by the catalytic hydrogenation of acetophenone (Table 8-3).
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Though the product distribution varied with the catalyst and solvent
compositions the conversion was always lower on the Bi-promoted catalysts (by
19 – 58 %) relative to the monometallic reference catalysts. As Bi is inactive in
the reaction, the drop in conversion confirms the partial coverage of the Pt and
Pd surface sites by Bi.
In summary, the characterization of the bimetallic catalysts supports the
expectation that Bi has been deposited predominantly on the surface of
alumina-supported Pt and Pd particles. This fraction of Bi is expected to
influence the rate and the selectivity of alcohol dehydrogenation.
Table 8-2:

XPS analysis of Bi 4f-peaks in the bimetallic catalysts after reduction
by hydrogen under ambient conditions.
Bi0

0.75 Bi–Pd/
Al2O3

1.0 Bi–Pt/
Al2O3

0.9 Bi–Pt/
Al2O3

a
b

Bi3+

Bi 4f7/2

Bi 4f5/2

Bi 4f7/2

Bi 4f5/2

Eba (eV)

157.2

162.6

160.4

165.8

Extentb (%)

38.0

35.2

15.2

11.6

FWHM (eV)

2.95

2.95

2.95

2.95

Eba (eV)

157.4

162.7

160.6

165.9

Extentb (%)

32.6

30.0

19.2

18.2

FWHM (eV)

2.7

2.7

2.7

2.7

Eba (eV)

156.4

161.8

158.8

164.4

Extentb (%)

19.4

15.8

37.8

27.0

FWHM (eV)

1.96

1.96

1.96

1.96

Binding energy.
Due to the limitations of the peak fitting program (SPECSLAB), the spin
doublet ratios deviate from the theoretical 4:3 ratio in case of
4f-electrons.
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8.3.2 Alcohol Dehydrogenation: Preliminary Screening
The dehydrogenation of 1-phenylethanol, 2-octanol, and cinnamyl alcohol has
been selected as test reaction. These reactants were commonly used in former
studies of the aerobic oxidation32,34,35 and transfer dehydrogenation36-38 of
alcohols over Pt-group metal catalysts to represent the transformation of
aromatic, aliphatic, and allylic alcohols to the corresponding carbonyl
compounds.
The product distribution observed in the dehydrogenation of
1-phenylethanol (1) to acetophenone (2) in Ar is shown in Scheme 8-1. Three
by-products could be detected on Pt-based catalysts, which formed via
hydrogenolysis of the C–O bond (3) or saturation of the aromatic ring (4, 5).
The latter reactions were absent on Pd-based catalysts that were also more active
than the Pt-based catalysts.
The hydrogenation- and hydrogenolysis-type side reactions were even
more extensive in the dehydrogenation of cinnamyl alcohol (6, Scheme 8-2).
Under identical conditions the reactivity of cinnamyl alcohol was lower than that
of 1-phenylethanol, which is (partly) attributed to decarbonylation of
cinnamaldehyde (7) and dihydrocinnamaldehyde (11) (see Chapter 4). The
extent of these side reactions increased at higher temperature and in apolar
Table 8-3:

Hydrogenation of acetophenone (2, Scheme 8-1) to 1-phenylethanol
(1); for conditions see the experimental part.
Conversion (%)
Catalyst
Toluene

Toluene +Acetic acid

Pd/Al2O3

7.6 a

24 b

0.75 Bi–Pd/Al2O3

3.2 a

17 b

Pt/Al2O3

–

32 c

1.0 Bi–Pt/Al2O3

–

14 b

a
b
c

No by-product could be detected by GC.
By-product: α-methylbenzyl acetate.
By-products: α-methylbenzyl acetate, 4 and 5.
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3
8.1 / 1.9
2 Had - H2O
OH

O

- 2 Had

1

6 Had

6 Had
OH
4
0 / 7.8
Conversion:

2
91.9 / 86.4
O
5
0 / 3.9

Pd/Al2O3 52%
Pt/Al2O3 31%

Scheme 8-1: Dehydrogenation of 1-phenylethanol (1) to acetophenone (2) and the
by-products detected in Ar. Selectivities (in %) achieved by Pd/Al2O3
(first value) and Pt/Al2O3 (second value) are indicated below the
formulas (method I, cyclohexane, 3 h).

solvents (e.g., cyclohexane). In contrast, the presence of oxygen suppressed
by-product formation in the dehydrogenation of both alcohols 1 and 6, and over
99 % selectivity to 2 or 7 could be achieved under the best conditions, in
agreement with former reports.28,39,40 Note that the by-products formed via
hydrogenation and hydrogenolysis, even in the presence of oxygen, indicate
H-coverage of the active sites and thus confirm the dehydrogenation mechanism
of alcohol oxidation (as has been described in Chapter 4).
In the dehydrogenation of 2-octanol to 2-octanone no by-products could
be detected by GC analysis independent of the catalyst composition but the
reaction was very slow on all catalysts tested. This observation is in agreement
with the generally poor activity of Pt-group metal catalysts in the
dehydrogenation and oxidative dehydrogenation of aliphatic alcohols.41-43 A
specific difficulty of the dehydrogenation of 2-octanol was that the results were
irreproducible with the Pt/Al2O3 catalyst in an apolar organic medium.
Presumably, the coproduct water remained on the hydrophilic catalyst surface
and after a short initial period the catalyst powder adhered to the reactor wall and
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Scheme 8-2: Reaction network in the dehydrogenation of cinnamyl alcohol (6)
over Pt- and Pd-based catalysts in Ar.

the reaction stopped. This difficulty could be eliminated by working in a
water–detergent system.
The reaction conditions (solvent, temperature, catalyst pretreatment) of
the three test reactions were varied in a broad range to obtain a general overview
on the influence of Bi promotion of Pt and Pd and the role of oxygen in the
promoter effect. In the following sections some representative examples will be
shown that help to understand the influence of oxygen and bismuth promotion.
8.3.3 Dehydrogenation of 1-Phenylethanol
Dehydrogenation of 1-phenylethanol to acetophenone is a good example of the
promoting effect of Bi. In this reaction Bi-promotion increased the rate and
selectivity of both Pt/Al2O3 and Pd/Al2O3 catalysts, independent of the presence
or absence of oxygen and the reaction conditions. A comparative example is
shown in Figure 8-2, where the reactions were carried out under mild conditions,
in a water–detergent system. Interestingly, the 1.0 Bi–Pt/Al2O3 catalyst had good
selectivity even in Ar where the hydrogen coproduct was available in high
concentration for the hydrogenation- and hydrogenolysis-type side reactions
(Scheme 8-1).
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An important point is that the rate-acceleration achieved in air by
Bi-promotion should be considered only as a qualitative measure of the reaction
rate. In the aerobic oxidation of alcohols over Pt-group metal catalysts the
reactions are commonly carried out under mass-transport limited conditions to
avoid the rapid over-oxidation and deactivation of the catalyst.17,32,33,44 A further
difficulty of a comparative study is that applying the same conditions, including
the same rate of oxygen supply for all reactions, this rate may be too low for an
active catalyst and it performs well below its intrinsic activity while it may be too
high for a poorly active catalyst leading to its over-oxidation and deactivation.
This effect is illustrated by the transient experiments in Figure 8-3.
Dehydrogenation on Pt/Al2O3 in Ar afforded only 6.4 % conversion in 65 min.
After replacing Ar by air the catalyst completely lost its activity and the final
conversion was still below 7 %. In contrast, the Bi-promotion more than
doubled the rate of 1-phenylethanol conversion in Ar (13.5 % conversion in
65 min), and after switching to air the reaction was complete within less than
50 min.

Pd/Al2O3

argon

Bi-Pd/Al 2O3
Pd/Al2O3

air

Bi-Pd/Al 2O3
Pt/Al2O3

argon

Bi-Pt/Al2O3
Pt/Al2O3

air
0

Bi-Pt/Al2O3
20

40
60
80
Conversion (%)

100

70
80
90 100
Selectivity to 2 (%)

Fig. 8-2: Dehydrogenation of 1-phenylethanol (1) in Ar or in air over
0.75 Bi–Pd/Al2O3, 1.0 Bi–Pt/Al2O3, Pd/Al2O3, and Pt/Al2O3 (aqueous
medium, method II in Ar and method III in air; 3 h).

8.3.4 Dehydrogenation of 2-Octanol
Bi-promotion enhanced the reactivity of both Pd- and Pt-based catalysts in the
presence and absence of oxygen in the reactions carried out in a water–detergent
system, as illustrated in Figure 8-4. Note that relatively mild conditions had to be
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Fig. 8-3: Dehydrogenation of 1-phenylethanol (1) over Pt/Al2O3 and
0.9 Bi–Pt/Al2O3. The Ar atmosphere was replaced by air (flow rate:
50 ml min-1) after 65 min (method I, toluene).

chosen to avoid full conversion with the best catalyst, 1.0 Bi–Pt/Al2O3, but
under these conditions the unpromoted catalysts afforded only 1 % conversion
in Ar. The rate-acceleration achieved by Bi-promotion was more pronounced
with Pt/Al2O3 than with Pd/Al2O3 both in Ar and in air.
8.3.5 Dehydrogenation of Cinnamyl Alcohol
Dehydrogenation of cinnamyl alcohol (6, Scheme 8-2) under Ar represents a case
where no rate-acceleration could be achieved by Bi-promotion. Dehydrogenation
of allylic alcohols on Pt and Pd is relatively fast in the presence of a hydrogen
acceptor, such as oxygen45 or an olefin.38,46 Here, under Ar (i.e. in the absence of
any hydrogen acceptor), the reaction on Pd/Al2O3 slowed down after about
10 min indicating some catalyst deactivation (Figure 8-5). Replacing Ar by air
accelerated the dehydrogenation enormously and conversion over 99 % was
reached within 18 min. The likely reasons for the catalyst deactivation in Ar and
reactivation in air are decarbonylation-type side reactions (Scheme 8-2 and Table
8-4) and the rapid removal of CO from the Pd surface, respectively (see Chapter
4).
The partial coverage of the Pd surface by Bi decreased the rate in Ar only
to a minor extent but in air the negative effect was considerable. The diminished
reactivity is attributed to the lower number of surface Pd sites available for
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Fig. 8-4: Dehydrogenation of 2-octanol in Ar or in air over 0.75 Bi–Pd/Al2O3,
1.0 Bi–Pt/Al2O3 and unpromoted Pd/Al2O3 and Pt/Al2O3 (aqueous
medium, method II in Ar and method III in air; 3 h). The selectivity to
2-octanone was always 100 %.

hydrogen adsorption and alcohol dehydrogenation in the Bi-promoted catalyst,
as indicated by a drop of the hydrogenation activity (Table 8-3) and by XPS
analysis (Figure 8-1, Table 8-2). Promotion of Pd/Al2O3 by Bi changed the
product distribution and resulted in a small enhancement of selectivity to the key
product cinnamaldehyde (7).
Table 8-4 and Figure 8-6 show that in comparison to Pd/Al2O3, Pt/Al2O3
is much more sensitive to the destructive adsorption of reactant and products:
less than 1 % conversion was achieved in 55 min in Ar and the reaction was
barely accelerated by introducing air. Bi-promotion of Pt/Al2O3 had a positive
effect only after replacement of Ar by air, leading to higher rate and excellent
selectivity. The good performance of Bi-promoted Pt in the aerobic oxidation of
cinnamyl alcohol has already been reported.28,45
We attribute the poor performance of Pt/Al2O3 to poisoning by CxHy-type
fragments formed in the decarbonylation-type side reactions (Scheme 8-2).47 It is
very likely that only a fraction of these species desorbs from the surface as olefins.
For example, propenylbenzene (10) and styrene (13) could be detected in
significant amounts by GC analysis of the solution. Introduction of air (after
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55 min, Figures 8-5 and 8-6) can oxidize CO to CO2 that desorbs from the
surface but the oxidative removal of hydrocarbon fragments or dimerized and
oligomerized species is not expected. This could be the reason for the poor
performance of unpromoted Pt/Al2O3 (1.5 % final conversion, Table 8-4, entry
3; this point is not shown in Figure 8-6). Bi-promotion had a dramatic effect on
the activity but only in the presence of molecular oxygen. Probably, Bi
contributes to the oxidative removal of surface impurities or even diminishes
their formation due to an ensemble effect (i.e. larger active site ensembles are
required for the side reactions), as described in section 1.2 in Chapter 1.
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Fig. 8-5: Oxidation of cinnamyl alcohol (6, Scheme 8-2) over Pd/Al2O3 and
0.75 Bi–Pd/Al2O3 (toluene, method IV). The Ar atmosphere was replaced
by air (flow rate: 60 ml min-1) after 55 min. Details of the product
distribution are shown in Table 8-4.

The assumption, that Pt is more sensitive to poisoning by hydrocarbon
residues than Pd, is supported by additional experiments. For these experiments
the dehydrogenation of 1-phenylethanol in cyclohexane under Ar was chosen as
this reaction was apparently not affected by catalyst poisoning (Figure 8-2). The
dehydrogenation reaction in Ar was repeated in the presence of cyclohexene and
vinyl acetate as organic hydrogen acceptors (Table 8-5). Contrary to the expected
higher dehydrogenation rate,37,38 these olefins poisoned Pt/Al2O3. The reference
reactions with Pd/Al2O3 showed the expected behavior: higher rate and
selectivity in transfer dehydrogenation with H-acceptors compared to simple
dehydrogenation in Ar. The different behavior of the two metals can be
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explained by the fact that platinum adsorbs stronger the unsaturated
hydrocarbons than palladium.

Table 8-4:

Catalyst

1
Pd/Al2O3
2
0.75 Bi–
Pd/Al2O3
3
Pt/Al2O3
4
1.0 Bi–
Pt/Al2O3
a

Transformation of cinnamyl alcohol in toluene at 65 °C (method IV). For
identification of the products 7–13 see Scheme 8-2.
Atm.;
Time
(min)

Conv.
(%)

Select.
(%)

Yield (%)
7

8

9

10

11

12

13

7

8

Ar

55

8.3

4.5

3.4

0

0.2

0

<0.1

<0.1

55

40

Air

+18

99.1

64.3

32.6

<0.1

0.3

0.7

1.1

<0.1

65

33

Ar

55

6.4

3.7

1.3

<0.1

1.4

<0.1

0

<0.1

58

20

Air

+60

50.3

35.8

10.6

0.1

2.6

0.3

0.4

0.4

71

21

Ar

55

0.6

0.6

<0.1

0

0

0

0

0

99 a

1a

Air

+130

1.5

1.4

0.1

0

0

0

0

0

96

4

Ar

55

0.5

0.4

0.1

0

0

0

0

0

87 a

13 a

Air

+60

37.7

37.3

0.4

0

0

0

0

<0.1

99

1

Due to the very low conversion (<1 %) determination of selectivity is
uncertain.

8.4 Discussion
Numerous mechanistic models have been suggested for the interpretation of the
promoting effect of metal additives (Bi, Pb, Sn, Te, etc.) on the oxidation of
alcohols and polyols to the corresponding carbonyl compounds and carboxylic
acids. Adopting the dehydrogenation mechanism of alcohol oxidation32,35,48 two
important groups of models emerge.
(i) The promoter may directly influence the rate and (regio)selectivity of
the alcohol dehydrogenation reaction. A plausible example is the oxidative
dehydrogenation of polyfunctional alcohols in 2-position, where the high
regioselectivity has been attributed to complex formation between a neighboring
Pt-group metal–promoter bimetallic site and the reactant (Figure 1-2 in Chapter
1).1,34,49
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Fig. 8-6: Dehydrogenation of cinnamyl alcohol (6) over Pt/Al2O3 and
1.0 Bi–Pt/Al2O3 (toluene, method IV). The Ar atmosphere was replaced
by air (flow rate: 60 ml min-1) after 55 min. Details of the product
distribution are shown in Table 8-4.

(ii) The second group comprises those models which assume that the
promoter does not influence the dehydrogenation step directly but affects the
adsorption and transfer of oxygen, including the oxidation of the coproduct
hydrogen, the oxidative removal of surface impurities,5,50,51 and the improved
resistance of the Pt-group metal against over-oxidation52 (i.e. the coverage of
surface sites by oxygen leading to a slow-down of alcohol oxidation).33,53
The promoter effect in the dehydrogenation of 1-phenylethanol on
0.75 Bi–Pd/Al2O3 (Figure 8-2) can be interpreted by a model belonging to the
first group. Addition of Bi to Pd/Al2O3 enhanced the reaction rate by a factor of
1.3, independent of the presence or absence of oxygen. Clearly, Bi accelerated the
dehydrogenation step and its influence cannot be connected to the presence of
oxygen. Dehydrogenation of 2-octanol (Figure 8-4) provides a further example
of this case. Interestingly, in this reaction the rate-acceleration by Bi promotion
was even higher in Ar (a factor of 3 and 6) than in air (1.3 and 2.4) for Pd/Al2O3
and Pt/Al2O3, respectively. The likely reason is the very low activity of the
catalysts in Ar that increases the relative error of the determination of
conversions.
Dehydrogenation of cinnamyl alcohol on 1.0 Bi–Pt/Al2O3 is a good
example of the second group of models: the promoter effect is clearly connected
to the presence of oxygen and Bi has no influence on the alcohol

132 Chapter 8

dehydrogenation in Ar (Figure 8-6). On the basis of the studies reported in
Chapter 4 it is probable that Pt/Al2O3 and Bi–Pt/Al2O3 are poisoned by alcohol
degradation products in Ar and Bi deposited on the surface of Pt accelerates the
oxidative removal of surface impurities when switching from Ar to air.
Dehydrogenation of 1-phenylethanol on Pt-based catalysts reveals a
complex effect of Bi. Promotion of Pt/Al2O3 enhanced the reaction rate in Ar by
a factor of 1.4 and in air by a factor of 2.8 (Figure 8-2). When using another
Bi-promoted catalyst under different conditions (Figure 8-3), the relative
rate-acceleration in air was even bigger, compared to the rate-acceleration
achieved by Bi-promotion in Ar. We can conclude that when using these
catalysts the role of Bi is not limited to the acceleration of the dehydrogenation
of 1-phenylethanol but influences also an additional process that is connected to
the transfer of oxygen. This effect may be the enhanced rate of oxidation of the
coproduct hydrogen or the oxidative removal of a strongly adsorbed surface
impurity.
Table 8-5: Effect of olefins as hydrogen acceptors on the dehydrogenation of
1-phenylethanol (1) over Pd/Al2O3 and Pt/Al2O3 (method V).
Yield (Selectivity) to 2 (%)
H-acceptor
Pd/Al2O3

Pt/Al2O3

No

33 (94)

15 (81)

Cyclohexene

72 (100)

3 (100)

Vinyl acetate

41 (100)

0 (–) a

a

No yield even after 5 h.

8.5 Conclusions
Interpretation of the promoter effect in the aerobic oxidation of alcohols is a
demanding task. Unambiguous experimental evidence to support a model is rare.
A detailed kinetic analysis is troublesome and not always conclusive. In situ
techniques are not widely accessible. We propose a simple test to clarify the role
of the promoter: the comparison of alcohol dehydrogenation in the presence and
absence of molecular oxygen. When there is no promoter effect in inert
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atmosphere, the role of the promoter cannot be attributed to an improvement of
the dehydrogenation step. On the other hand, a strong rate enhancement or a
shift in the product distribution in the absence of oxygen is evidence for a direct
role of the promoter in alcohol dehydrogenation and an indication that the role
of the promoter is not limited to, for example, a better oxygen transfer or an
improved oxygen tolerance of the noble metal component.
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Chapter

9

Surface Reactions Studied by ATR–IR. Part 1:
Oxidation of Benzyl Alcohol
The in situ ATR–IR study on the transformation of benzyl alcohol over a
Pd/Al2O3 catalyst revealed a complex reaction network, including
dehydrogenation of benzyl alcohol to benzaldehyde, decarbonylation of
benzaldehyde, oxidation of hydrogen and CO on Pd, and formation of benzoic
acid catalyzed by both Pd and Al2O3. Continuous formation of CO and its
removal by air resulted in significant steady-state CO coverage of Pd during
oxidation of benzyl alcohol. Benzoic acid formed already in the early stage of the
reaction and adsorbed strongly on the basic sites of Al2O3, and thus remained
undetectable in the liquid phase. The occurrence of the hydrogenolysis side
reaction indicates that Pd was present in a reduced state even in the presence of
molecular oxygen.

9.1 Introduction
Great effort has been made in the past decade to develop truly in situ
spectroscopic techniques, which are able to monitor the catalyst surface under
working conditions.1-3 However, gas-phase processes have been mostly
investigated. In situ studies on heterogeneous liquid-phase reactions are more
demanding due to the major difficulty of separating the contribution of the
adsorbed species from that of the liquid phase.
Oxidation of alcohols with molecular oxygen on noble metal catalysts4-6 is
a good example on a practically important process where surface science has
largely contributed to understanding of the reaction mechanism. According to
the dehydrogenation mechanism (see model A in section 1.2 of Chapter 1),4,7-9
the reaction proceeds in two elementary steps as shown here by the example of a
primary alcohol to aldehyde:
R–CH2–OHad ↔ R–CH2–Oad + Had
R–CH2–Oad ↔ R–HC=Oad + Had

(9-1)
(9-2)
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The adsorbed alkoxide formed in the first step reacts further by β–H elimination
that is the rate-determining step.10,11 The reaction occurs on reduced metal
sites,7,8,12-14 and the major role of oxygen is to oxidize the coproduct hydrogen.
Note that too high oxygen concentration can lead to excessive oxygen coverage of
the active sites (over-oxidation) that diminishes the catalytic activity.15,16
A detrimental side reaction is the decomposition of aldehyde via
H-abstraction and C–C bond breaking:17-19
R–HC=Oad → R–C=Oad → Rad + COad

(9-3)

The strong adsorption of CO and the hydrocarbon fragments can lead to catalyst
deactivation. Continuous oxidative removal of CO from the active sites
represents the second important role of oxygen, as it has been demonstrated in
Chapter 4.
Beside temperature programmed desorption (TPD),20 high-resolution
electron energy loss spectroscopy (HREELS)18,21-23 provided rich information on
the nature of adsorbates on metal surfaces allowing identification of the essential
reaction intermediates including alkoxy (R–CH2–O) and acyl (R–C=O) species.
The stability of these species on metal surfaces depends on the structure of the
reactant and the nature of the metal. Interaction of alcohols with single crystal
and polycrystalline metal surfaces has been thoroughly investigated also by
electrochemical methods, frequently coupled with infrared spectroscopy.24-26 All
these methods suffer from the drawback that the reaction conditions and the
catalysts are far from those useful for the synthetic application of alcohol
oxidation.
Infrared spectroscopy is a widely used technique for the identification of
adsorbates from the gas phase on solid catalysts but limitations are encountered
when investigating the solid–liquid interface. The drawback of the strong
absorption of the solvent may be overcome by using attenuated total reflection
infrared (ATR–IR) spectroscopy.27 The technique has not yet been widely
applied in heterogeneous catalysis, but recent studies show its big potential.28-35
Appropriate design allows to focus on the catalyst–adsorbate interaction by, e.g.,
coating the ATR waveguide with a catalyst film.28,31 The application of this
technique in the Pd-catalyzed liquid-phase reaction of cinnamyl alcohol has been
shown in Chapter 4. Bürgi and Bieri36 have very recently given evidence for the
presence of 2-propoxide intermediate in 2-propanol oxidation to acetone over
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Pd/Al2O3 by using concentration modulation ATR–IR spectroscopy combined
with UV spectroscopy.
The aim of this chapter is to unravel the various surface reactions and their
interconnectivity to gain a deeper knowledge of alcohol oxidation on Pd/Al2O3.
The transformation of benzyl alcohol to benzaldehyde has been chosen as a
model reaction:
PhCH2OH + 1/2O2 → PhCHO + H2O

(9-4)

The 5 wt% Pd/Al2O3 catalyst was fixed in a tiny continuous-flow reactor that
served also as the IR cell. The in situ ATR–IR study of the catalytic solid–liquid
interface has been combined with GC analysis of the reactor effluent to gain
simultaneously information about the catalytic behavior.

9.2 Experimental
9.2.1 Materials
Benzyl alcohol (Aldrich, >99 %), benzaldehyde (Aldrich, >99.5 %), high purity
water (Merck), cyclohexane (Aldrich, >99 %), 1,3,5-trimethylbenzene
(mesitylene, Acros, 99 %), and benzoic acid (Fluka, >99.0 %) were used as
received. Pure gases (synthetic air, hydrogen, Ar; all of 99.999 vol% grade) and
0.5 vol% CO in Ar were supplied by PANGAS.
The 5 wt% Pd/Al2O3 (Johnson Matthey 324), the 5 wt%
Pd/organopolysiloxane (Pd/OPS, Degussa 1994–8874), and Al2O3 (Fluka, for
chromatography, type 507 C neutral) were used without further purification.
9.2.2 ATR–IR Spectroscopy
A thin layer of 5 wt% Pd/Al2O3 deposited on an internal reflection element
(IRE) was used to investigate the liquid-phase oxidation of benzyl alcohol. An
aqueous slurry of Pd/Al2O3 was allowed to evaporate on the ZnSe IRE (45o,
50 × 20 × 2 mm, Komlas) in a vacuum exsiccator (100 mbar, room temperature,
15 h). An Al2O3 layer was prepared similarly for control experiments. The
amount of catalyst exposed to the reaction mixture was 10 ± 1 mg. An equivalent
procedure was followed for the deposition of Pd/OPS, but only 1.5 mg catalyst
could be deposited on the IRE. The deposited Pd/Al2O3, Pd/OPS, and Al2O3
films were highly stable under the conditions applied. Due to the relatively high
thickness of the resulting Pd/Al2O3 film, it is likely that only a small fraction of
the layer is probed by the evanescent wave generated at the ZnSe–catalyst
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interface by the IR beam.27
The procedure of the ATR–IR measurement using a similar equipment
has been described in Chapter 4. The principal setup is shown in Figure 2-4 in
Chapter 2. Briefly, a home-built stainless-steel flow-through cell serving as a
continuous-flow reactor was mounted onto the ATR attachment (Optispec)
within the FT–IR spectrometer (IFS–66/S, Bruker Optics) equipped with an
MCT detector. Spectra were recorded by averaging 500 scans at 4 cm-1
resolution. The cell was kept at 50 °C throughout the measurements.
Cyclohexane solvent and benzyl alcohol in cyclohexane (18.5 mM) were flown
over the catalyst layer at a rate of 1.1 ml min-1 by a peristaltic pump (Ismatec
Reglo 100) located after the cell. When needed, mesitylene (9.0 mM) was also
added to the alcohol–cyclohexane mixture as internal standard for GC analysis.
Solutions were provided from three independent glass reservoirs. All transfer lines
were of stainless-steel. Samples were taken periodically for GC analysis (Thermo
Quest Trace 2000, equipped with an HP–FFAP capillary column and an FID
detector).
In a general procedure, neat cyclohexane saturated with Ar was admitted
to the cell till steady-state conditions were achieved (ca. 30 min). The catalyst
was reduced in situ by admitting H2-saturated cyclohexane for 30 min. Then the
solution of the alcohol (or another organic probe compound) in Ar-saturated
cyclohexane was admitted to the prereduced catalyst. After typically 40 – 50 min
on stream Ar was replaced by air for another 30 – 40 min. Finally, the catalyst
was washed with Ar-saturated cyclohexane for about 30 min to monitor
desorption of reactants and products. ATR spectra were collected throughout the
experiment and are presented in the form A = –log(I/I0). Where required, the
spectra were corrected in order to compensate for the absorption of water vapor.
CO adsorption onto Pd/Al2O3 was also monitored in situ as reference for
adsorbed CO species.
ATR spectra of neat compounds were recorded with an MVP–ATR
accessory (ZnSe crystal, Harrick) by averaging 16 scans at a resolution of 4 cm-1.
Additionally, transmission infrared spectra of benzyl alcohol and benzaldehyde
solutions in cyclohexane (0.01 M) were recorded with a cell equipped with CaF2
windows by averaging 100 scans at 4 cm-1 resolution.
9.2.3 Catalytic Tests in Batch Reactor
Oxidation of benzyl alcohol was carried out in a slurry reactor under conditions
close to those applied during the ATR–IR measurements. The flat-bottomed,
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100 ml glass reactor was stirred magnetically at 1 bar. Gases (Ar and air) were
saturated with cyclohexane before entering the reactor. The principal apparatus is
drawn in Figure 2-2 in Chapter 2. The air flow rate (50 ml min-1) and stirring
speed (750 min-1) were set to ensure working in the mass-transport limited
regime.14 The reactor was loaded with 100 mg of the 5 wt% Pd/Al2O3 catalyst
(without any pretreatment), 1.0 g benzyl alcohol (0.31 M), 0.5 g mesitylene
(0.14 M) and 30 ml cyclohexane. Air was replaced by Ar, the reactor was
immersed in a preheated oil bath (reaction temperature: 50 °C), and stirring
started. After 50 min Ar was replaced by air and samples were periodically taken
and analyzed by GC. The same procedure was used to study the interaction of
benzaldehyde (0.31 M) with 100 mg Al2O3.
Diffuse reflectance infrared (DRIFT) spectra of Pd/Al2O3 (and Al2O3)
were collected after a typical catalytic run in the batch reactor. After reaction, the
catalyst was filtered off, washed carefully with cyclohexane and left to dry in air,
at room temperature. Two samples were prepared: in one the reaction was
stopped after stirring the catalyst under Ar, whereas in the other the reaction was
carried out first in Ar and then in air. The unused catalyst was also measured for
comparison. DRIFT spectra of Pd/Al2O3 and Al2O3 diluted with KBr were
acquired at 25 °C by averaging 100 scans at 4 cm-1 resolution on an Equinox 55
FT–IR spectrometer (Bruker Optics) equipped with a HVC–DRP2 reaction
chamber (Harrick). Spectra are presented as diffuse absorbance in the form A =
–log(R/R0), analogous to absorbance used for transmission experiments.

9.3 Results and Discussion
9.3.1 Activation of Pd/Al2O3 by Prereduction
Since oxidized Pt-group metals are not very active in alcohol oxidation,37,38 the
catalyst film was reduced with hydrogen-saturated cyclohexane for 30 min before
admitting the reactant. This treatment effectively reduces the surface of
evaporated Pd29,39 and Pt40 thin films. Still, removal of some impurities, such as
carbonates and carbonyl-containing species, by hydrogen is incomplete, as
indicated by negative bands in the spectra after introducing benzyl alcohol or
benzaldehyde.
9.3.2 Oxidative Dehydrogenation of Benzyl Alcohol
Figure 9-1a shows the ATR spectra collected after admitting a solution of benzyl
alcohol in air-saturated cyclohexane to the reduced Pd/Al2O3 catalyst. The
negative band at 1450, and those between 3000 and 2800 cm-1, are due to
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Fig. 9-1:

In situ ATR–IR spectra of benzyl alcohol in air-saturated cyclohexane on
prereduced Pd/Al2O3 at 50 °C (a). The spectra were recorded at 3.5, 4.6,
5.8, 7, 10, 13, 28, and 41 (bold) min on stream. Subsequently, the
reactor cell was flushed with Ar-saturated cyclohexane and after 20 min
spectrum (b) was taken. The ATR spectra of neat benzyl alcohol (c) and
benzaldehyde (d) are minimized (1 : 70). The dashed lines in spectra (c)
and (d) correspond to benzyl alcohol and benzaldehyde in cyclohexane
solutions (0.01 M), respectively.

removal of solvent from the interface (uncompensated solvent). Formation of
benzaldehyde is indicated by the sharp band at 1713 cm-1 (ν(C=O)), and is
accompanied by prominent signals at 1602, 1552, and 1424 cm-1, which are
assigned to adsorbed benzoate species,41-43 as will be discussed later.
The broad band developing at 1806 cm-1 and shifting with time towards
1834 cm-1 is assigned to CO adsorbed on metallic Pd.44 Hence, oxidative
dehydrogenation of benzyl alcohol is accompanied by the rapid decarbonylation
of benzaldehyde.
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Table 9-1.

Vibrational modes assignment in the 2000 – 1300 cm-1 spectral region
at 50 °C for species originating from benzyl alcohol on Pd/Al2O3 and
Al2O3, neat benzyl alcohol, benzaldehyde, and benzoic acid.

Pd/Al2O3
Ar
1929

air
1931

1880

~1880

1713

1713

Benzyl alcohol
Al2O3

neata

Benzaldehyde
neata

Benzoic
acid
neata

CO
CO
1702
(1713)c

ν(C=O)
ν(C=O), ads.
benzaldehyde

1694
1680
1601

1601

1598

1598
1585

1604

1607

1585

1584

1575

1548

1547

1497

1497

1497

1498

n.o.b

n.o.b

1454

1453

1426

1422

1395

1393

1376

1376

a
b
c
d

1602
1598

1575

1310

Assignment

1584

1574

1497
1455

1453
1422

1390
1373

ν(COOH)
ν(CC)+ δ(CH),
ring
ν(CC)+ δ(CH),
ring
ν(CC)+ δ(CH),
ring
ν(CC)+ δ(CH),
ring
νAS(OCO),
benzoate
δ(CH)+ ν(CC),
ring
δ(CH)+ ν(CC),
ring
δ(C–OH)
and νS(OCO),
benzoate
δ(CH)+ ν(CC),
νS(OCO),
benzoate
δ(OH)

1380d
1310

δ(CH)+ ν(CC),
ring

Measured on a ZnSe IRE.
Not observed, the signal is masked by the signal at 1450 cm-1.
The value in parentheses refers to benzaldehyde in cyclohexane (0.01 M).
The band is clearly seen in the spectrum of benzyl alcohol in cyclohexane (0.01 M),
whereas it is very weak in the ATR spectrum on ZnSe.

By comparison with the neat compounds (Figure 9-1c and d), the signals
at 1497 and 1018 cm-1 are attributed to dissolved benzyl alcohol with some
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contribution to the former signal from adsorbed alcohol on Al2O3, as will be
shown later. The region below 1300 cm-1 displays signals belonging to benzyl
alcohol and benzaldehyde. The sharp signal with a maximum at 1201 cm-1 is
given by two overlapping bands corresponding to the ν(C–C) mode. The lower
frequency side dominates at longer contact times and belongs to benzaldehyde,45
whereas the high frequency side is characteristic of benzyl alcohol.46
Figure 9-1b shows that upon replacing the air-saturated benzyl alcohol
solution by Ar-saturated solvent the ν(C=O) band at 1713 cm-1 completely
disappeared, indicating that the strong, sharp band in Figure 9-1a is due to
dissolved benzaldehyde confined within the catalyst film. Similarly, the medium
strong peak of benzyl alcohol at 1497 cm-1 is attenuated by washing and only a
small fraction remained as adsorbed on the catalyst surface. The band of
adsorbed CO barely decreased.
In the high-frequency region of Figure 9-1a, a negative band due to
perturbation of the hydroxyl groups of the support appears at 3701 cm-1 upon
contact of benzyl alcohol with the catalyst and is accompanied by a broad feature
at ca. 3380 cm-1. The band at 2728 cm-1 is the ν(H–CO) vibration of dissolved
benzaldehyde.47 The bands are diminished considerably when the catalyst is
rinsed with Ar-saturated solvent as shown in Figure 9-1b.
The difference of 11 cm-1 observed for the ν(C=O) of benzaldehyde in a
cyclohexane solution (0.01 M, dashed line in Figure 9-1d) and on the ZnSe
crystal without solvent (Figure 9-1d) can be attributed to a solvent effect and to
some interaction between the uncoated ATR crystal and the aldehyde.
Table 9-1 summarizes the assignment of the signals for the
2000 – 1300 cm-1 spectral region observed at 50 °C. Further details will be
discussed later, in connection with some additional experiments.
9.3.3 Dehydrogenation of Benzyl Alcohol under Ar
A simple approach for the in situ reduction (activation) of supported Pt-group
metal catalysts before alcohol oxidation is to use the alcohol reactant itself as a
reducing agent under inert atmosphere. The processes occurring on the reduced
Pd surface in the absence of molecular oxygen are analyzed below.
The most interesting part of the ATR–IR spectra of benzyl alcohol on
Pd/Al2O3, the 2100 – 1300 cm-1 region is depicted in Figure 9-2. In this
experiment, benzyl alcohol in cyclohexane was contacted with the catalyst layer
first in Ar (spectra a), then in the presence of air (spectra b). In Figure 9-2a the
bands at 1548, 1497, 1426, and 1376 cm-1 appear immediately after contacting
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the catalyst with the reactant solution; other bands appear with a delay at 1713,
ca. 1600, and 1395 cm-1. These bands belong to the reactant and products,
respectively, as discussed above (Figure 9-1 and Table 9-1). The new band at
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Fig. 9-2:

In situ ATR–IR spectra of benzyl alcohol in (a) Ar- and (b) air-saturated
cyclohexane on prereduced Pd/Al2O3 at 50 °C. (a) Spectra were acquired
at 0, 1, 2, 3, 4, 8, 15, 23 and 46 (bold) min on stream. (b) Spectra were
taken at 1.5, 6, 8, 10, 12, 16, 20, 28 and 33 (bold) min on stream.
Spectrum (c) has been recorded after rinsing the catalyst layer with
Ar-saturated solvent for 30 min.

1608 cm-1 is associated with the ν(C=C) vibration of mesitylene.48
Figure 9-2a demonstrate that dehydrogenation of benzyl alcohol to
benzaldehyde occurs already in the absence of molecular oxygen under the mild
conditions applied (50 °C), in agreement with the classical dehydrogenation
mechanism of alcohol oxidation.4,8,9,13 GC analysis of the effluent after 10 min
on stream confirmed the presence of benzaldehyde and toluene, both formed at
2.9 % yield and 50 % selectivity (Figure 9-3). Toluene is formed by
hydrogenolysis of the C–O bond of benzyl alcohol:
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PhCH2OH + H2 → PhCH3 + H2O

(9-5)

In other words, the reactant served as a hydrogen acceptor and thus allowed the
shift of the alcohol–aldehyde equilibrium towards the carbonyl compound. The
reaction occurred at a moderate rate and the benzaldehyde yield decreased to
1.3 % in about 25 min (Figure 9-3). A similar tendency was observed for the
characteristic benzaldehyde signal at 1713 cm-1 in Figure 9-2a. The reason for
this catalyst deactivation is the increasing amount of strongly adsorbed CO
formed by decarbonylation of benzaldehyde. The band appearing at 1810 cm-1
and shifting with time to ca. 1880 cm-1 indicates that multi-coordinated
adsorbed CO forms in the early stage of the reaction in Ar. A second CO band
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Fig. 9-3:

Benzaldehyde yield (z) and selectivity ({) determined by GC analysis of
the reactor cell effluent during the experiment shown in Figure 9-2.

appears after about 8 min at wavenumbers higher than 1900 cm-1, with a
maximum at 1929 cm-1 after 50 min. The presence of more than one single CO
band is attributed to adsorption on the different sites of polycrystalline Pd.44
Figure 9-2b shows that upon replacing Ar by air, the signals in the range
1750 – 1300 cm-1, corresponding to aldehyde and benzoate species, are
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enhanced. The signals appearing at 1729, 1713, 1694, 1651, 1598, 1585, and
1310 cm-1 clearly belong to benzaldehyde (compare with Figure 9-1d) and the
bands at ca. 1600, 1546, 1422, and 1393 cm-1 show the production of benzoic
acid, strongly adsorbing onto the catalyst (Table 9-1).
The higher conversion of benzyl alcohol in the presence of air was
confirmed by GC analysis of the effluent. The benzaldehyde yield increased from
1.3 to 10.4 % and the selectivity from 50 to 97 % (Figure 9-3). The higher
reaction rate by a factor of up to eight is understandable when considering that
oxygen is a much better hydrogen acceptor than benzyl alcohol. The higher
selectivity to benzaldehyde is attributed to the same effect, the diminished surface
hydrogen concentration resulting in minor formation of toluene. Note that at
this stage the only by-product in the effluent was toluene.
The CO signals at 1880 and 1929 cm-1 (shifting to 1931 cm-1) are
attenuated by the presence of molecular oxygen in solution (Figure 9-2b),
indicating that CO is displaced or oxidized to CO2.
Careful inspection of the ATR spectra in Figure 9-2b reveals a
significantly different time-dependence of the benzaldehyde formation rate in air
compared to the values determined by GC analysis and shown in Figure 9-3.
Figure 9-2b shows that the intensity of the signal at 1713 cm-1 belonging to
dissolved benzaldehyde increased rapidly, then decreased again after 15 min on
stream in air. On the other hand, the yield in the effluent increased from 1.3
gradually up to 10.4 % at about 30 min on stream. The explanation for this
discrepancy is that GC analysis monitored the average concentration in the
solution that leaves the reactor cell after flowing above and only partly through
the catalyst layer. In contrast, the infrared beam in the ATR mode selectively
probes the solution within the catalyst film, where benzaldehyde is produced.
Assuming an average refractive index of 1.4 for the wet catalyst film and 2.4 for
the ZnSe reflection element, a penetration depth of 0.9 µm of the infrared beam
is calculated at 1713 cm-1. Considering the rather high amount of deposited
catalyst (10 mg), it can be reasonably assumed that the film thickness far exceeds
the penetration depth. The slow diffusion of benzaldehyde through and out of
the catalyst film into the main stream of the cyclohexane solution can well
explain the maximum in the ATR signal followed by a slow approach to the
steady-state level.
The importance of diffusion limitation is supported by the observation
that the maximum in the benzaldehyde signal disappeared when the experiment
shown in Figure 9-2 was repeated at a lower liquid flow rate (0.6 instead of the
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generally applied 1.1 ml min-1). This suggests that concentration gradients of the
product may be generated during reaction by mass-transfer limitation through
the catalyst film, which are enhanced in the presence of a thick layer. Moreover,
steady-state conditions without a local maximum were observed in the spectra
shown in Figure 9-1. In the experiments presented in Figures 9-1 and 9-2 the
flow rates were identical but in the former case no sudden rate enhancement is
expected since the reaction is carried out in air without replacing Ar by air. In
this case the diffusion limitation is less important for the spectroscopy.
Figure 9-2c shows the various species that remained on the catalyst surface
after rinsing with Ar-saturated cyclohexane for 30 min. The characteristic signals
of dissolved benzaldehyde (at 1713, 1729, and 1694 cm-1) disappeared, in
contrast to the weak band at 1696 cm-1 that remained and is assigned to weakly
adsorbed benzaldehyde.47,49 Adsorbed benzyl alcohol (mostly on Al2O3) is also
present after rinsing as indicated by the signal at 1496 cm-1 that is partly
attenuated with respect to Figure 9-2a and 9-2b. Benzoate adsorbed particularly
strongly as the signals at 1601, 1575, 1546, 1425, and 1390 cm-1 were only
slightly attenuated. As expected, adsorbed CO cannot easily be removed in the
absence of oxygen, as indicated in Figure 9-2c. Following the time-dependent
changes during rinsing the catalyst with the solvent revealed that mesitylene
(1608 cm-1) has been rapidly and completely removed from the solid–liquid
interface. This is an indication that mesitylene interacts only weakly with the
catalyst surface and neither the catalytic reaction nor the GC analysis is distorted
by this aromatic hydrocarbon used as internal standard.
Benzoic acid, which was not detectable by GC analysis in the effluent, was
clearly identified by ATR–IR spectroscopy on the catalyst surface as benzoate.
This is an indication that this species adsorbs very strongly, presumably on the
basic sites of Al2O3. On the basis of the intensity of the νAS(OCO) signal at
1548 cm-1, the amount of adsorbed benzoate reached a saturation level after ca.
20 min on stream in Ar (Figure 9-2a). The amount of acid increased further in
air but with a considerable delay with respect to the changes in the benzaldehyde
signals. This time-dependence is explained by formation of benzoic acid from
benzaldehyde. Since direct oxygen insertion to benzaldehyde is usually slow8 and
benzoic acid formed also in the absence of oxygen under Ar, hydration of
benzaldehyde to a geminal diol and the subsequent dehydrogenation on Pd
should also be considered (see also section 1.2.2 in Chapter 1):
PhCHOad + H2Oad → PhCH(OH)2,ad

(9-6)
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PhCH(OH)2, ad → PhCOOHad + 2Had

(9-7)

Note that the hydration step is catalyzed by the product benzoic acid (pKa =
4.19). During dehydrogenation of benzyl alcohol in Ar, water is available as
residual surface water and as a coproduct of the hydrogenolysis of benzyl alcohol
(eq. 9-5). Introduction of air produces sufficient amount of water by oxidation of
the hydrogen coproduct. Another feasible, base-catalyzed route to benzoic acid
formation will be discussed in the following section.
The only by-product detected by GC during benzyl alcohol
dehydrogenation and oxidation was toluene. When the catalyst was rinsed with
pure solvent under Ar, a very small amount of benzene could also be found. The
likely origin of this species is the hydrogenation of the C6H5 fragment formed in
the decarbonylation reaction (eq. 9-3). Note that hydrogenation of the phenyl
radical or benzene may provide cyclohexane on Pd,24 the solvent used here for
the experiments. Toluene and benzene could not be identified in the ATR
spectra, likely due to their small amount and masking by other more prominent
bands.
An important feature of the oxidation of benzyl alcohol on Pd/Al2O3 in
the ATR cell was the excellent reproducibility. For example, a very similar
catalytic activity was observed when a second oxidation cycle was performed on
the used catalyst layer after washing with Ar-saturated cyclohexane for 30 min.
Hence, irreversible deactivation due to aldehyde decarbonylation can be
excluded.
9.3.4 Benzyl Alcohol and Benzoic Acid on Al2O3
For a better assignment of the signals in Figures 9-1 and 9-2 the interaction of
benzyl alcohol with the Al2O3 support was also investigated. The conditions were
identical to those used for the study with Pd/Al2O3. Figure 9-4A depicts the
1800 – 1300 cm-1 spectral region of the ATR spectra for the interaction of benzyl
alcohol with Al2O3 under Ar (spectra a). In this region, benzyl alcohol has three
major bands at 1497, 1454, and 1373 cm-1. The signal at 1454 cm-1 is deformed
due to the fact that the uncompensated solvent strongly absorbs at 1450 cm-1.
The small signals at 1604 and 1585 cm-1 are assigned to ν(C=C) and δ(C–H)
vibrations of the ring. The negative envelope centered at ca. 1640 cm-1 indicates
displacement of water from the alumina surface upon adsorption. In the high
frequency region (not shown) a broad band centered at 3310 cm-1 and a negative
band at 3715 cm-1 indicate perturbation of the hydroxyl groups of alumina upon
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adsorption of benzyl alcohol. Besides, signals are observed at 1208 cm-1
(ν(C–C)), ca. 1100, and 1020 cm-1 (ν(C–O) of a primary alcohol).
Replacing Ar by air did not induce any significant change in the ATR
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Fig. 9-4:

In situ ATR–IR spectra of benzyl alcohol and benzoic acid on Al2O3 at
50 °C. Panel A: Spectra of benzyl alcohol in (a) Ar- and then (b) in
air-saturated cyclohexane. The reaction time was 70 min in both (a) and
(b). Spectrum (c) was recorded after the subsequent rinsing of Al2O3 with
Ar-saturated cyclohexane for 30 min. Finally, benzoic acid in
Ar-saturated cyclohexane was fed to the same Al2O3 film for 30 min
(Panel B).

spectra as indicated by spectrum b in Figure 9-4A, which was recorded after
70 min on stream. It confirms the expectation that benzyl alcohol is stable in air
in the absence of an oxidation catalyst (e.g., Pd). Spectrum c shows that all
signals are slightly attenuated by the subsequent rinsing of the catalyst layer with
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Ar-saturated cyclohexane. However, benzyl alcohol remained adsorbed on Al2O3,
mainly undissociated as indicated by the signal at 1373 cm-1 (δ(OH)). Probably,
some alcoholate was also present as suggested by the weak signal at 1100 cm-1, in
contrast to the signal at 1020 cm-1 that disappeared by rinsing. Both signals at
1100 and 1020 cm-1 (not shown) can be associated with a C–O vibration mode.
An unambiguous identification of the alkoxide species, which is the intermediate
in the oxidation reaction, is a demanding task. Combination of ATR–IR
spectroscopy with the more sensitive modulation excitation spectroscopy50 has
been used very recently to detect adsorbed isopropoxide during the oxidation of
2-propanol.36 Note also that the band at 1373 cm-1 has been previously assigned
to an alcoholate species adsorbed on oxides,43,51 though the signal was associated
with an O–CH2 rather than with an O–H vibration mode.
The prominent signals at 1601, ca. 1550, and 1400 cm-1, shown in
Figures 9-1 and 9-2, were assigned to adsorbed benzoate species.41 The
assignment has been confirmed by introducing a solution of benzoic acid in
Ar-saturated cyclohexane to the Al2O3 layer. Figure 9-4B shows the spectrum
(bold) recorded after 30 min subsequent to benzyl alcohol adsorption (Figure
9-4A). Hence, the bottom spectrum is identical to spectrum c in Figure 9-4A.
Characteristic signals developed simultaneously at 1692, 1640, 1622, 1603,
1568, 1551, 1424, and 1395 cm-1 upon adsorption of benzoic acid on Al2O3.
The relative position of νAS(O–C–O) and νS(O–C–O) (∆ν = 1551 – 1395 cm-1
= 157 cm-1) suggests a dominant bridging geometry of the benzoate ion adsorbed
on Al2O3.42,43 Undissociated acid may also be present as indicated by the band at
1692 cm-1.52 The similarity between the spectra shown in Figure 9-4B and in
Figures 9-1 and 9-2a and b demonstrates the formation and adsorption of
benzoic acid on the Al2O3 support during benzyl alcohol dehydrogenation and
oxidation.
Nevertheless, a comparison of Figures 9-1, 9-2, and 9-4B reveals some
differences in the number and intensity of the signals assigned to benzoate
adsorbed on Pd/Al2O3 and Al2O3. According to the literature, both bands at
1424 and 1395 cm-1 can be assigned to the νS(O–C–O) of adsorbed
benzoate,25,42,52-57 with some contribution of the C–OH deformation mode of
neat benzoic acid (1422 cm-1, see Table 9-1). The differences between the spectra
of benzoate species on Pd/Al2O3 and Al2O3 can be explained by (i) the partial
adsorption of benzoic acid on Pd (note that the metal content is only 5 wt%), (ii)
the presence of several adsorption modes on Al2O3, (iii) formation of surface
water due to side reactions affecting the production of benzoic acid, and (iv) the
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possible structural differences between Al2O3 in the reference material and in the
Pd/Al2O3 catalyst. Since benzoic acid adsorption on Pd/Al2O3 under identical
conditions affords bands perfectly matching the set of signals observed in Figures
9-1 and 9-2 (on Pd/Al2O3), and 9-4 (on Al2O3), we assign the signals observed
on Pd/Al2O3 to benzoate species adsorbed predominantly onto Al2O3.

1713

9.3.5 Benzaldehyde on Pd/Al2O3 and Al2O3
The ATR spectra obtained when a solution of benzaldehyde was admitted to the
Pd/Al2O3 layer are shown in Figure 9-5. Spectra a show that in the absence of
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Fig. 9-5:

In situ ATR–IR spectra of benzaldehyde in cyclohexane on prereduced
Pd/Al2O3 at 50 °C. At first the catalyst was exposed to a flow of the
solution under Ar (a); the last spectrum was taken after 50 min on stream
(bold). Then Ar was replaced by air and spectrum (b) was recorded after
25 min on stream. Finally, spectrum (c) was recorded after rinsing the
catalyst with Ar-saturated solvent for 40 min.
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molecular oxygen bands developed at 1835 (shifting to 1888 cm-1 with time),
1713, 1693, 1653 (shifting to 1658 cm-1 with time), 1601, 1584, 1549, 1497,
1426, and 1388 cm-1. These bands are only slightly affected by the subsequent
admission of air (spectrum b).
The CO signal at 1888 cm-1 confirms that benzaldehyde readily
decarbonylates on Pd/Al2O3. Interestingly, the amount of adsorbed CO barely
changed after replacing Ar by air. It seems that spectrum b shows the relatively
high steady-state concentration of adsorbed CO as a result of the continuous
decarbonylation of benzaldehyde on the free metallic sites and the removal of
CO by molecular oxygen.
As discussed above, the signals at 1601, 1549, 1426, and 1388 cm-1, and
the signal at 1497 cm-1, indicate adsorption of benzoic acid and benzyl alcohol,
respectively, on Al2O3. The signal of adsorbed benzaldehyde at 1693 cm-1 grew
with time and was only moderately diminished upon rinsing the catalyst with the
solvent. In contrast, the band at 1713 cm-1 disappeared by rinsing (Figure 9-5c),
confirming the assignment to the carbonyl group of dissolved benzaldehyde.
During dehydrogenation of benzyl alcohol (Figure 9-2) more benzoic acid
was formed although less benzaldehyde was produced in comparison to the
present experiment (Figure 9-5) where directly benzaldehyde solution was fed to
Pd/Al2O3. This behavior can be explained by in situ surface water formation
during alcohol dehydrogenation. As shown, both C–O bond hydrogenolysis and
alcohol oxidation afford equimolar amount of water, which can be consumed to
form benzoic acid via hydration–dehydrogenation (eqs. 9-6 and 9-7). In the case
of benzaldehyde (Figure 9-5) these reactions cannot occur, therefore less benzoic
acid was produced.
Both under Ar and air, toluene and traces of benzoic acid were detected in
the effluent by GC. In the third step (Figure 9-5c), during washing the catalyst
with Ar-saturated solvent, benzyl alcohol was also identified in the solution. The
simultaneous formation of benzoate species and benzyl alcohol on Pd/Al2O3
indicates disproportionation of benzaldehyde, presumably catalyzed by the basic
sites of Al2O3 (Cannizzaro reaction):51
2PhCHO + -OH → PhCH2OH + PhCOO-

(9-8)

To confirm the role of Al2O3 support as a base catalyst, the experiment in
Figure 9-5 was repeated with Al2O3. As illustrated in Figure 9-6a, the evolution
of benzoate species and benzyl alcohol under Ar is supported by the strong
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signals at 1603, 1551, 1497, 1425, and 1394 cm-1. Both dissolved (1713 cm-1)
and adsorbed (1691 cm-1) aldehyde is present. The difference between the
intensities of the benzoate bands in Figure 9-5a and 9-6a is attributed to the
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Fig. 9-6:

In situ ATR–IR spectra of benzaldehyde in cyclohexane on Al2O3 at
50 °C. At first the oxide support was exposed to Ar-saturated solution;
spectrum (a) was recorded after 70 min on stream. Then Ar was
replaced by air and spectrum (b) was recorded after 25 min on stream.
Spectrum (c) was recorded after rinsing the catalyst with Ar-saturated
solvent for 30 min.

different benzaldehyde concentrations in solution and on the catalyst surface.
Figure 9-6b shows that changing from Ar to air did not significantly affect the
intensity of the bands, as already observed on Pd/Al2O3 (Figure 9-5). The very
strong benzoate bands and the presence of adsorbed alcohol (signal at 1497 cm-1)
serve as a proof for the Cannizzaro reaction. GC analysis corroborated this
conclusion: small amounts of benzyl alcohol and benzoic acid could be detected
in the effluent. The conversion of benzaldehyde was also low: ca. 0.1 % in Ar
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and 0.5 % in air. The higher conversion in air is attributed to radical
(uncatalyzed) oxidation of benzaldehyde to benzoic acid (auto-oxidation).
9.3.6 Oxidative Dehydrogenation of Benzyl Alcohol on Pd/OPS
It was shown above that benzoic acid formed both on Pd/Al2O3 and Al2O3. In
order to clarify the contribution of palladium in the absence of Al2O3 in the
benzaldehyde → benzoic
acid
transformation,
Pd
supported
on
organopolysiloxane (Pd/OPS) was used as a catalyst. This catalyst is designed for
redox reactions where acid- or base-catalyzed side reactions on the support are to
be avoided. Note that silica, even without organic modification of its surface,
contains only very weak acidic and basic sites.58
Figure 9-7 depicts the in situ ATR–IR spectra recorded when a
cyclohexane solution of benzyl alcohol was contacted with Pd/OPS. The
conditions were identical to those used in the experiment with Pd/Al2O3 (Figure
9-2). Mesitylene (internal standard for the GC analysis) is indicated in the ATR
spectra by the band at 1608 cm-1, as discussed above. Under Ar (Figure 9-7a), the
bands developed from the beginning of the interaction at 1945, 1803, 1713,
1497, and 1377 cm-1 reveal the presence of adsorbed CO, benzyl alcohol, and
dissolved benzaldehyde. Formation of benzaldehyde proves that the Pd/OPS
catalyst is active in the dehydrogenation of benzyl alcohol. GC analysis of the
effluent revealed that the aldehyde yield gradually decreased with time on stream
due to decarbonylation and hydrogenolysis side reactions, similarly to the
behavior of Pd/Al2O3 (Figure 9-3). For example, after 7 min the benzaldehyde
yield and selectivity were 0.8 % and 86 %, respectively, and these values
decreased continuously to 0.5 % yield and 60 % selectivity at 22 min on stream.
Only toluene and benzene (traces) could be detected as by-products.
When Ar was replaced by air (Figure 9-7b), the production of
benzaldehyde increased as indicated by the enhancement of the band at
1713 cm-1 and by GC analysis. The benzaldehyde yield increased to a maximum
value of 3.4 % after 10 min on stream in air. Formation of toluene by
hydrogenolysis of benzyl alcohol decreased, indicating that the surface hydrogen
coproduct on Pd was effectively oxidized by air. No benzoic acid could be
detected in the effluent, though the new bands at ca. 1600, 1554, and 1386 cm-1
confirmed its formation and adsorption on the catalyst surface as benzoate
species. Finally, Figure 9-7c shows the strongly adsorbed species (CO, benzoate
and benzyl alcohol) present after rinsing of the catalyst layer with Ar-saturated
solvent.
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This series of experiments suggests that under the conditions applied Pd
catalyzes the formation of benzoic acid via hydration–dehydrogenation from
benzaldehyde (eqs. 9-6 and 9-7). A comparison of Figure 9-7b with Figure 9-2
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Fig. 9-7:

In situ ATR–IR spectra of benzyl alcohol in (a) Ar- and (b) air-saturated
cyclohexane on prereduced Pd/OPS at 50 °C. Spectra (a) were recorded
at 1.6, 2.7, 7.2, 17.6, and 39.5 (bold) min on stream. Spectra (b) were
recorded at 2.4, 4.6, 5.7, 6.8, 7.9, 9.9, 18.9, and 45.4 (bold) min on
stream. Spectrum (c) was recorded after rinsing the catalyst layer with
Ar-saturated solvent for ca. 40 min.

reveals that remarkably less benzoic acid was produced on Pd/OPS than on
Pd/Al2O3. The values are, however, not directly comparable as the amount of
Pd/OPS that could be deposited onto the IRE was also lower (1.5 mg in contrast
to 10 mg of Pd/Al2O3).
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9.3.7 Ex Situ Investigation of Pd/Al2O3 and Al2O3
From an engineering point of view, the ATR flow-through cell and a stirred
slurry (batch) reactor commonly used for alcohol oxidation are quite different.
To confirm that the present conclusions are not limited to the continuous
reactor, diffuse reflectance spectra of the Pd/Al2O3 catalyst were recorded ex situ
before and after reaction in a slurry reactor. The characteristic bands of adsorbed
benzoate and benzyl alcohol on the catalyst used for dehydrogenation and
oxidative dehydrogenation are located at 1601, 1548, 1495, 1450, 1430, and
1390 cm-1 (Figure 9-8b). Note that similar features were found in the spectrum
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Fig. 9-8:

DRIFT spectra of Pd/Al2O3 and Al2O3 recorded at room temperature.
Pd/Al2O3: (a) unused, (b) after stirring in a solution of benzyl alcohol in
the batch reactor at 50 °C under Ar (50 min) followed by air (50 min).
Al2O3: (c) unused and (d) after stirring in a solution of benzaldehyde at
50 °C under Ar (40 min) and air (30 min).
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of the catalyst already after the dehydrogenation step in Ar.
The DRIFT spectrum recorded ex situ after stirring Al2O3 in the batch
reactor with a cyclohexane solution of benzaldehyde (40 min under Ar, followed
by 30 min under air, Figure 9-8d) strongly resembles the ATR spectra shown in
Figure 9-6. Clearly, disproportionation of benzaldehyde on Al2O3 is independent
of the reactor type. GC analysis of the liquid phase after reaction also revealed
the presence of benzyl alcohol and benzoic acid in small amount, with a ratio of
82 : 18. Deviation from the expected equimolar ratio is explained by the strong
adsorption of the acid on the oxide surface.
Figure 9-8b and d carry comparable spectral features but the different
intensity of bands associated with benzoate species may indicate some
contribution from benzoic acid adsorbed on Pd. The assignment cannot be
decisive since ATR–IR spectra of benzoic acid on Al2O3 shown in Figures 9-4B
and 9-6 display a similar set of bands to those depicted in Figure 9-8d.
It is noteworthy that qualitatively similar product distributions were
observed in the tiny ATR–IR flow-through reactor cell and in the conventional
slurry reactor. Analogous conclusions have been reached when investigating the
oxidative dehydrogenation of 1-phenylethanol in a micro continuous-flow
reactor that served as the in situ EXAFS cell (see Chapters 6 and 7), where the
oxidation state of Pd/Al2O3 was monitored during reaction. We can conclude
that the information obtained in the ATR–IR reactor cell can be transferred to
batchwise operated three-phase (slurry) reactors. The differences are attributed to
the (inevitable) deviations in the reaction conditions, such as the
reactant : catalyst ratio.
9.3.8 Observed Network of Surface Reactions
The combination of the surface sensitive ATR–IR spectroscopy and GC analysis
of the effluent revealed a complex reaction network for the liquid-phase
oxidation of the primary aromatic alcohol on Pd/Al2O3 (Scheme 9-1). Detection
of possible reaction intermediates was not the aim of the present study; for this
purpose more sensitive techniques like modulation excitation spectroscopy are
better suited.29 Additionally, the obvious elementary steps, such as adsorption of
the reactant and desorption of the products, or the dissociative adsorption of
oxygen on the Pd surface, are not shown in Scheme 9-1.
The target reaction is the dehydrogenation of benzyl alcohol to
benzaldehyde. The reactant and the product were detected both in the effluent of
the cell and on the catalyst surface. The in situ ATR–IR spectra give direct
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evidence for the adsorption of both components on Al2O3. Production of
benzaldehyde gives indirect evidence for adsorption of benzyl alcohol on Pd.
Benzaldehyde adsorbed weakly on the catalyst surface as indicated by its rapid
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Scheme 9-1. Reaction network observed during benzyl alcohol dehydrogenation
and oxidative dehydrogenation on Pd/Al2O3.

removal by rinsing with the solvent under Ar. The ATR spectra show that
alcohol dehydrogenation occurs already under inert atmosphere, in accordance
with earlier observations13 and with the classical dehydrogenation mechanism of
alcohol oxidation.4,7-9 Rapid dehydrogenation of alcohols to carbonyl compounds
is a general feature of Pt-group metals and this transformation has to be
considered when using alcohols as solvents for reactions catalyzed by these
metals.
Toluene produced via C–O bond hydrogenolysis of benzyl alcohol was
detected in the effluent both under Ar and air. This demanding side reaction
corroborates that Pd is in the reduced state and partially covered by hydrogen
even in the presence of air. This conclusion is in agreement with those of
electrochemical59 and XAS60 studies (compare also with Chapter 5).
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Hydrogenolysis could not be followed by the ATR technique, since the signals of
toluene are masked by the more prominent bands observed in Figures 9-1 and
9-2.
A major side reaction is decarbonylation of the product aldehyde affording
strongly adsorbed CO, CxHy species, and hydrogen (Figures 9-1, 9-2 and 9-4).
Figure 9-5 demonstrates that the only route to CO is the decomposition of
benzaldehyde. This side reaction has been discussed in Chapter 4 for cinnamyl
alcohol oxidation on Pd/Al2O3 by ATR–IR spectroscopy and extensively studied
by TPD, HREELS17,18 and electrochemical methods.24,25 Infrared spectroscopy is
ideally suited for monitoring even traces of CO adsorbed on Pd. On the other
hand, the hydrocarbon fragment originating from benzaldehyde, or its further
hydrogenated species such as benzene or cyclohexane, was not seen on the
catalyst surface. Indirect evidence was obtained by identification of traces of
benzene by GC analysis of the effluent during rinsing the catalyst layer by neat
solvent after reaction.
We assume that a major reason for catalyst deactivation under Ar is
decarbonylation of benzaldehyde and CO poisoning of the reduced metallic sites.
Oxidative removal of CO by molecular oxygen can minimize this difficulty.
However, high surface oxygen concentration should be avoided to prevent the
successive oxidation and thus deactivation of Pd, the so-called over-oxidation
phenomenon.15,16,61
Comparative ATR–IR analysis of the interaction of benzyl alcohol and
benzaldehyde with Pd/Al2O3, Al2O3 and Pd/OPS (Figures 9-1, 9-2, and
9-4 – 9-7) revealed three major routes for the formation of benzoic acid.
Hydration of benzaldehyde and the subsequent dehydrogenation of the unstable
geminal diol (eqs. 9-6 and 9-7) occur on the Pd surface. Indication to direct
oxidation of benzaldehyde to acid via radical mechanism was also obtained
(Figure 9-5). An alternative route is the Cannizzaro reaction catalyzed by Al2O3
(eq. 9-8). The relative contribution of the three routes presumably depends on
the reaction conditions. Interestingly, benzoic acid was not detectable in the
effluent by GC analysis, most likely due to its strong, almost irreversible
adsorption on the basic sites of the support. As shown in Figure 9-4, Al2O3 serves
as a reservoir for benzoic acid. An unpleasant consequence of the accumulation
of the carboxylic acid by-product in the close neighborhood of Pd particles is
that it can accelerate some acid-catalyzed side reactions, including the
hydrogenolysis of benzyl alcohol and the hydration of benzaldehyde.
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Accumulation of benzoic acid on Al2O3 presumably blocks the basic sites
and slows down its formation by the Cannizzaro reaction. On the other hand,
accumulation of this by-product on the catalyst surface prevents its detection by
GC analysis of the liquid phase and thus may distort the product distribution.
The same conclusion can be drawn concerning decarbonylation of benzaldehyde.
Clearly, analysis of the liquid phase alone cannot reveal all possible interactions
between catalyst, reactant and products. Note, the above mentioned side
reactions reflect the lack of only 1.2 – 1.5 % of the mass balance. Therefore the
distortion of the results based on GC analysis is not big, but this undetected
species may contribute to further side reactions and deactivation.

9.4 Conclusions
A complex reaction network has been observed during the liquid-phase
dehydrogenation and aerobic oxidation of benzyl alcohol to benzaldehyde on
Pd/Al2O3. Processes occurring at the catalyst surface were monitored in situ by
ATR–IR spectroscopy using a flow-through cell as a continuous-flow catalytic
reactor. The spectroscopic study was completed with GC analysis of the reactor
effluent.
Beside the target reaction, several other processes were identified by the
combined use of the two analytical methods, including hydrogenolysis of benzyl
alcohol with the coproduct hydrogen, decarbonylation of benzaldehyde, and
formation of benzoic acid catalyzed by Al2O3 and Pd. Interestingly, production
of benzoic acid was undetectable by GC analysis due to accumulation of the acid
on the catalyst surface but could unambiguously be demonstrated by the surface
sensitive ATR–IR spectroscopy both under inert and oxidative atmosphere.
Formation of toluene by hydrogenolysis of benzyl alcohol confirms that
Pd was present in the metallic state (Pd0) even under aerobic conditions. This
observation is in agreement with the commonly accepted dehydrogenation
mechanism of alcohol oxidation over Pt-group metal catalysts and contradicts to
the recent proposal that palladium oxide would be the active species in alcohol
oxidation.62
Ex situ DRIFT analysis of Pd/Al2O3 used in a batch reactor for benzyl
alcohol dehydrogenation and oxidation suggests that the above observations are
not limited to a continuous-flow reactor; the reaction network seems to be the
same in batch reactors, including the presence of adsorbed benzoic acid on the
filtered catalyst. The surface sensitive ATR–IR spectroscopy proved to be a useful
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complementary tool for gaining deeper insight into the entire reaction network
relevant for alcohol oxidation over Pt-group metal catalysts.
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Chapter

10

Surface Reactions Studied by ATR–IR. Part 2:
CO formation and Structural Effects
Dehydrogenation of six different primary and secondary, aliphatic and aromatic
alcohols has been studied over Pd/Al2O3 in the presence and absence of air. The
reaction network – accompanied by side reactions according to the classical
dehydrogenation mechanism – was examined by in situ ATR–IR spectroscopy
combined with GC analysis. The studies revealed that all aldehydes formed from
primary alcohols decarbonylated while the ketones were stable. In the case of
benzyl alcohol, the fast removal of CO and the phenyl radical formed from
decarbonylation of benzaldehyde proved the simultaneous presence of adsorbed
oxygen and hydrogen on the Pd surface.

10.1

Introduction

The mechanistic studies on the liquid-phase aerobic oxidation of alcohols on
Pt-group metal catalysts1,2 may be complicated by an important side reaction, the
decomposition of the carbonyl compound product (eqs. 10-1 – 10-3). The
strongly adsorbed CO can be removed by oxidation with adsorbed oxygen while
removal of the hydrocarbon residue necessitates reducing conditions.3,4
R–HC=Oad → R–C=Oad → Rad + COad
COad + Oad → CO2
Rad + Had → RH

(10-1)
(10-2)
(10-3)

The decarbonylation reaction over Pt-group metals has been studied extensively
by TPD5 and HREELS,6,7 and by spectroelectrochemical methods,8,9 as
mentioned in the Introduction of Chapter 9. In contrast to the research of the
alcohol–Pd and carbonyl compound–Pd interactions on Pd single crystal
surfaces,7,10,11 ATR–IR spectroscopy allows to probe these interactions using a
commercial Pd/Al2O3 powder catalyst and an organic solvent as reaction
medium. It has been shown by the ATR technique under working conditions,
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that both cinnamaldehyde (Chapter 4) and benzaldehyde (Chapter 9)
decarbonylate on Pd/Al2O3.
Here we extended the range of reactants involving primary and secondary
aliphatic (1-octanol, 2-octanol), cycloaliphatic (cyclohexanol), aromatic (benzyl
alcohol, 1-phenylethanol), and allylic (cinnamyl alcohol) alcohols. The aim of
this chapter is to confirm the dehydrogenation mechanism of alcohol oxidation
and to uncover the role of alcohol structure in the product degradation. The
reactions were followed by combining in situ ATR–IR spectroscopy and GC
analysis like in Chapter 9.

10.2

Experimental

10.2.1 Materials
1-Phenylethanol (Aldrich and Acros, 98 %), 2-octanol (Fluka, >99.5 %),
cyclohexanol (Merck, >99 %), 1-octanol (Fluka, >99.5 %), benzyl alcohol
(Aldrich, >99 %), acetophenone (Fluka, >99 %), 1-octanal (Fluka, >98 %), high
purity water (Merck), and cyclohexane solvent (Aldrich, >99 %) were used as
received. Cinnamyl alcohol (Acros, 98 %) was purified by recrystallization from
petroleum ether. Gases (synthetic air, hydrogen and Ar) were of 99.999 vol%
grade (PANGAS). The 5 wt% Pd/Al2O3 (Johnson Matthey 324) possessed
monomodal particle size distribution in the range 1 – 6 nm, with a mean Pd
particle size of 3.4 nm.
10.2.2 ATR–IR Spectroscopy
The ZnSe internal reflection element (IRE, 45°, 50 × 20 × 2 mm, Komlas) was
coated with Pd/Al2O3 by dropping on its larger side an aqueous slurry of the
catalyst, as described in Chapter 9. After evaporation of the slurry under vacuum
the excess material was removed. The amount of catalyst was 10 ± 1 mg that
formed a layer of ca. 85 µm as determined by scanning electron microscopy
(SEM, Figure 10-1). An approximate penetration depth ( d p ) of 0.9 µm was
calculated using eq. 1-5 in Chapter 1,12 assuming that λ = 5.88 × 10-6 m-1
(equals a wavenumber of 1700 cm-1 typical for ν(C=O) of ketones and
aldehydes), n1 = 2.4 (ZnSe), n 2 = 1.4 (wet catalyst layer) and θ i = 45°. This
indicates that only about 1 % at the bottom of the catalyst layer is probed by the
evanescent wave generated by the IR beam at the IRE–catalyst interface. This
geometry represents a certain drawback when considering the possible diffusion
limitation through the pores visible in the inset of Figure 10-1. Note that a
relatively thick layer is required to achieve well-detectable conversion and
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selectivity by GC analysis.
The coated IRE was installed in a home-built stainless steel flow-through
13
cell, mounted onto the ATR mirror unit (Optispec) of the FT–IR spectrometer

Fig. 10-1:

SEM image of the ZnSe IRE coated with a layer of Pd/Al2O3. The inset
shows the porous structure of the catalyst. The thickness of the crystal is
2 mm. A drawing of the ATR cell is also shown with the cross section
along which the SEM image was taken.

(IFS–66/S, Bruker Optics). Cyclohexane solvent and alcohol solutions
(18.5 mM) saturated with different gases were admitted to the catalyst at a rate of
1.0 ml min-1. (For the setup see Figure 2-4 in Chapter 2.) All experiments were
carried out at 50 °C. Samples were collected periodically and analyzed by GC.
The following protocol was used throughout the experiments. After
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background acquisition at 50 °C, cyclohexane saturated with Ar was admitted
into the cell for 30 min. The catalyst was then reduced in situ by admitting
H2-saturated cyclohexane from a second glass reservoir for 30 min. The reaction
started by switching to a cyclohexane solution of an alcohol or a carbonyl
compound saturated with Ar. After a certain reaction time (48 – 55 min) Ar was
replaced by air in the same glass reservoir. Finally, the catalyst layer was rinsed
with Ar-saturated cyclohexane to follow desorption of weakly adsorbed species.
ATR spectra were recorded by averaging 500 scans at 4 cm-1 resolution and are
presented in absorbance units. The last spectrum obtained during in situ
reduction of the catalyst was used as a background spectrum. Where required,
spectra were corrected to compensate for the absorption of water vapor.
Transmission infrared spectra of neat and cyclohexane solutions of
alcohols and carbonyl compounds (10 mM) were recorded at room temperature
using a cell equipped with CaF2 windows (Specac) by averaging 100 scans at
4 cm-1 resolution. Table 10-1 shows the assignment for the relevant vibrational
modes in the 1800 – 1300 cm-1 spectral range for neat compounds and for
adsorbed carboxylate species.
10.2.3 Dehydrogenation in Batch Reactor
The reactions were performed in a flat-bottomed, 100 ml glass reactor. Typically,
100 mg 5 wt% Pd/Al2O3, 1.0 g alcohol, and 30 ml cyclohexane were loaded in
the reactor. Air was replaced by Ar, the reactor was immersed into a preheated oil
bath, and stirring started. For specific conditions see Table 10-2. Products were
analyzed by GC after 3 h.
10.2.4 GC Analysis
GC analysis was carried out on a Thermo Quest Trace 2000 chromatograph,
equipped with an HP–FFAP capillary column and an FID detector. Several
alcohols contained the product carbonyl compound as impurities, which were
taken into account during calculation of yields and selectivities. The estimated
error of determination of the yields was around ± 0.5 – 10 %, depending on the
yields (15 – 0.1 %).

10.3

Results

The structural effects in alcohol oxidation have been investigated in some
commonly used test reactions representing various classes of alcohols. An
ATR–IR study of benzyl alcohol and a preliminary report of cinnamyl alcohol
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have already been reported in Chapters 9 and 4, respectively. Here the analysis
was repeated under the present (improved) conditions.
10.3.1 2-Octanol
The in situ ATR–IR spectra presented in Figure 10-2a were recorded after
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Fig. 10-2:

In situ ATR–IR spectra recorded during dehydrogenation of 2-octanol
in (a) Ar- and (b) air-saturated cyclohexane over Pd/Al2O3. The spectra
have been collected at 0, 3, 19, and 51.5 (bold) min on stream for (a),
and at 56, 58, 61, and 86 (bold) min on stream for (b). After 88 min
neat solvent was passed over the catalyst layer. Spectra (c) were recorded
after the catalyst layer was rinsed with Ar-saturated solvent for 30 min.
The inset shows the 2-octanone yield ({) determined by GC and the
maximum of the carbonyl signal at 1727 cm-1 (z) as a function of time.
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admitting an Ar-saturated solution of 2-octanol over the catalyst layer. The
signals observed at 1377 cm-1 (δ(OH)), and at 1468 and 1305 cm-1 (alkyl
chain)14 are due to 2-octanol in solution and partly adsorbed on Al2O3. The
negative signal at 1450 cm-1 originates from uncompensated cyclohexane solvent.
Formation of 2-octanone is indicated by the appearance of the weak band at
1727 cm-1 (ν(C=O) of dissolved ketone, see Table 10-1). Similarly to the ATR
spectra, GC analysis of the effluent revealed the formation of 2-octanone as the
only product (0.1 % yield, inset in Figure 10-2).
After 55 min on stream, replacement of Ar by air resulted in a rate
enhancement. The intensity of ν(C=O) of 2-octanone (Figure 10-2b and inset)
increased sharply and reached a maximum after 61 min on stream, in good
agreement with the GC analysis that showed a maximum yield of 4.9 % at
62 min. In the next 20 min the yield dropped to 1.0 %. It has been shown
earlier15,16 that the rate of alcohol oxidation (dehydrogenation) on Pt-group
metals can be described by a bell-shaped curve as a function of the oxidation state
of the metal (see Figure 4-4 in Chapter 4). When the metal, in this case Pd, is in
a reduced state and its surface is covered by hydrogen, the rate of alcohol
dehydrogenation is low. This is the case at the end of the dehydrogenation of
2-octanol (Figure 10-2a, bold spectrum). By switching from Ar to air, the
adsorbed hydrogen is oxidized to water and the rate of 2-octanol
dehydrogenation increases rapidly (Figure 10-2, inset). As soon as the rate of
oxygen supply to the catalyst surface surpasses that of alcohol dehydrogenation,
the excess oxygen covers increasing fraction of Pd. Since the adsorption of
oxygen is stronger than that of alcohols, the number of surface sites available for
the adsorption and transformation of 2-octanol decreases. This process is
reflected by the rapidly decreasing 2-octanone yield (Figure 10-2, inset). The low
reactivity of the oxidized metal surface and the resulting over-oxidation of the
catalyst were described many years ago.17,18
Beside the carbonyl band, some new signals appeared in air at 1650, 1547,
and 1422 cm-1 and their intensity increased continuously with time (Figure
10-2b). The broad signal growing at 1650 cm-1 is attributed to adsorbed water
that formed from the oxidation of hydrogen. The weakly polar solution of
2-octanol in cyclohexane cannot remove water that accumulates on the surface of
the hydrophilic catalyst. The signals at 1547 and 1422 cm-1 are assigned to the
O–C–O asymmetric and symmetric stretching modes (Table 10-1),19
respectively, of carboxylate species adsorbed on Al2O3. Since 2-octanone is highly
stable against further oxidation accompanied with C–C bond breaking under the
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Table 10-1: Vibrational mode assignment for neat reactants and products, and for
carboxylate species adsorbed on Al2O3, at 50 °C.
Band assignment a
(C=O)
ν

ν(C=C)

Ring modes

(OC
O)νas

2-Octanol
2-Octanone

1727
s

1734
s
1552
1601
vw
1696
vs

1713
vs

1599
m

1583
w

1607
vw

1574
vw

1597
m

1584
m

Benzoate

1600

Cinnam.
alcohol

1601
vw

1580
vw

1611
w

1578
w

Cinnamate
a

1379
w

1465
m

Benzyl
alcohol

Cinnamaldehyde

1376
m

1468
m

1-Phenyl
-ethanol

Benzaldehyde

(OH)
δ

1465
m

Octanoate

Acetophenone

(OCO)νS

1468
m

1-Octanol
1-Octanal

δ(CH)
ν(CC)

1628
m

1692
vs
1643

1404
1494
m

1368
m

1497
m

1374
m
1390
w

1547

1425

1391

1495
w

1550

1380
w

1417

1391

vs, very strong; s, strong; m, medium; w, weak; vw, very weak.

mild conditions applied,2 the appearance of carboxylate species is probably due to
impurities in 2-octanol. According to GC analysis, 2-octanol contained trace
amounts of 1-octanal (<0.1 %) but its poor separation from 2-octanone, another
impurity of 2-octanol, did not allow quantification. As it will be shown later,
1-octanal affords octanoic acid on Pd/Al2O3 even in the absence of oxygen, in
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agreement with the development of the carboxylate bands in Figure 10-2. In
addition, Figure 10-2a reveals traces of adsorbed CO. The weak broad signal
extending from 1800 to 1700 cm-1 developed after admitting the Ar-saturated
2-octanol solution to the in situ reduced Pd/Al2O3. We assign the formation of
CO to decarbonylation of 1-octanal (vide infra).
10.3.2 Cyclohexanol
The results of the dehydrogenation of cyclohexanol strongly resembled those
obtained for 2-octanol. A switch from Ar- to air-saturated alcohol solution
resulted in a rate-acceleration followed by rapid deactivation as confirmed by
ATR–IR and GC analysis. The maximum yield in Ar was 0.1 % and after
replacing Ar with air the yield increased to 1.1 % and then decreased to 0.2 %
within 6 min. Cyclohexanone was the only product that could be identified by
GC. In the ATR–IR spectra a clear signal at 1724 cm-1 and a weak signal
1698 cm-1 were assigned to dissolved and adsorbed cyclohexanone, respectively.
The gradually growing band of water coproduct was detected at 1625 cm-1. No
CO formation was observed in this case.
10.3.3 1-Phenylethanol
The ATR spectra obtained after introducing an Ar-saturated solution of
1-phenylethanol to the reactor cell are depicted in Figure 10-3a. The relatively
strong signals at 1494 and 1371 cm-1 are attributed to 1-phenylethanol, partly
dissolved and partly adsorbed on Al2O3. The sharp signal at 1696 cm-1 reveals the
formation of the dehydrogenation product acetophenone. No adsorbed CO is
seen in the region above 1700 cm-1; the signals above 1800 cm-1 belong to
dissolved 1-phenylethanol (overtone and combination bands). According to GC
analysis, less than 1 % acetophenone yield at about 80 % selectivity was achieved
in the absence of oxygen (Figure 10-4). Ethyl benzene produced via C–O bond
hydrogenolysis was the by-product (Scheme 10-1). The reaction rate was almost
constant during the whole period.
A remarkable rate acceleration occurred when the atmosphere was
changed from Ar to air as indicated by the yield measured with GC (Figure 10-4)
and the intensity of the signal at 1696 cm-1 (Figure 10-3). At this higher
acetophenone concentration adsorption of acetophenone on Al2O3 is well
detectable at 1672 cm-1. The frequency shift with respect to liquid acetophenone
( ∆ν = 24 cm-1, Table 10-1) is slightly higher than that observed on SiO220 and
TiO221 but consistent with the value reported for SiO2–Al2O322 and mordenite.23
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We favor the assignment to η1 adsorption on Al2O3 though adsorption on Pd is
also feasible since similar values were reported for adsorption on metals using
Pd/SiO224 and Pt/SiO2.25

OH
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Fig. 10-3:

In situ ATR–IR spectra recorded during dehydrogenation of
1-phenylethanol over Pd/Al2O3 in (a) Ar- and (b) air-saturated
cyclohexane. Spectra (a) were collected at 0, 10.5, and 46.5 (bold) min
on stream. Spectra (b) were collected at 48, 50, 51, 52.5, 55.5, 64.5,
and 75.5 (bold) min on stream. Spectrum (c) was recorded after the
catalyst layer was rinsed with Ar-saturated solvent for 35.5 min.

After 55 min on stream the rate of oxidative dehydrogenation decreased,
the intensity of the signals at 1696 and 1672 cm-1 was attenuated and the yield
decreased to 2.1 %. The explanation is again the increasing oxygen concentration
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at the Pd surface leading to over-oxidation. The high oxygen concentration is
indicated by the 100 % selectivity in this region (Figure 10-4) due to complete
oxidation of hydrogen and the cease of C–O bond hydrogenolysis.
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Fig. 10-4:

Acetophenone yield (z) and selectivity ({) measured during the
reaction shown in Figure 10-3. The other product was ethyl benzene
(Scheme 10-1).

Accumulation of water is indicated by the growing baseline between 1700
and 1500 cm-1. Furthermore, carboxylate species adsorbed on Al2O3 are shown
by signals at 1549 and 1422 cm-1. Though very weak, these signals are already
visible under Ar and strongly enhanced in the presence of oxygen. The signal at
1549 cm-1 displays a noticeable short time delay with respect to the growing
baseline with center at ca. 1622 cm-1 (water). After the baseline is almost
stabilized, the signal at 1549 cm-1 grows faster, indicating that water and
carboxylate formation are consecutive processes. Similarly to oxidation of
2-octanol, the presence of carboxylate species is attributed to the presence of
impurities in the reactant. The commercially available 1-phenylethanol
contained traces of phenyl acetaldehyde (beside acetophenone and ethyl
benzene). Since the boiling points of the carbonyl compounds are very similar,
further purification was not considered. Note also the high sensitivity of the
ATR–IR method; the carboxylic acid by-product could not be detected by GC
analysis.
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No CO was detected during dehydrogenation and oxidation of
1-phenylethanol. In a control experiment, acetophenone instead of the reactant
alcohol saturated with hydrogen and then with air was passed over the catalyst

OH

O
Pd,1/2O2
- H2O

2H
Pd - H
2O

Scheme 10-1.

Dehydrogenation and oxidation of 1-phenylethanol on Pd/Al2O3.

layer. No CO could be detected independent of the presence or absence of
oxygen, confirming that decarbonylation of ketones is not feasible under the
mild conditions applied here.
10.3.4 1-Octanol
When contacting the Ar-saturated solution of 1-octanol with Pd/Al2O3, a weak
broad band developed immediately at 1808 cm-1, which shifted with time to
1820 cm-1 (Figure 10-5a). This band partly overlaps with a similarly developing
broad band at 1738 cm-1. The shape and position of the bands suggest that they
can be assigned to CO multi-bonded to polycrystalline metallic Pd.26 In
addition, signals of 1-octanol (dissolved and partly adsorbed on Al2O3) are found
at 1468 and 1380 cm-1. Very weak bands of O–C–O groups are also found at
1546, 1422, and 1303 cm-1. Interestingly, no characteristic signal of 1-octanal
could be detected at around 1730 cm-1. The absence of 1-octanal in the liquid
phase was confirmed by GC analysis. The probable explanation for the absence
of 1-octanal and the presence of small amounts of CO and octanoic acid is that
1-octanol dehydrogenation occurred at very low rate and the aldehyde was
consumed rapidly by decarbonylation and further oxidation on Pd, and by
disproportionation on the basic sites of Al2O327 (Scheme 10-2, see also
Chapter 9).
After replacement of Ar by air (Figure 10-5b) a weak signal of 1-octanal
appeared at 1735 cm-1, the band of adsorbed CO disappeared and the amount of
octanoate on Al2O3 increased. GC analysis at 8.5 min after switching to air
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showed only 1-octanal in the effluent at 1.3 % yield. Subsequently, the amount
of 1-octanal diminished as indicated by the attenuated intensity of the signal at
1735 cm-1 and the lower yield in the effluent (0.75 % after 27 min on stream
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Fig. 10-5:

In situ ATR–IR spectra recorded during dehydrogenation of 1-octanol
over Pd/Al2O3 in (a) Ar- and (b) air-saturated solvent. Spectra (a) have
been collected at 0, 1, 2, 4.5, 9, 16, 23.5, 33.5, and 40 (bold) min on
stream. Spectra (b) have been collected at 46, 47, 49.5, 51, 55, and 77
(bold) min on stream. Spectrum (c) was recorded after the catalyst
layer was rinsed with Ar-saturated solvent for 23.5 min.

under air). Similarly to the oxidative dehydrogenation of 2-octanol and
1-phenylethanol, a broad band due to water accumulation on the catalyst surface
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developed continuously between ca. 1700 and 1500 cm-1 that did not desorb by
rinsing with neat solvent (Figure 10-5c). This observation is not surprising if we
consider the strikingly different empirical solvent parameters of the solvent
cyclohexane (ETN = 0.006) and water (ETN = 1.0).28
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Scheme 10-2.

Dehydrogenation and oxidation of 1-octanol on Pd/Al2O3.

10.3.5 Benzyl Alcohol
The spectra obtained during dehydrogenation and oxidation of the simplest
aromatic primary alcohol, benzyl alcohol, are collected in Figure 10-6 and the
reaction network is depicted in Scheme 10-3. Assignment of the bands has been
shown in Chapter 9. Briefly, under inert atmosphere (Figure 10-6a) benzyl
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Dehydrogenation and oxidation of benzyl alcohol on Pd/Al2O3.
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alcohol dehydrogenated readily affording benzaldehyde, as confirmed by the IR
signal at 1714 cm-1 (ν(C=O)) and GC analysis (Figure 10-7).
The considerable amount of CO is indicated by the bands centered at
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Fig. 10-6:

In situ ATR–IR spectra recorded during dehydrogenation of benzyl
alcohol over Pd/Al2O3 in (a) Ar- and (b) air-saturated solvent. Spectra
(a) have been collected at 0, 1, 2, 3, 7, 16.5, and 40 (bold) min on
stream. Spectra (b) have been collected at 51, 57.5, 63.5, 74.5, and
96.5 (bold) min on stream. Spectrum (c) was recorded after the
catalyst layer was rinsed with Ar-saturated solvent for 29.5 min.

1924 and 1879 cm-1. After introducing air (Figure 10-6b) the signal at 1714 cm-1
increased and then decreased only slightly after about 30 min. A similar behavior
was found by GC analysis. A comparison of the GC and ATR–IR data reveals an
interesting situation: despite of the high oxygen concentration in the feed, the
surface CO coverage is considerable and the catalyst deactivation is moderate.

ATR–IR Study – Part 2: CO Formation and Structural Effects 179

Additionally, benzoate species characterized by bands at 1600, 1547, and
1425 cm-1 developed already under Ar and their intensity increased under air.
Benzoic acid could not be detected by GC and also the fate of the hydrocarbon
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Fig. 10-7.

Benzaldehyde yield (z) and selectivity ({) measured during the
reaction series shown in Figure 10-6. The other product detected in the
effluent is toluene (Scheme 10-3).

fragment, a coproduct of the decarbonylation reaction, remained unknown
(Scheme 10-3). The presence of small amounts of toluene in the effluent
confirmed hydrogenolysis of benzyl alcohol on the reduced Pd surface. This side
reaction dropped to a low level in the presence of air (Figure 10-7).
10.3.6 Decarbonylation of 1-Octanal and Benzaldehyde
In order to better understand the structural effects on the decarbonylation of
aldehydes, we investigated the interaction of prereduced Pd/Al2O3 with
H2-saturated solutions of 1-octanal and benzaldehyde. Since there was no alcohol
present as reducing agent in the feed, Ar was replaced by hydrogen to maintain
reducing conditions. The ATR spectra in Figures 10-8A, and 10-8B show bands
at 1734 and 1707 cm-1, and 1713 and 1693 cm-1, which are attributed to
dissolved and adsorbed 1-octanal and benzaldehyde, respectively.29 CO bands
developed at 1847 cm-1 with a clear shoulder close to 1900 cm -1 for 1-octanal
and at 1927, 1877, and 1837 cm-1 for benzaldehyde. The presence of octanoate
and benzoate species adsorbed on Al2O3 is also clear from the set of signals
appearing below 1650 cm-1, as discussed for 1-octanol and benzyl alcohol (see
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Fig. 10-8:

Comparison of CO formation during decarbonylation of 1-octanal
(Panel A) and benzaldehyde (Panel B) over Pd/Al2O3. Spectra have
been collected during H2-(a) then air-(b) saturated aldehyde solutions
were passed over the catalyst layer. (Panel A) Spectra (a) were recorded
at 0, 1, 2, 7.5, and 27.5 (bold) min on stream. Spectra (b) were
recorded at 31, 36, 37, 38, 39, 42, and 57 (bold) min on stream.
(Panel B) Spectra (a) were recorded at 0, 6, 9.5, 14, 23.5, and 36.5
(bold) min on stream. Spectra (b) were recorded at 40, 43.5, 45.5, 52,
and 62.5 (bold) min on stream.

also Table 10-1). Signals at 1468 cm-1 (Figure 10-8A) and at 1497 cm-1
(Figure 10-8B) are diagnostic for 1-octanol and benzyl alcohol, respectively.
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Formation of the corresponding alcohol is mainly due to C=O bond
hydrogenation, but also partly to disproportionation of the aldehyde catalyzed by
Al2O3 (Cannizzaro reaction),27 as already discussed in Chapter 9. GC analysis
indicated the presence of trace amounts of octanoic acid in the effluent but
benzoic acid could not be detected.
Evolution of the strong CO signals above 1800 cm-1 confirms
decarbonylation of both aldehydes on reduced Pd. The different behavior of
benzaldehyde and 1-octanal in the presence of air (spectra b in Figure 10-8A and
10-8B) is in agreement with the results obtained during oxidation of the
corresponding alcohols (Figures 10-5, and 10-6). Carbon monoxide formed from
1-octanal is rapidly and almost completely removed by air (Figure 10-8A). In the
case of benzaldehyde the CO bands are shifted towards higher frequency by
switching from hydrogen to air but the intensity of the bands is barely influenced
and an almost constant, high CO coverage remained on the Pd surface.
Obviously, decarbonylation of benzaldehyde on the free metallic sites and
oxidative removal of CO occur parallel. Since the concentrations of the two
aldehydes in solution are identical and the decarbonylation rates are comparable,
it seems that CO originating from the aliphatic aldehyde is more easily oxidized
than CO produced by benzaldehyde decarbonylation. We can also conclude that
the small amount of CO evolved during dehydrogenation of 1-octanol (Figure
10-5) is due to the low rate of dehydrogenation to 1-octanol and not to the slow
decarbonylation of 1-octanal.
10.3.7 Cinnamyl Alcohol
The reaction network of the oxidation of cinnamyl alcohol is shown in
Scheme 10-4. When the Ar-saturated solution of cinnamyl alcohol
(Figure 10-9a) was admitted to the reactor cell, strong bands developed at 1801,
1876 and 1931 cm-1 assigned to multi-coordinated CO, as already observed in
Chapter 4. A small fraction of linearly bond CO can also be seen at 2029 cm-1.
The weak signals appearing below 1700 cm-1 are assigned to cinnamaldehyde
(1693 cm-1), cinnamyl alcohol (1598, 1579, 1495, and 1374 cm-1), and
carboxylate species on Al2O3 (1552 and 1417 cm-1). These signals confirm
dehydrogenation of cinnamyl alcohol to cinnamaldehyde followed by the fast
decarbonylation of the latter.
GC analysis after 8 min on stream indicated 4.2 % conversion and the
formation of two major products: cinnamaldehyde with 47 % selectivity and
3-phenyl-1-propanol with 39 % selectivity. In addition, dihydrocinnamaldehyde
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(2.2 %), 1-propenylbenzene (7.8 %), ethyl benzene (0.8 %) and styrene (3.0 %)
were also detected. Figure 10-10 displays only the variations of conversion and
selectivity to cinnamaldehyde in Ar and air as a function of time on stream. After
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Scheme 10-4.

Dehydrogenation and oxidation of cinnamyl alcohol on Pd/Al2O3.

a short initial period, the activity of the catalyst decreased monotonously in Ar.
Despite of the high selectivity to 3-phenyl-1-propanol, no signal in Figure 10-9a
can be unequivocally assigned to this alcohol, because of its close resemblance to
cinnamyl alcohol.
After replacing Ar by air, the aldehyde signal at 1693 cm -1 (ν(C=O)) and
1628 cm-1 (ν(C=C)) increased (Figure 10-9b), in agreement with the 12-fold
enhancement in catalytic activity (Figure 10-10). A signal is also found at ca.
1663 cm-1 which is assigned to the hydrogen-bonded carbonyl group of adsorbed
cinnamaldehyde. The CO signals decreased gradually and completely
disappeared with time, whereas the intensity of the ν(C=O) started to drop only
after ca. 15 min in air. After replacement of Ar by air the amount of ethyl
benzene and styrene increased in the effluent, as a result of the higher rate of
cinnamaldehyde formation and decarbonylation. This observation is very
important since this is the only case where the hydrocarbons formed by

ATR–IR Study – Part 2: CO Formation and Structural Effects 183

decarbonylation of an aldehyde (via the strongly adsorbed Rad species, eqs. 10-1,
and 10-3) could unambiguously be detected.
Careful analysis of the 1700 – 1500 cm-1 spectral region in presence of air
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Fig. 10-9:

In situ ATR–IR spectra recorded during dehydrogenation of cinnamyl
alcohol over Pd/Al2O3 in (a) Ar- and (b) air-saturated solvent. Spectra
(a) have been collected at 0, 2, 4.5, 10.5, 16.5, and 45 (bold) min on
stream. Spectra (b) have been collected at 51, 53, 54.5, 58.5, and 93.5
(bold) min on stream. Spectrum (c) was recorded after the catalyst
layer was rinsed with Ar-saturated solvent for 29.5 min.

(Figure 10-9b) reveals the formation of carboxylate species. The signals
belonging to adsorbed cinnamate appear with a delay of about 10 min with
respect to the increasing baseline assigned to water (ca. 1630 cm-1). This is clear
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from the sharp band at 1643 cm-1 (ν(C=C), aliphatic chain, Table 10-1) and the
rapid increase in intensity of the bands at 1550 and 1391 cm-1. Probably as a
result of the appearance of these bands, the broad band of water at ca. 1630 cm-1
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Fig. 10-10. Conversion of cinnamyl alcohol (z) and selectivity to cinnamaldehyde
({) measured during the experiment shown in Figure 10-9.

is attenuated and is followed by a decrease of the signals at 1693 and 1663 cm-1,
indicating smaller amounts of adsorbed cinnamaldehyde. These changes may be
interpreted as the formation of cinnamic acid via aldehyde hydration and
subsequent dehydrogenation over the Pd surface (compare with eqs. 9-6 and 9-7
in Chapter 9).

10.4

Discussion

10.4.1 Decarbonylation of Aldehydes
GC analysis of the effluent of the continuous-flow reactor identified by-products
originating from hydrogenation- and hydrogenolysis-type side reactions
(Schemes 10-1, 10-3, and 10-4) in the dehydrogenation of 1-phenylethanol,
benzyl alcohol, and cinnamyl alcohol, even in the presence of molecular oxygen.
An example is shown in Figure 10-4: formation of acetophenone from
1-phenylethanol was always accompanied by hydrogenolysis of the reactant to
ethyl benzene. These observations strongly support the mostly accepted
dehydrogenation mechanism of the aerobic oxidation of alcohols, i.e. the
reactions proceed on metallic surface sites and the major role of oxygen is the
oxidation of the coproduct hydrogen (and possibly some other surface
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impurities), and thus accelerate alcohol dehydrogenation.1,30-33 The presence of
Pd0 surface sites is evidenced also by an important side reaction, the facile
decarbonylation of aldehydes.
The importance of decarbonylation can be seen from the comparison of
the results obtained in the continuous-flow reactor with those of a batch reactor.
We repeated the dehydrogenation of all six alcohols in a batch reactor under
Table 10-2: Dehydrogenation for aromatic and aliphatic alcohols in a batch
reactor under Ar.a
Reactant

t (h)

OH
1

OH
2

OH
3

4

5

6
a

b
c

d

e
f

OH

OH

OH

3

Product

O

3
1.5 d
5
1f

O

O

5

3

5

O

O

O

Conv.
(%)

Select.
(%)

52

92 b

21
13 d

27 c
57 d

23
8f

54 e
63 e, f

0.6

100

0.5

100

0

–

Conditions: 100 mg 5 wt% Pd/Al2O3 (without prereduction), 1.0 g alcohol,
30 ml cyclohexane, reflux (80 °C).
The other product was ethyl benzene (Scheme 10-1).
The other products were (selectivities in brackets): 3-phenyl-1-propanol
(32.5 %), dihydrocinnamaldehyde (1.4 %), styrene (21.9 %), ethyl benzene
(1.3 %), 1-propenylbenzene (15.7 %) (see Scheme 10-4).
Solvent: toluene, 65 °C. The other products were (selectivities in brackets):
3-phenyl-1-propanol (35.4 %), dihydrocinnamaldehyde (0.9 %), styrene
(2.1 %), ethyl benzene (0.4 %), 1-propenylbenzene (4.1 %) (see Scheme 10-4).
The other product was toluene (Scheme 10-3).
50 °C.
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conditions similar to those applied in the continuous-flow reactor. The results
collected in Table 10-2 confirm that the reactivity of aromatic alcohols is up to
two orders of magnitude higher than that of the aliphatic alcohols, in agreement
with the studies reported in Chapter 3. The product distributions were similar in
both reactors (see Schemes 10-1 – 10-4). In the batch reactor, the average rate of
the dehydrogenation of the secondary aromatic alcohol (1-phenylethanol) was
higher than that of the primary aromatic (benzyl alcohol) and allylic alcohols
(cinnamyl alcohol). Interestingly, in the continuous-flow reactor the primary
aromatic alcohols reacted faster initially under Ar but their reactivity dropped
after about 10 min (Figures 10-7 and 10-10). Dehydrogenation of
1-phenylethanol proceeded slower but deactivation was barely detectable
(Figure 10-4).
The relevant difference between these aromatic alcohols lies in the stability
of the product carbonyl compounds. Aldehydes (including aliphatic aldehydes)
decarbonylate easily on metallic Pd sites to form CO, hydrogen, and a
hydrocarbon fragment.10,11 Under the conditions applied here, none of the
ketones formed from the secondary alcohols (2-octanol, 1-phenylethanol,
cyclohexanol) decarbonylated on Pd/Al2O3. These results are in agreement with
those of former IR studies in aqueous acidic medium8 but contradict UHV
studies on single crystal Pd surfaces.6 In the latter case even the simplest
secondary aliphatic alcohol, 2-propanol, decarbonylated on Pd (111). Previous
ATR–IR studies in apolar organic solvents already documented the
decarbonylation of cinnamyl and benzyl alcohols (Chapters 4 and 9). The
present work clearly shows that CO is generally formed when the oxidation
product is an aldehyde. The ATR spectra do not give evidence for the presence of
the hydrocarbon fragments originating from decarbonylation, either because
their signals may overlap with others in the already crowded 1700 – 1300 cm-1
region or because of their removal from the surface, as indicated by the formation
of ethyl benzene and styrene during cinnamyl alcohol oxidation.
Both CO and the hydrocarbon residue adsorb strongly on Pd and can
cause deactivation by site blocking. Removal of the hydrocarbon residue from the
surface requires hydrogen, i.e. reducing conditions. In contrast, the complete and
fast removal of CO necessitates adsorbed oxygen. A remarkable feature of the
aerobic oxidation of alcohols on Pd (and other Pt-group metals) is that under
appropriate conditions the two processes may run parallel, allowing reasonably
high rate of alcohol oxidation. A representative example to this situation is the
oxidation of benzyl alcohol (Figures 10-6 and 10-7). Despite of the continuous
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and rapid decarbonylation of benzaldehyde, dehydrogenation of the alcohol is
barely hindered by this side reaction. Obviously, the explanation is the
dehydrogenation mechanism of alcohol oxidation, i.e. there is adsorbed oxygen
and hydrogen present on the reduced metal surface (Scheme 10-5). In this
respect, the simultaneous reductive and oxidative removal of hydrocarbon
'
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Decarbonylation of a primary alcohol on the Pd metal surface, and
the possibilities for the oxidative and reductive removal of the
decomposition products.

fragments and CO, respectively, is similar to the competing oxidation of
hydrogen by adsorbed oxygen and the hydrogenation of the reactant by the rest
of adsorbed hydrogen (e.g., Scheme 10-3 and Figure 10-7).
It is possible that the aerobic oxidation of benzyl alcohol represents an
“ideal” case and in many other reactions the simultaneous removal of the
hydrocarbon fragment and CO is sluggish or requires conditions that are difficult
to find in practical catalysis. This situation could provide a feasible explanation
for the frequently observed strong deactivation of supported Pt-group metals
during aerobic oxidation of alcohols and also for the sometimes excellent reaction
rates achieved in the same reactions after a careful optimization of the reaction
conditions.31
10.4.2 The Role of Water Coproduct
An interesting observation is that the rate of dehydrogenation increases sharply
when switching from Ar-saturated to air-saturated alcohol solutions but the
conversion drops rapidly after the maximum, in line with a recent report.34 The
conversion of all six alcohols in the continuous-flow reactor is plotted in
Figure 10-11 to help comparison. The explanation for the sharp maxima within
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10 – 15 min after switching from Ar to air is the continuous increase of the
actual oxygen concentration on the Pd surface, as discussed previously in
connection with the oxidation of 2-octanol (Figure 10-2). The only exception is

2-octanol
1-phenylethanol
benzyl alcohol
cinnamyl alcohol
1-octanol
cyclohexanol

Conversion (%)
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10
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0
0
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Fig. 10-11:

Conversion of 1- and 2-octanol, cyclohexanol, 1-phenylethanol, and
benzyl and cinnamyl alcohols measured during aerobic oxidation in
the ATR–IR cell. Zero time corresponds to the switch from Ar to air
(see experiments also in Figures 10-2, 10-4, 10-7, and 10-10).

the oxidation of benzyl alcohol that is characterized by a high rate in a broader
time scale. The exceptional behavior of benzyl alcohol may be connected with
another phenomenon, the accumulation of water coproduct on the catalyst
surface and the role of polarity of the alcohol substrate.
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Water plays a key role in the reaction network. It forms from the
oxidation of hydrogen in equimolar amounts to the carbonyl compound. Water
available at the catalyst surface accelerates the further oxidation of aldehydes to
carboxylic acids as hydration of the carbonyl group and the subsequent
dehydrogenation of the geminal diol is faster than the direct oxidation route.2,18
Water may also form in hydrogenolysis of the C–O bond of the alcohol substrate
(Schemes 10-1, 10-3, and 10-4). When working in a non-aqueous medium that
is a reasonable choice for water-insoluble alcohols, and generally favored for the
synthesis of aldehydes, rapid removal of water from the catalyst surface may be
critical. The ATR–IR spectra clearly indicated the accumulation of water on the
catalyst surface. The alcohol substrate has to compete with water for the surface
sites and even its diffusion through the aqueous “layer” at the catalyst surface
may reduce the overall reaction rate. Among the six alcohols investigated here,
benzyl alcohol is the most polar (ETN = 0.608)28 and may enhance the solubility
of water in the reaction medium at the low conversions achieved in the
continuous reactor cell. This effect is indicated by the relatively moderate
accumulation of water on the catalyst surface during benzyl alcohol oxidation as
shown in the spectra in Figure 10-9b. Note that on a laboratory scale removal of
water is simply achieved by working at close to the reflux temperature in an
organic solvent. This solution has further advantage that the risk of explosion of
the organic solvent–air mixture is minimized.

10.5

Conclusions

A major conclusion of the present work is that decarbonylation of the product
aldehyde is a general feature of the oxidation of primary aliphatic, allylic, and
aromatic alcohols on Pd. It has been shown that the complete oxidative removal
of CO and the hydrocarbon coproduct is not a necessary requirement to achieve
good reaction rates in the oxidative dehydrogenation of alcohols. An important
consequence of this observation is that a feasible kinetic model of the reaction
should involve the partial coverage of the surface sites by CO and the
hydrocarbon fragment (eq. 10-1), beside the reactant alcohol, the product
aldehyde, and hydrogen and oxygen.
In addition to the sensitive detection of CO, the in situ ATR–IR
spectroscopic analysis allowed the unambiguous recognition of carboxylate
species even at very low alcohol conversion. At low conversion the small amount
of carboxylic acid adsorbed strongly on the catalyst surface (mainly on Al2O3)
and it was not detectable in the liquid phase by GC analysis.

190 Chapter 10

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

Vinke, P.; de Wit, D.; de Goede, A. T. J. W.; van Bekkum, H. Stud. Surf.
Sci. Catal. 1992, 72, 1.
Mallat, T.; Baiker, A. Catal. Today 1994, 19, 247.
Goncalves, R. S.; Leger, J.-M.; Lamy, C. Electrochim. Acta 1988, 33,
1581.
Parsons, R.; VanderNoot, T. J. Electroanal. Chem. 1988, 257, 9.
Davis, J. L.; Barteau, M. A. Surf. Sci. 1988, 197, 123.
Davis, J. L.; Barteau, M. A. Surf. Sci. 1990, 235, 235.
Shekhar, R.; Barteau, M. A.; Plank, R. V.; Vohs, J. M. J. Phys. Chem. B
1997, 101, 7939.
Leung, L.-W., H.; Weaver, M. J. Langmuir 1990, 6, 323.
Souto, R. M.; Rodriguez, J. L.; Pastor, E.; Iwasita, T. Langmuir 2000, 16,
8456.
Davis, J. L.; Barteau, M. A. Surf. Sci. 1987, 187, 387.
Davis, J. L.; Barteau, M. A. J. Am. Chem. Soc. 1989, 111, 1782.
Harrick, N. J., Internal reflection spectroscopy; Interscience: New York,
1967.
Bürgi, T.; Wirz, R.; Baiker, A. J. Phys. Chem. B 2003, 107, 6774.
Bellamy, L. J., Infrared Spectra of Complex Molecules. 3rd ed.; Wiley: New
York, 1975.
Mallat, T.; Bodnar, Z.; Hug, P.; Baiker, A. J. Catal. 1995, 153, 131.
Mallat, T.; Brönnimann, C.; Baiker, A. Appl. Catal. A. 1997, 149, 103.
Vinke, P.; van Dam, H. E.; van Bekkum, H. Stud. Surf. Sci. Catal. 1990,
55, 147.
van Dam, H. E.; Kieboom, A. P. G.; van Bekkum, H. Appl. Catal. 1987,
33, 361.
Nakamoto, K., Infrared and Raman spectra of inorganic and coordination
compounds. IV. ed.; Wiley: New York, 1986.
Ahmad, I.; Dines, T. J.; Anderson, J. A.; Rochester, C. H. J. Colloid
Interface Sci. 1997, 195, 216.
Ahmad, I.; Anderson, J. A.; Dines, T. J.; Rochester, C. H. Spectrochim.
Acta A 1998, 54, 319.
Ahmad, I.; Anderson, J. A.; Rochester, C. H.; Dines, T. J. J. Mol. Catal. A
1998, 135, 63.

ATR–IR Study – Part 2: CO Formation and Structural Effects 191

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Ahmad, I.; Anderson, J. A.; Dines, T. J.; Rochester, C. H. J. Colloid
Interface Sci. 1998, 207, 371.
Chen, H. W.; Chen, C. S.; Harn, S. J. J. Phys. Chem. 1995, 99, 10557.
Chen, C. S.; Chen, H. W.; Cheng, W. H. Appl. Catal. A 2003, 248, 117.
Hoffmann, F. M. Surf. Sci. Reports 1983, 3, 107.
Kuiper, A. E. T.; Medema, J.; van Bokhoven, J. J. G. M. J. Catal. 1973,
29, 40.
Reichardt, C., Solvents and Solvent Effects in Organic Chemistry. 3rd ed.;
Wiley-VCH: Weinheim, 2003.
Kondo, J.; Ding, N.; Maruya, K.; Domen, K.; Yokoyama, T.; Fujita, N.;
Maki, T. Bull. Chem. Soc. Jpn. 1993, 66, 3085.
Besson, M.; Gallezot, P. Catal. Today 2000, 57, 127.
Mallat, T.; Baiker, A. Chem. Rev. 2004, 104, 3037.
Wieland, H. Berichte d. D. Chem. Ges. 1913, 46, 3327.
Heyns, K.; Paulsen, H. Adv. Carbohydr. Chem. 1962, 17, 169.
Bürgi, T.; Bieri, M. J. Phys. Chem. B 2004, 108, 13364.

Final Remarks
The aim of this doctoral work was to reinvestigate the reaction mechanism of
alcohol oxidation with molecular oxygen over supported Pt-group metal based
catalysts in the liquid phase. Hydrogenation and hydrogenolysis side reactions
during alcohol oxidation provided unambiguous experimental evidence for Pd
and Pt sites partially covered by hydrogen. This observation underlines the
validity of the classical dehydrogenation mechanism, which assumes that only
the metallic noble metal sites are active in alcohol oxidation.
X-ray absorption spectroscopy was found to be a powerful method to
monitor the oxidation state of the active (Pd) and promoter (Bi) metal
constituents of the Al2O3-supported catalysts during (oxidative) dehydrogenation
of alcohols. The in situ studies showed that both Bi and Pd were in a reduced
state under ideal operating conditions, and they were successively oxidized when
the surface oxygen concentration was too high. Importantly, changes in the
oxidation state of Bi and Pd occurred always in parallel. Hence, the promoter
effect of Bi cannot be related to oxidized (ionized) species. This conclusion was
further demonstrated by simple catalytic test reactions with various alcohols over
Bi-promoted and unpromoted Pd and Pt catalysts.
Attenuated total reflection infrared spectroscopy is a relatively new and
powerful tool for investigating processes during alcohol oxidation at a catalytic
solid–liquid interface. The method gave unambiguous evidence for important
side reactions, such as decarbonylation of aldehydes and formation of carboxylate
species. Note that the products of these reactions are hardly detectable in
solution. In order to follow the catalytic activity and establish a complex reaction
network, the liquid phase was simultaneously analyzed by GC. It was shown that
decarbonylation of the product aldehyde is a general phenomenon in the
oxidation of primary alcohols. On the example of the oxidation of benzyl alcohol
over Pd/Al2O3 it could be demonstrated that complete removal of CO is not an
essential requirement to achieve high reaction rate. Furthermore, the parallel
oxidative removal of CO and reductive removal of the hydrocarbon coproduct
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(i.e. the decomposition products of the aldehyde) confirmed the simultaneous
presence of absorbed oxygen and hydrogen on the Pd surface.
The catalytic study completed with in situ spectroscopic methods clarified
some crucial and still debated elements of the mechanism of alcohol oxidation
with molecular oxygen over Pt-group metal catalysts.
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