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Summary

Supercritical fluids (SCFs) have many advantageous properties which render

them a promising medium for applications in heterogeneous catalysis. The

major engineering advantages are the acceleration of the reaction rate due to

reduction or complete elimination of mass transfer resistances and the easy sep¬

aration of products and solvent. Next to these benefits, SCFs offer also from

economical and environmental point of view an attractive alternative to con¬

ventional organic solvents. In this doctoral thesis, the application of SCFs in

three different reaction types, the hydrogénation of citral, the oxidation of

geraniol with molecular 02, and the dehydrogenation of 1-phenylethanol is

presented.

Hydrogénation of citral represents a model reaction for the selective trans¬

formation of unsaturated aldehydes in dense C02. The change of the phase

behavior from the two-phase to the single-phase region revealed in both reactor

types (batch and continuous) a striking enhancement of the reaction rate. The

highest turnover frequency (TOF = 26'500 h' ) was achieved on Pd/alumina in

a batch reactor under one-phase conditions. The catalyst performance in

scC02 was about two orders of magnitude higher than in conventional organic

solvents. Pd/alumina showed an excellent chemoselectivity (100%) to C=C

bond hydrogénation of the unsaturated carbonyl compound. Hence, the
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method seems to be a promising route for the highly productive synthesis of

saturated aldehydes.

The well-known deactivation of supported Pt-group metal catalysts during

citral hydrogénation was studied in a continuous-flow reactor using the previ¬

ously mentioned Pd/alumina as a model catalyst. In an ATR-IR study we pro¬

vided the first experimental evidence for the decarbonylation of citral and 3,7-

dimethyl-2-octenal under close to reaction conditions. However, blocking of

active sites by the decarbonylation by-product CO was not the main reason of

the observed deactivation. We assumed that dimerization and oligomerization

reactions of the reactant and products caused the deactivation by irreversibly

blocking of the active sites.

Formation ofCO via reverse water-gas shift reaction from C02 and H2 is a

well-known reaction, but it has never been studied under high-pressure condi¬

tions in supercritical or liquid C02. The formation of CO from C02 and H2

was investigated in an in situ ATR-IR reactor cell using alumina-supported

noble metal (Pt, Pd, Rh and Ru) model catalysts. The measurements under

static conditions revealed on all metals CO formation albeit in moderate con¬

centrations. Additionally, consecutive reactions between CO and H2 were evi¬

denced on Pt/alumina. Another study in a continuous-flow system with

Pt/alumina revealed much lower CO-concentrations on the catalyst surface

than in static measurements. Our final conclusion is that in most hydrogéna¬

tion reactions C02 should be considered as a relatively "inert" solvent. How¬

ever, strongly adsorbed CO may act as catalyst poison by blocking specific

surface sites and this effect can alter the chemoselectivity.

Oxidation of alcohols is an important reaction in organic chemistry for the

synthesis of aldehydes or ketones. Our test reaction, the partial oxidation of

geraniol to citral, was performed in a continuous-flow system over supported
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Pd catalysts with molecular 02 in dense C02. The performance of the reaction

under single-phase conditions did not bring the expected increase in reaction

rate. The probable reason for this observation was the blocking of the catalyst

surface by the water by-product. Nevertheless, the reaction rate in C02 was

more than twice faster than in conventional organic solvents. The best selectiv¬

ity to citral was achieved with Pd/silica in single-phase. The catalytic study

combined with ATR-IR spectroscopy revealed that a minor by-product,

geranic (neric) acid has a key role in the slow deactivation of supported Pd cat¬

alyst, presumably by catalyzing the surface dimerization and oligomerization

reactions.

In the final part of the doctoral thesis the catalytic dehydrogenation of

alcohols to aldehydes in C02 was investigated in a continuous-flow system.

There are not any examples in literature yet for the dehydrogenation of alco¬

hols in scC02. As test reaction the transformation of 1-phenylethanol to ace-

tophenone over Pd/alumina was chosen. Excellent selectivity and high reaction

rates were achieved by increasing temperature and decreasing pressure. No ca¬

talyst deactivation or metal leaching were observed. On balance, the continu¬

ous fixed-bed reactor operation is an efficient method for the catalytic dehydro¬

genation of alcohols without oxidant.





Zusammenfassung

Überkritische Fluide zeigen viele vorteilhafte Eigenschaften auf, welche sie für

Anwendungen in der heterogenen Katalyse als Reaktant und/oder Lösungsmit¬

tel interessant machen. Die grössten Vorteile sind die Erhöhung der Reaktions¬

geschwindigkeiten durch Reduktion oder gar Eliminierung von Stofftransport¬

widerständen oder die einfache Trennung von Produkten und Lösungsmittel.

Nebst den genannten Vorteilen, sind überkritische Fluide auch aus ökonomi¬

schen und ökologischen Gesichtspunkten eine attraktive Alternative zu her¬

kömmlichen organischen Lösungsmitteln. Im Rahmen dieser Doktorarbeit

werden die Anwendung von überkritischen Fluiden in drei Reaktionsklassen

untersucht: Hydrierung von Zitral, Oxidation von Geraniol mit Sauerstoff und

die Dehydrierung von 1-Phenylethanol.

Als Testreaktion für die Hydrierung von ungesättigten Aldehyden wurde

die Hydrierung von Zitral in überkritischem C02 gewählt. Die Änderung des

Phasenverhaltens vom Zwei- ins Einphasengebiet war bei beiden Reaktortypen

(Batch- und kontinuierlicher Reaktor) mit einer markanten Erhöhung der

Reaktionsgeschwindigkeit verbunden. Die höchste Umsatzrate (TOF =

26'500 h'1) wurde im Einphasengebiet in einem Batch-Reaktor über Pd/Al203

erzielt. Die Katalysatoraktivität in überkritischem C02 war um ca. 2 Grössen-

ordnungen höher als in herkömmlichen organischen Lösungsmittel. Der ver¬

wendete Palladiumkatalysator zeigte eine ausgezeichnete Chemoselektivität
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(100%) in der Hydrierung der C=C Doppelbindungen der ungesättigten Car-

bonylverbindung auf. Der beschriebene Prozess ist eine viel versprechende

Methode für die Synthese von gesättigten Aldehyden.

Die Deaktivierung bei Katalysatoren mit Metallen aus der Pt-Gruppe in

Hydrierungsreaktionen ist allgemein bekannt. Diese Deaktivierung wurde

anhand unserer Testreaktion, der Hydrierung von Zitral in einem Durch¬

flussreaktor mit Pd/Al203 untersucht. In einer ATR-IR Studie unter Reak¬

tionsbedingungen konnten wir den experimentellen Beweis für die Decar-

bonylierung von Zitral und 3,7-Dimethyl-2-oktenal erbringen. Die Blockie¬

rung der aktiven Zentren durch das Decarbonylieringsnebenprodukt CO war

jedoch nicht der Hauptgrund für die beobachtete Katalysatordeaktivierung.

Wir nehmen an, dass Dimerisierungs- und Oligomerisierungsreaktionen des

Eduktes und der Produkte durch Blockieren der aktiven Zentren für die irre¬

versible Deaktivierung verantwortlich sind.

Die Wasser-Gas-Shift-Rückreaktion mit der Bildung von CO ist allgemein

bekannt, wurde aber noch nie unter Hochdruckbedingungen in überkriti¬

schem oder flüssigem C02 untersucht. Die Bildung von CO aus C02 und H2

wurde in einer in situ ATR-IR Reaktorzelle mit Edelmetallkatalysatoren

(Platin, Palladium, Rhodium und Ruthenium) durchgeführt. In den Messun¬

gen unter statischen Reaktionsbedingungen wurde bei allen untersuchten Me¬

tallen die CO-Bildung beobachtet, obwohl nur in geringen Konzentrationen.

Bei den Spektren vom Platinkatalysator wurden zusätzlich Banden von

Produkten aus Folgereaktionen zwischen CO und H2 gefunden. Des weiteren

wurde mit dem Platinkatalysator die Reaktion auch in einem kontinuierlichem

System durchgeführt, in welchem ebenfalls die Bildung von CO beobachtet

wurde, jedoch in noch geringeren Konzentrationen als unter statischen Bedin¬

gungen. Schlussfolgernd lässt sich sagen, dass C02 bei den meisten Hydrie-
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rungsreaktionen als "inertes" Lösungsmittel betrachtet werden kann. Man

sollte aber nicht ausser acht lassen, dass stark adsorbiertes CO durch Blockieren

von spezifischen aktiven Zentren als Katalysatorgift wirken kann und so die

Chemoselektivität verändert.

Die Oxidation von Alkoholen ist in der organischen Chemie eine wichtige

Reaktion für die Synthese von Aldehyden oder Ketonen. Unsere Testreaktion,

die partielle Oxidation von Geraniol zu Zitral mit Sauerstoff in überkritischen

C02 wurde in einem kontinuierlichen System mit einem Palladiumkatalysator

durchgeführt. Bemerkenswerterweise wies die Oxidation von Geraniol im Ein¬

phasengebiete keine Beschleunigung der Reaktionsgeschwindigkeit auf. Dieser

Sachverhalt lässt sich damit erklären, dass die Katalysatoroberfläche wahr¬

scheinlich mit Wasser bedeckt war, welches bei dieser Reaktion als Nebenpro¬

dukt auftritt. Dennoch waren die Reaktionsgeschwindigkeiten in überkriti¬

schem C02 mehr als doppelt so hoch als in herkömmlichen organischen

Lösungsmitteln. Die höchste Selektivität zu Zitral wurde im Einphasengebiet

mit Pd/Si02 erzielt. Katalytische Studien kombiniert mit ATR-IR Messungen

zeigten auf, dass die Geranylsäure (Nerylsäure) bei der Deaktivierung des Palla¬

diumkatalysators eine wichtige Rolle spielt. Vermutlich werden Dimeri¬

sierungs- und Oligomerisierungreaktionen auf der Katalysatoroberfläche durch

die Geranylsäure (Nerylsäure) katalysiert.

Im abschließenden Teil der Doktorarbeit wurde die katalytische Dehydrie¬

rung von Alkoholen zu Aldehyden in C02 in einem Durchflussreaktor unter¬

sucht. Für eine derartige Reaktionsdurchführung gibt es bis heute keine

Beispiele in der Literatur. Als Testreaktion wurde die Umwandlung von 1-Phe-

nylethanol zu Acetophenon mit einem Palladiumkatalysator gewählt. Die

höchsten Selektivitäten und Reaktionsgeschwindigkeiten wurden bei höheren

Temperaturen und niedrigem Druck erreicht. Bei dieser Reaktion wurde keine
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Deaktivierung oder Destabilisierung des Katalysators festgestellt. Abschliessend

lässt sich sagen, dass die Dehydrierung von Alkoholen in einem kontinuierli¬

chem Festbettreaktor eine effiziente Methode zur Herstellung von Aldehyden

darstellt.







Chapter

Introduction

In the past decades, supercritical fluids (SCFs) have gained considerable atten¬

tion as environmentally benign media for chemical and related processes.

Opportunities provided by the use of supercritical (sc) media in chemical reac¬

tion design have been the focus of several reviews.
"

Here a brief overview on

SCFs and their properties, and on some important applications in heteroge¬

neous catalysis, will be given.

1.1 Historical and Fundamental Aspects of SCFs

In 1822 Baron Cagniard de la Tour reported the first observation of the occur¬

rence of a supercritical phase. He noted visually that the gas-liquid boundary

disappeared when the temperature of certain substances was increased by heat¬

ing each of them in a sealed glass tube.

As a liquid is heated, its density decreases while the pressure (and hence

density) of the vapor being formed increases. The liquid and vapor densities

become closer and closer to each other until the critical temperature is reached

where the two densities are equal and the liquid-gas line or phase boundary dis¬

appears. As seen from the schematic phase diagram in Figure 1-1, the phase

boundary between liquid and gas does not continue indefinitely. Instead, it ter¬

minates at a point on the phase diagram called the critical point.

1
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temperature

Fig. 1 -1 : Qualitative schematic phase (pressure-temperature) diagram of a typical fluid

such as C02: tp= triple point, cp= critical point.

Above the critical temperature Tc and the corresponding critical pressure

pc, no distinct liquid or gaseous phases exist and the new phase is referred to as

a supercritical fluid. Note that the widely used expression „supercritical" is

defined only for pure component systems. In multi-component systems this

term is deprived of any meaning, since phase separation is still possible under

conditions beyond the mixture critical point or the critical points of the pure

components. For convenience, the term „supercritical" is used for a dense fluid

phase at temperatures exceeding its mixture critical point.

The first systematic study of a gas-liquid critical point was carried out with

C02 in 1869 by Anderws.1 '15 Four years later followed the first theoretical

description by Van der Waals when he derived his equation of state.
' Both

the experiment and the theory were unambiguous in their interpretation of

what happens at and near the critical point.
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Nevertheless, the experimental difficulties of working at the critical point,

and in particular the unexpectedly large effects of gravity on fluids in this state

made it difficult for scientists to accept the simple Andrews-van der Waals

description of the phenomenon. In particular the idea of „continuity of state"

through the supercritical region proved hard to accept, and many attempts

were made to justify a continuation of the vapor-pressure line into the super¬

critical region as a pseudo (or possibly higher order) phase transition.

Independent of this conceptional difficulty Hannay and Hogarth demon¬

strated in 1879 the solvating power of supercritical fluids for solids. ' They

studied the solubilities of chlorophyll and inorganic salts in supercritical etha-

nol and found that increasing the pressure cause the solutes to dissolve and that

decreasing the pressure cause the dissolved materials to precipitate as a „snow".

Paul Villard noticed in 1896 that in supercritical ethylene camphor melted

before it dissolved, even though the temperature was not raised. ' Studies of

solubilities and phase behavior continued and the results are described in a

number of extensive reviews.

Starting from the early 1920s, the practical application of compressed gases

for extraction and purification was recognized and also the first patents

appeared on the utilization of liquid C02. ' SCFs were investigated espe¬

cially in the rapidly growing petrochemistry.

A major technical breakthrough came in the early 1960s with the develop¬

ment of natural product extraction using scC02 by Kurt Zosel. His pioneer¬

ing work focused on scC02 as extraction medium for the food industry. The

first applications of „destraction"- as the process was named by Zosel- were the

extraction of caffeine from green coffee beans and of hops aroma were already

implemented on a technical scale between 1975 and 1985. Later this technol-
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ogy named as supercritical fluid extraction (SFE) became very popular in food

industry and gained attention in chemical synthesis.

Today there are many industrial applications of SCFs, a small selection is

shown in Table 1-1; more detailed information and specifications are given in

the book ofJessop and Leitner.30

Table 1-1 : Some industrial applications of SCFs (Status 1999).30

Reaction Process/product SCF Status

Oxidation scwo1 H20 Production

Polymerization LDPE2 C2H4 Production

Hydrogénation Ammonia H2/N2 Production

Hydrogénation Methanol H2/CO/C02 Production

Hydration Alcohols C2H4, C3H6, C4H8 Production

Transfer hydrogénation Estradione Tetralin Pilot plant

Hydrogénation Various co2 Pilot plant

Nitration Energetics co2 Pilot plant

1
supercritical wet oxidation (oxidation in scH20)

low density polyethylene

1.2 Properties of Pure SCFs

The utilization of dense, compressed gases as media for chemical reactions and

separation processes requires considerable knowledge of molecular interactions

in binary and multi-component systems.

PTV-Diagram and the Critical Point

An important aspect of primary interest are the PTV-relations of the com¬

pressed pure gases. Figure 1-2 shows the different regions of a pure compound
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Fig. 1 -2: PTV-Phase diagram of a pure substance with its solid, liquid, gas (vapor), super¬

critical and two-phase regions and the effect of pressure on density at subcritical (Tj<Tc) and

supercritical (T2>TC, T3»TC) conditions is shown. The isotherm Tj illustrates the disconti¬

nuity in the density vs. pressure function at subcritical conditions due the phase change. The

isotherms T2 and T3 illustrate the pressure dependent density p of SCFs which can be varied

continuously from that of a vapor-like to that of a liquid-like. TP indicates the triple point
and CP the critical point. The figure is taken from Ref. 35.

in a PTV-phase diagram. At the critical point, the density of the gas phase

becomes equal to that of the liquid phase and the interface between gas and liq¬

uid disappears. At this point the macroscopic behavior of the SCFs is characte¬

rized by mechanical and thermal instabilities. These instabilities results from

singular behavior of some properties such as the isothermal compressibility,

which tends to infinity. From a microscopic point of view, this behavior has

been interpreted by fluctuations of the local density leading to the critical opal¬

escence phenomenon due to the fact that the correlation length is of the same

order of magnitude than that of the visible light. At the critical point the local
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organization includes simultaneously regions of both gas and liquid local densi¬

ties. This phenomenon is called clustering, also termed as local density

enhancement or molecular charisma, where due to the larger free volume

of SCFs compared with liquids there is enough space for the molecules to move

into energetically favored state. Solvent molecules gather around solute mole¬

cules and also solute molecules aggregate. The resulting non-uniform spatial

distribution of solvent molecules about solute molecules gives an interesting

solvent effect, which can affect higher rates and selectivities in chemical reac¬

tions. Such a local organization is very dynamic (with a life time of approxi¬

mately 100 ps) and these local fluctuations of density allow to explain the

increase of the fluid compressibility. A very small increasing of pressure can

change the local density from a gas-like to a liquid-like and this properties

makes SCFs a promising media for chemical reactions and extractions. With

increasing distance from the critical point, the effect of pressure on density

becomes less dramatic. The most effective region concerning the tunability of

density-related properties of a SCF with small pressure and/or temperature

changes is immediately above the critical point.

Physical Properties

In general, the physical properties of SCFs, such as density, viscosity, diffusivity

and thermal conductivity lie between those of liquids (dissolution power) and

gases (higher mass transfer). But it is important to mention that some of the

properties (density and related properties) of a SCF are more liquid-like,

whereas others are more gas-like (viscosity, diffusivity). Table 1-2 shows a

rough comparison of selected physical properties for gases, liquids, and SCFs

near the critical point.
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Table 1 -2 : Comparison ofphysical properties ofliquids, SCFs near critical point, and gases.

Data taken from Refs. 36 and 37, exception the density range ofSCFs which includes pc(Xe).

Physical properties Gas (ambient) SCF (Tc, Pc) Liquid (ambient)

Density p

[kg m"3]

Dynamic viscosity r\

[mPa s]

Kinematic viscosity V1

[106 m2 s'1]

Diffusion coefficient D

[106 m2 s'1]

0.6-2

0.01-0.3

5-500

10-40

Thermal conductivity k q q j

[Wirf1 K'1]

200 - 500 600-1600

0.01-0.03 0.2-3

0.02-0.1 0.1-5

0.07 0.0002 - 0.002

0.01-0.1 0.01

kinematic viscosity was estimated from dynamic viscosity and density: V — î~|/p

The density of a SCFs is comparable to that of liquids that enables a better

solubility of any material in SCFs composed to the corresponding gas, because

the solubility in a liquid is several orders of magnitude higher than in a gas.

Accordingly, the solubility of a compound in a SCF depends exponentially on

the fluid density. The solvating power and the separation of a SCF can be

controlled by two variables by changing the density with pressure and/or tem¬

perature. The density of a SCF decreases with increasing temperature and

increases with increasing pressure.

The diffusivity and viscosity are gas-like and responsible for transport

properties which influence the mass transfer rates. Generally, the diffusivity in

the SCF is at least one order of magnitude higher and the viscosity one order of

magnitude lower than in a liquid. It concludes that a solid dissolves in a SCF at

a higher rate than in a liquid. The diffusivity changes with pressure and tem¬

perature are also strongly influenced by density and viscosity. Density and
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viscosity increase with pressure coupled with a corresponding decrease of diffu¬

sivity. At higher pressures these variations are smaller due to the lower sensitiv¬

ity of density to pressure. In general, the diffusion coefficient increases with

temperature at constant pressure.

The dynamic viscosity r| of an SCF is comparable with that of a gas at the

same temperature. Further, the density of SCFs near the critical point is at least

two orders magnitude higher than that of a gas, which results in a very low

kinematic viscosity v = r| / p. This is advantageous for mass transfer, because

natural convection effects are inversely proportional to the square of the kine-

• 40
matic viscosity

The surface tension a of a liquid that is in equilibrium with its vapor

decreases with increasing temperature and becomes zero at its critical point.

Therefore the SCF behaves like a gas and fills uniformly the available space,

which property makes the SCF to an interesting medium for reactions or

extractions involving porous solids and packed beds.

The isobaric heat capacity of SCFs varies strongly around the critical

point, whereas the isochoric heat capacity changes only slightly. Accord¬

ingly, SCFs combine relatively high heat capacity with enhanced heat transfer

rates due to buoyancy.

Other Properties

The faster mass transport and the adjustable solvent solubility are two impor¬

tant advantages of SCFs over conventional liquid solvents. The mostly used

SCFs have a low molar mass, which is generally connected with relatively mild

critical temperatures. This situation allows to work at moderate temperatures,

which is a advantage for thermally instable substances. The far most important



Introduction 9

advantage of SCFs is the easy separation of the fluids from the other compo¬

nents by releasing the pressure in the system.

Some Common SCFs

The most commonly used SCFs in chemistry are C02, ethane, ethene, water,

ammonia and xenon. They all have distinct advantages over conventional sol¬

vents. Table 1-3 lists the critical data for a few important SCFs. The use of

SCFs usually requires an excess of pressure by at least 40 bar. Generally, linear

hydrocarbons have a critical pressure below 50 bar and the critical temperature

increases with increasing molecular weight. SCFs capable of hydrogen bonding

require relatively high critical pressures and temperatures.

Carbon dioxide (Tc = 30.9 °C, pc = 73.7 bar) is by far the most widely

used SCF in chemistry and extractions processes. Carbon dioxide is nontoxic,

nonflammable, environmentally benign, and available in high purity at low

cost.
' Such preferences make C02 to a promising solvent to substitute

harmful organic solvents and for applications in the food or cosmetic industry,

where the use of nontoxic solvents is critical. Carbon dioxide is used in several

commercial extractions, its solvent power is comparable to that of hexane.

The low critical temperature makes it also an ideal solvent for biologically cata¬

lyzed and thermally sensitive reactions. ' ' Other beneficial effects result

from chemical reactivity of the solvent C02 which allows it to be used simulta¬

neously as a C: building block '

or an in situ protecting group. Further¬

more, the established separation techniques utilizing scC02 may be fruitfully

integrated into synthetic processes allowing, for example, the development of

new recycling techniques for homogeneous catalysts.

Supercritical ethane and ethene show more or less the same solvent proper¬

ties as C02. Both have the disadvantage compared with C02, that they are
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flammable. Additionally, ethene can polymerize which demands to pay atten¬

tion by working with these fluids.

Water is also cheap, nonflammable, nontoxic, and environmentally benign,

but in comparison with other commonly used SCFs scH20 has a very high

critical pressure and temperature. However, the properties of scH20 are quite

different from those of liquid water; in the closer region of the critical point it

behaves like a moderately polar organic solvent. The dielectric constant is

reduced to the point where organic substances are lightly soluble while the so¬

lubility of inorganic materials is greatly reduced. These solvation properties

make scH20 to an ideal medium for the oxidation of organic waste.
' The

high miscibility of scH20 with organic solvents and 02 leads to the formation

of simple nontoxic oxidation products such as H20 and C02. The addition of

a base increases the conversion of heteroatoms such as Cl, P, F and S into a salt.

A drawback of scH20 is its high corrosiveness which necessitates special alloys

for all contacting parts.

Ammonia is less polar and less protic than water and an interesting

medium for inorganic reactions because it is still able to solubilize many inor¬

ganic reagents especially those which are unstable in water. It is a gas at room

temperature that requires a more complex experimental setup than with water.

The high cost and being environmentally unfriendly are disadvantageous for

the practical use of supercritical ammonia.

Xenon is a useful fluid for spectroscopic measurements because it is com¬

pletely transparent throughout the spectrum from UV to far IR, but it is very

expensive.
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Table 1 -3 : Critical data ofsome important and common used supercritical fluids (Data tak¬

en from Ref. 53)

Fluid Tc [°C] Pc [bar] Pc [% m"3]

1-Propanol 263.6 51.70 275

2-Propanol 235.1 47.62 273

Ammonia 132.3 113.5 235

Carbon dioxide 30.9 73.75 468

Ethane 32.2 48.84 203

Ethanol 240.7 61.37 276

Ethene 9.1 50.41 241

Methanol 239.4 80.92 272

Nitrous oxide 36.4 72.55 452

Propane 96.6 42.50 217

Propene 91.6 46.01 233

Sulfur hexafluoride 45.5 37.7 735

Water 373.9 220.6 322

Xenon 16.5 58.4 1110

1.3 SCFs in Heterogeneous Catalysis

The replacement of volatile organic solvents used as reaction medium with

water or other environmentally benign solvents such as SCFs is desirable,

because no expensive purification steps would be required. Further, safety risks

would also be mitigated due to the complete lack of flammability ofscC02 and

scH20, the mostly used SCFs in heterogeneous catalysis.

Next to the high compressibility, clustering, gas-like behavior with regard

to surface tension and the better mass and heat transfer of SCFs due its proper¬

ties (discussed in Chapter 1.2), there are other advantages of SCFs in heteroge-
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neous catalysis. In this part, the general effects of kinetic and thermodynamics

features and the phase behavior on chemical reactions will be discussed.

1.3.1 Kinetic and Thermodynamics Features

In chemical reactions under supercritical conditions relatively high pressures

are required that is why in SCF processes also the influence of pressure on reac¬

tion thermodynamics and kinetics (reaction rates
' and chemical equilibria)

have to be consider. The reaction kinetics can be strongly affected in the super¬

critical region by varying the pressure (kinetic pressure effect). Equation 1

shows the influence of pressure and reaction volume AVr on the mole fraction-

based equilibrium constant K^ at constant temperature and molar ratio:

SlnK^ AVr
(1)

ôp \,x RT

The reaction volume is the difference between the partial molar volumes of

the product(s) and the reactant(s). Near the critical point the volume difference

can reach values in the order of liters per mol caused by the solvation effect and

the high isothermal compressibility of SCFs.

Another description of the pressure effect on kinetics is related to the tran¬

sition state theory where the mole fraction-based rate equilibrium kx depends

proportionally on the activation volume AV^:

,*

olnkx^ AV;
(2)

ôp A RT

The activation volume can represent, for example, the difference between

the partial molar volume of the activated complex and the sum of those of the
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reactant(s). Compared to reactions in gaseous or liquid phase, activation vo¬

lumes are typically in the range -0.03 to 0.03 1 mol' (depending on the struc¬

ture and solvation) but near the critical point values of AV^ in the order of

magnitude of liters per mol are reached. This shows again the influence of the

high compressibility of SCFs that demonstrates the change of the reaction rate

from a gas-like fluid to one of a liquid-like fluid.

1.3.2 Phase Behavior and Mixtures

The employment of SCFs involves also a consideration of the phase behavior of

the system under sub- and supercritical conditions. The supercritical condi¬

tions for pure substances are well-defined but nearly all applications of SCFs

involves several components: reactant(s), product(s), and solvent(s). The influ¬

ence of temperature and pressure on the phase behavior of a multi-component

system is very complex. For example, there exist multiple phases such as solid-

liquid-vapor or liquid-liquid-vapor.

The phase behavior of binary systems can be classified into nine types of

phase diagrams which can be predicted by the van der Waals equation of

state. Further, the nine types were classified by Scott and van Konynenburg

into five classes from I to V. For some aqueous systems exists a sixth class but

it is much less known than the other five classes. The phase diagrams are

described by mixture critical lines and three-phase lines in P-T-X and P-T pro¬

jections. Figure 1-3 shows the binary P-T phase diagram of class I as an exam¬

ple.

The complexity of the phase diagrams demonstrates how different the

phase behavior of a system under high-pressure conditions can be. It is impor-
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Fig. 1-3: P-T projection of class I (simplest class) binary phase diagram. The substance

with the lower critical temperature is named component 1. The solid lines represent the pure

liquid-vapor coexistence curves which terminate at the critical point of the two components.

The mixture critical line (dashed line) between the two critical points represents the region
of critical points for all mixtures of the two components. The area embedded by the three

lines represents the two-phase, liquid-vapor region. The mixture critical line named L = V

represents liquid and vapor mixture phases and can take different shapes. Figure taken from

Ref. 30.

tant to study the phase behavior of a multi-component system at the reaction

conditions for the proper interpretation of the experimental data.

1.3.3 Features of SCF Applications in Heterogeneous Catalysis

Some properties of SCFs offers promising perspectives and possibilities for

applications in heterogeneous catalysis. For example, it is possible to eliminate

the gas/liquid phase transfer resistance and thus enhance the reaction rate.

Figure 1-4 illustrates the sequences of the physical and chemical steps of a cata-
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a) mass transfer resistances b) magnified cross section c) mass transfer resistances

at subcritical conditions of solid catalyst at supercritical conditions

o gas bubble reacTanlA

Q I qu d rear ant B

*

Îreat/dirroar an

buk boundary
nnaso layer

Fig. 1-4: Sequence of physical and chemical steps occurring in a heterogeneous catalytic

gas/liquid reaction and comparison of such a reaction at subcritical and supercritical condi¬

tions. Representative sections of the reactor content, corresponding mass-transfer boundary

layers and reaction concentration profile are shown for both subcritical and supercritical con¬

ditions. At subcritical (part a) conditions the reactor content consists ofgas bubbles and solid

catalyst particles. In part b a magnified cross section of a catalyst particle is shown and in part

c the situation at supercritical conditions. These physical and chemical steps are relevant in a

tree-phase reaction: (1) diffusion of gaseous reactant A from bulk gas phase to the gas/liquid
interface; (2) absorption ofA at the gas/liquid interface and ensuing to the liquid bulk phase;

(3) diffusion of reactants from bulk liquid phase through stagnant fluid film surrounding sol¬

id catalyst particle; (4) internal diffusion of reactants into porous network ofthe catalyst; (5)

adsorption of reactant(s); (6) reaction on the surface; (7) desorption ofproduct(s); (8) diffu¬

sion of product(s) through porous network to outer surface of the catalyst; (9) diffusion of

product(s) through stagnant boundary layer into bulk fluid. Note that at supercritical condi¬

tions (part c) steps (1) and (2) are not present and step (3) is reduced due to the lower viscosity

of SCFs. Figure taken from Ref. 35

lytic gas/liquid/solid type reaction. The elimination of the gas/liquid phase

transfer resistance under supercritical conditions in a three-phase reaction is

probably the biggest advantage of the use of SCFs in heterogeneous catalysis.



16 Chapter 1

Another opportunity is the diminished external fluid diffusion resistance

caused by the lower viscosity of SCFs compared to liquids. This two advantages

together may accelerate the reaction rate remarkably, because diffusion of the

gaseous reactant to the catalyst surface often represents the rate limiting step in

three-phase reactions. High diffusivities and very low kinematic viscosities in

the supercritical region, and the higher thermal conductivity of SCFs, result in

fast mass and heat transfer. These properties allow a better heat removal, which

is important in highly exothermic reactions, where careful temperature control

is essential for achieving good selectivity and improve the product stability.

Adding a co-solvent and/or changing temperature and pressure or cluster¬

ing are possibilities for controlling of selectivities. For understanding and con¬

trolling these alterations the effect of reaction conditions on the rates of parallel

and competing reactions and the influence of the components on the phase

behavior have to be clarified. '

One problem in heterogeneous catalysis is the formation of heavy by-prod¬

ucts such as dimers and oligomers which may block some active sites on the

catalyst surface and lead to coking and catalyst deactivation. The reasonable

solubility of such high molecular weight substances in SCFs is a further advan¬

tage of working in a supercritical medium. ' The higher diffusivity in SCFs

enhances also the transfer ofpoisons form the internal and external catalyst sur¬

face and leads to a longer catalyst lifetime. Regeneration of the catalyst can be

accomplished by extractions in SCFs, for example in scC02.

Another advantage of SCFs is the facilitated separation of solvent, reac-

tant(s), and product(s) by slightly releasing of the pressure after the reactor. By

this process the reactant(s) and products condense or precipitate and it is possi¬

ble to reintroduce the unused reactant(s) into the feed (reactant recycling). The
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benefits in costs of separation are partially compensated by the more expensive

operation of the high-pressure reactor.

Higher reaction rates and enhanced mass and heat transfers in SCFs, and

the lower costs for separation, allow the construction of continuous reactors,

considerably smaller than required for conventionally operated continuous

reactors with the same performance. ' These advantage makes the employ¬

ment of SCFs in heterogeneous catalysis very attractive. Higher process safety

and lower space requirements for the chemical plants are other two advantages

of the use of SCFs. 7' 8 Further information about opportunities of SCFs in

heterogeneous catalysis are given by Baiker.

1.4 Reactions in SCFs

As shown in Chapter 1.2 there are numerous advantages of using SCFs in het¬

erogeneous and homogeneous catalysis. Within the scope of this thesis are

hydrogénation, dehydrogenation, and oxidation reactions in SCFs. Table 1-4

shows a short overview on these heterogeneously and some homogeneously cat¬

alyzed reactions in SCFs.
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Table 1 -4: Overview on heterogeneously catalyzed hydrogénation, oxidation and dehydro¬

genation reactions under near-critical or supercritical conditions.

Reactant Catalyst Solvent T [°C] P [bar] Reactor Refs.

1. Hydrogénation

Fatty acid methyl esters

Fatty acid methyl esters

Palm oil

Fatty acid methyl esters

Fats and oils

Acetophenone, cyclohex-
ene, l,2-(methylene-

dioxy)-4-nitrobenzene

m-Cresol, isophorone and
other organic compounds

Ethyl pyruvate

Ethyl pyruvate

Double bonds of unsatur¬

ated ketone

Cu-based and Cu- Propane 50-190 70-180

chromite

Pd/aminopolysiloxane C02 90 100

Pd/carbo Propane 65-135 50

Cu-chromite, and chro- C02and 210-250 150-250

mium free T-4489 propane

Pd(Pt)/Deloxan C02 60-160 80-160

Pd(Pt)/Deloxan C02 and 40-320 60-120

propane

Pd(Pt,Ru)/Deloxan C02 and 40-350 40-200

propane

Pt/alumina and ein- Ethan and 40-100 70-250

chonidine as modifier propane

Continuous [69-73]

Continuous [74]

Continuous [74]

Continuous [75]

Continuous [76-78]

Continuous [79]

Pt/alumina

Pd/alumina

Tetralin Pt/alumina

Propargylic alcohol Pd81Si19

a,ß-Unsaturated alde¬ Pt/alumina

hydes

Phenylacetylene Pd81Si19

Cyclohexene Pd/carbon

Bitumen Activated carbon

Maleic anhydride and 4- Pd/alumina

oxoisophorone

2-Butyne-l,4-diol Ni, Mn/stainless

Nitro compounds Pt(Pd,Ru,Rh)/alu

Phenol, cresol, isophor¬
one, naphtalene, naphtol;

Pt(Pd,Ru,Rh)/carbon,

Pt(Pd,Ru,Rh)/silica

Rh(Pd,Ru)/carbon,

Rh(Pd,Ru)/alumina

Ethane 30 - 50 60 - 140

C02 100-300 50-250

C02 220 - 250 70 - 80

C02 40-180 50-250

C02 50 70 - 200

C02 30-45 30-190

C02 70 136

C02 185-500 100-150

C02 50-200 17-150

C02 50 60-160

C02 35 - 50 100 - 240

CO, 50 - 60 90 - 250

Continuous [80]

Batch [81,82]

Continuous [83,84]

Internal- [85-89]

recycle reac¬

tor of Berry

type

Batch [90]

Continuous [91-93]

Batch [94,95]

Continuous [96]

Continuous [97]

Continuous [98]

Batch [99-101]

Batch [102]

Batch [103,104]

Batch [105-110]

and biphenyl
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Table 1-4: (Continued) Overview on heterogeneously catalyzed hydrogénation, oxidation

and dehydrogenation reactions under near-critical or supercritical conditions.

Reactant Catalyst Solvent T[°C] P [bar] Reactor Refs.

Citral and cinnamaldeyde Pt/MCM-48

PtRu/MCM-48,

Pd/alumina

Pd/MCM-48

co2 40- 150 30 - 200 Continuous

and batch

[111-114]

2. Dehydrogenation

Toluene PbO Toluene 180 - 370 17-48 Batch [115]

Cjq-Cj4 n-paraffins Pt-Sn/alumina Feedstock 400 - 470 1-44 Continuous [116]

Ethanol Wall effect (steel) H20 450-500 Batch [117]

Formaldehyde, acetic

acid, 2-propanol and glu¬
cose

Ce02, M0O3, Ti02

and Zr02

H20 400 300 Batch [118]

1 -Phenylethanol Pd/alumina co2 80- 165 30-190 Continuous [119]

3..
Oxidatioin

Toluene Co/alumina co2 20 - 220 80 Continuous [120]

Propylene Cal2/Cul/Cu20 on 70 - 400 >70 [121-123]

Methane and pyridine

MgO or alumina and

Ag catalysts

Cr203, alumina,

Pt/alumina,

H20 365 - 475 114-439 Continuous [124-126]

and batch

Cr203/alumina, and

Cyclohexane derivatives

Ethanol

Isobutane

Methanol

Pt02(Pt)/carbon H20

Pt/titania C02

Silcia-titania,

Pd/carbon

Fe203-Mo03, Fe203 - C02

SiO,

375 Batch

150-300 90 Continuous

130 - 153 44 - 54 Continuous

150-350 90

Acrylate ester PdCl2, CuCyCuCl co2 27- 80

Chiral sulfides Amberlyst 15 co2 40

Benzyl alcohol and octyl Pd(Pt,Bi)/carbon, co2 60- 140

alcohols Pd/alumina

Olefins Wall effect (steel) co2 46-55

Isobutane Autocatalytic Isobutane 20

Batch

90-130 Batch

100-120 Batch

65-135 Continuous

190 Batch

50 Continuous

and batch

[127]

[128]

[129-131]

[132-134]

[135]

[136,137]

[138-140]

[141]

[142]
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Table 1-4: (Continued) Overview on heterogeneously catalyzed hydrogénation, oxidation

and dehydrogenation reactions under near-critical or supercritical conditions.

Reactant Catalyst Solvent T[°C] P [bar] Reactor Refs.

Propane Co-, Cu-, Mn-, Mo-

based catalysts and

(VO)2P207

co2 180-450 25- 100 Batch [37,143-

146]

Cyclohexene, 1-octene, Pd(Pt)/alumina and co2 30- 160 80 - 207 Batch [147,148]

toluene, ethanol and iron complex
cyclohexane

Propylene Pd-Pt/TS-1 co2 43 50- 120 Continuous [149]

Propylene Pd/TS-1 co2 45 131 Batch [150]

Alcohols Pt/carbon,

Pt/MCM-41

co2 60- 100 110- 150 Batch [151-153]

H2 Pd(Au)/carbon co2 0-120 140 Batch [154]

Alcohols Ru/silica co2 75 220 Batch [155-157]

Benzyl alcohol Pd/alumina co2 60-80 70 - 170 Continuous [158,159]

Phenol Mn02 H20 425 247 Continuous [160]

Alcohols Pd nanoparticles co2 50-80 132-155 Continuous

and batch

[161]

Limonene Mn(salen)Cl and

Ni(salen)

co2 Batch [162]

Methlyamine Reactor wall H20 390 - 500 250 Continuous [163]

Geraniol Pd/alumina, Pd/silica co2 80 30-190 Continuous [164]

1.4.1 Hydrogénation

The nearly complete miscibility of SCFs with other gases is one of the most

important properties of these reaction media, especially for hydrogénation and

oxidation reactions. In contrast to the situation in SCFs, H2 has limited solu¬

bility in the liquids, which often leads to H2-mass-transfer-controlled reaction

conditions. However, H2 above 31 °C is miscible in all proportions with

C02. Hence, at a certain pressure much higher H2-concentrations are possi-
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ble than in conventional solvents, which situation leads often to higher hydro¬

génation rates.

The first report of homogeneous hydrogénation of organic substrates in a

SCF was a patent describing the hydrogénation of coal extracts with salts cata¬

lysts dissolved in scH20.166

Noyori et al. reported the first example to the use of scC02, the hydrogé¬

nation of a cyclopropene derivative with [MnH(CO)5] via a radical mecha¬

nism. The conclusion of the study was that the results obtained in scC02

were not significantly different from those obtained in liquid organic solvents.

In another work Noyori's group reported the hydrogénation of C02 to formic

acid over a ruthenium(II) phosphine complex under supercritical conditions.

In scC02 the reaction rate was more than one order of magnitude higher than

in liquid organic solvents under identical conditions. Kröcher et al. improved

the catalyst system by applying a bidentate type Ru complex as a heterogeneous

catalyst. The silica matrix stabilized the ruthenium complex and the solid

catalyst was highly active for the synthesis of DMF and MF under supercritical

conditions.168'171

Härröd and JVfoller investigated the partial hydrogénation of fatty acid

methyl esters in propane under near-critical and supercritical conditions. '

Converting liquid oils into semi-solid fats improves the oxidation stability of an

oil. By the same process low trans fatty acid contents were achieved what is

favorable for consumption. The reaction rate was about 1000 times higher

than in the traditional batch hydrogénation.

The hydrogénation of fatty acid methyl esters was also studied by Anders-

son et al. and they reached high fatty alcohol yields directly from soybean oil.

The authors performed the reactions in scC02 and scC3H8 at temperatures

210 - 250 °C using two different catalysts.
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Take et al. reported the partial and complete hydrogénation of oils, fats,

free fatty acids, and fatty acid esters on commercial supported Pd- and Pt-cata-

lysts in scC02. ' They observed up to six times higher space time yields and

also better selectivities in a continuous fixed-bed reactor than in a trickle-bed

reactor using an activated carbon supported palladium catalyst.

Hitzler and Poliakoff investigated the continuous hydrogénation of several

organic substrates in SCFs (C02 or propane) using Pt-group metals supported

on Deloxan aminopolysiloxane. ' They have studied the influence of various

parameters (temperature, pressure, concentration of H2, etc.) to optimize the

conversion and selectivities.

The first application of SCF in heterogeneous asymmetric catalysis was

reported by Minder et al. The test reaction was the hydrogénation of ethyl

pyruvate using cinchonidine-modified Pt-on-alumina in supercritical ethane

(Figure 1-5). The catalytic results were equal to that in toluene and better than

that in ethanol. ' A strong catalyst deactivation was observed in scC02

which was attributed to the reduction of C02 to CO via reverse water-gas shift

reaction on Pt. The same enantioselective reaction was studied later by Wan-

deler et al. in a continuous-flow fixed-bed reactor.
' They studied also the

phase behavior in a high-pressure view-cell and found that consideration of the

phase behavior of binary fluid systems is a good approach for understanding

the phase behavior of multi-component high-pressure systems.

The three-phase catalytic hydrogénation of an unsaturated ketone in

scC02 was studied by Bertucco et al. in order to simulate the performance of a

semi-industrial trickle-bed reactor.
' High-pressure kinetic experiments were

carried out in a modified internal-recycle reactor and an industrial supported

Pd catalyst was used.
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Fig. 1-5: Enantioselective hydrogénation of ethyl pyruvate to (R)-ethy\ lactate over cin-

chonidine-modified Pt/alumina.

The hydrogénation of diesel aromatic compounds (tetralin) in scC02 was

studied by Martins and co-workers. The results in scC02 were much better

than those obtained with conventional solvents with the same catalyst under

the same reaction conditions.

Jansen et al. and Tschan et al. investigated the continuous semihydrogena-

tion of dehydroisophytol (DIP) to isophytol (IP) (Figure 1-6) over an amor¬

phous Pd81Si19 catalyst under near-critical and supercritical conditions of

C02. Under supercritical conditions the glassy metal catalyst showed high

activity affording high space-time-yields. Later, Tschan et al. studied also the

continuous semihydrogenation of phenylacetylene over a Pd81Si19 glassy metal

catalyst in scC02. The highest conversion and good selectivity (96%) were

achieved near the transition to a single phase mixture.

Arai et al. reported the selective hydrogénation of an a,ß-unsaturated alde¬

hyde to unsaturated alcohol with supported platinum catalysts in scC02 at

50 °C. ' High selectivity was achieved, in contrast to previous results in

organic solvents in which medium selective hydrogénation is difficult to

achieve with monometallic Pt catalysts. The same group presented later also the
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Fig. 1 -6: Reaction scheme for hydrogénation of dehydroisophytol (DIP).

hydrogénation of 2-butyne-l,4-diol over Cu supported catalysts in scC02 at

50 °C with a selectivity of 84% at 100% conversion and the hydrogénation of

nitro compounds over supported Rh, Ru, Pt and Pd catalysts.102'10 The stud¬

ies indicated that scC02 is an ideal medium for the production of amino com¬

pounds by hydrogénation of nitro substrates using conventional supported

metal catalysts.

Arunajatesan et al. investigated the hydrogénation of cyclohexene to cyclo-

hexane over Pd/C in a continuous fixed-bed reactor employing scC02. Excel¬

lent temperature control and stable catalyst activity were demonstrated at

70 °C and 136 bar, which represent dense-supercritical operating conditions.

Pillai et al. hydrogenated maleic anhydride and 4-oxoisophorone over

Pd/alumina in scC02 at different temperatures and pressures. A compari¬

son with conventional solvents and the use of various co-solvents for C02 has

also been reported. Catalyst deactivation was found to be much less severe in

scC02 compared to that in organic solvents.
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The Sharai group investigated the catalytic ring hydrogénation of several

organic compounds (phenol, cresol, isophorone, naphtalene, naphtols, and

biphenyl) in scC02 over supported Ru, Rh, Pd catalysts in a batch reac¬

tor. Supported palladium catalysts were less active than the supported

rhodium and platinum catalysts, but were highly selective.

Chatterjee and co-workers studied the selective hydrogénation of citral and

cinnamaldehyde using Pt, Pd, and Pt-Ru catalysts on a mesoporous support in

scC02.
"

Compared to the conventional organic solvents, improved activ¬

ity and selectivity has been observed in scC02.

1.4.2 Dehydrogenation

Dehydrogenation is an endothermic reaction and conversion is often limited

by the thermodynamic equilibrium. High reaction temperatures and low par¬

tial reactant pressures (due increasing number of molecules in the reaction) are

advantageous for dehydrogenations. Up to present time there are only very few

examples known for dehydrogenations in SCFs.

Gabitto et al. studied the dehydrogenation of toluene over PbO in a batch

reactor at subcritical and supercritical temperatures and pressures. The stud¬

ies revealed that the rate of dibenzyl formation more than doubled when the

pressure was increased from subcritical to supercritical level.

Wei et al. reported the catalytic dehydrogenation of a mixture of C10-Ci4

n-paraffins to linear monolefins in the supercritical phase. The supercritical

conditions led to substantial improvements in conversion and selectivity as well

as the reduction of coke formation.
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Arita and co-workers investigated the dehydrogenation of ethanol in

scH20 without catalyst. They studied also the reaction mechanism and pro¬

posed a water-(as a base)-catalyzed mechanism shown in Figure 1-7.
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Fig. 1-7: Proposed mechanism of the ethanol decomposition in scH20 without catalytic

reagents.

The conversion of some small organic compounds (formaldehyde, acetic

acid, 2-propanol) and glucose with metal oxides in scH20 at 400 °C was pre¬

sented by Watanabe et al. Additionally they studied also the effects of acidity

and basicity of the metal oxides for organic reactions in scH20 and found that

Ce02 and Zr02 possessed basic sites, whereas M0O3 and Ti02 were domi-

nantly acidic.

1.4.3 Oxidation

Environmentally benign oxidations in scC02 or other SCFs have been receiv¬

ing increased attention in the past decade. The advantages of using scC02

include the replacement of organic solvent with nontoxic C02, the complete

miscibility of 02 in scC02 eliminating interphase transport limitations, and

the resistance of C02 to oxidation. In some cases oxidation in scC02 is slower
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and high-pressure is necessary, so Busch and Subramaniam proposed a C02-

expanded solvent medium, where the conventional solvent medium is only

partially replaced by dense C02.172

Dooley and Knopf studied the partial oxidation of toluene to benzalde-

hyde with air in scC02 using redox or acid catalysts in a continuous fixed-bed

reactor. Screening studies of several oxide and mixed-oxide catalysts revealed

that supported CoO, partially oxidized to Co(III), was the most active and

selective catalyst.

Gaffney et al. reported the selective oxidation of propylene to acrolein in

supercritical media over carbogenic catalysts with and without loadings of Ag

and K.121'123 Most notable, acrolein selectivity increased from 7 to 64% by

incorporation of29% Ag and 0.7% K.

The partial oxidation of methane to methanol over Cr203/Al203 and

Mn02/CeO in scH20 in a continuous-flow system was studied by Abraham

and co-workers. ' In a carefully controlled environment methanol, formic

acid, and other partial oxidation products were produced selectively from

methane. The same group investigated later also the catalytic oxidation of pyri¬

dine in scH20 and proposed two different reaction mechanism to explain the

experimental observations.

Parssons and co-workers investigated the oxidation and dehydrogenation

of cyclohexane derivatives over Pt02 and Pt/C using scH20 in a batch reac¬

tor. The results demonstrated that organic functional group transformations

in scH20 could be accessed through the selection of appropriate catalysts.

Akgerman's group presented the catalytic oxidation of ethanol and acetal-

dehyde over 4.45% Pt/Ti02 using scC02 in a fixed-bed reactor.128 At 90 bar

and 150-300 °C C02 (the complete oxidation product), acetaldehyde, and

trace amounts of CO were generated during ethanol oxidation, while a trace
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amount ofCO was the only partial oxidation product during acetaldehyde oxi¬

dation.

Fujimoto et al. investigated the air oxidation of isobutane to tert-butyl

alcohol over Si02-Ti02 and Pd/carbon catalysts in the supercritical

phase. Remarkable enhancement of activity around the critical point was

observed when the reaction mixture changed to supercritical phase. Further, in

reactions with SCFs at lower temperature (253 °C) no catalyst deactivation was

observed. Later Shah et al. compared the kinetics of isobutane oxidation in the

liquid phase and under supercritical conditions.

Willey and Wang reported the oxidation of methanol over iron-on-silica or

iron-on-molybdena aerogels in a fixed-bed reactor using scC02.
"

Partial

oxidation products of dimethyl ether, methyl formate, or formaldehyde were

found between 200 and 300 °C. Selectivity was influenced by the catalyst used.

Pure iron oxide favored dimethyl ether, low levels of iron oxide on silica favored

methyl formate, and iron oxide on molybdenum favored formaldehyde.

Jia et al. presented the oxidations of acrylate esters to acetals using scC02

with Pd and Cu catalysts in a batch reactor. Depending on the C02 and 02

pressures, excellent conversions (99.7%) and selectivities (96.6%) were rea¬

ched.

Rayner and co-workers studied the diastereoselective sulfoxidation of chiral

sulfides with tert-butyl hydroperoxide in conventional solvents using

scC02.13 '137 The use of tert-butyl hydroperoxide and Amberlyst 15 ion

exchange resin was particularly effective for sulfoxide formation. With cysteine

derivatives a dramatic pressure-dependent increase in diastereoselectivity (over

95%) was observed in scC02. For comparison, no diastereoselectivity was

observed in conventional solvents.
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The palladium-catalyzed oxidation of various aliphatic and aromatic alco¬

hols using scC02 in a continuous-flow reactor system was reported by Jenzer et

al.
"

The complex effects of pressure and oxygen concentration on the reac¬

tion rate have been interpreted by studying the phase behavior in a high-pres¬

sure view cell under reaction conditions. No catalyst deactivation or metal

leaching has been observed. Later the authors investigated the continuous oxi¬

dation of propylene over Pd-Pt/TS-1 catalyst with in situ formed hydrogen

peroxide. The catalyst deactivation was investigated with TA-MS and TA-

FTIR. Two years later Danciu et al. reported the same reaction also over Pd/

TS-1 in a batch reactor. They found that methanol is not required for the effi¬

cient production of propylene oxide from propylene and H202 produced in

situ. The direct synthesis of H202 from H2 and 02 using Pd and Au was stud¬

ied also by Landon et al. The Au catalyst was very selective in the synthesis

of hydrogen peroxide.

The steel-promoted oxidation of olefins in scC02 using dioxygen as pri¬

mary oxidant and aldehydes as sacrificial co-oxidants was presented by the Leit-

ner group. No catalyst was required, but the reaction was promoted by the

stainless steel of the reactor wall. Depending on the substrate, either vinylic

oxidation or epoxidation occurred with high rates and selectivities.

Martin and Kerler investigated the partial oxidation of propane to oxygen¬

ates over CoOx/Si02 and (VO)2P207 using scC02 in a stirred batch and a con¬

tinuous-flow reactor at 280-350 °C and 26-113 bar.37'143'146 The catalytic

experiments revealed a significantly higher cumulative oxygenates selectivity

(i.e. acetic acid, methanol, acrolein, acetone) with increasing pressure. The

authors supposed that the formed oxygenates were removed more easily from

the catalyst surface without being totally oxidized due to the higher solvent

power of scC02.
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Sahle-Demessie and co-workers reported the oxidation of hydrocarbons

(cyclohexene, cyclohexane, 1-octene, toluene) and ethanol in scC02 over Pd

and Pt supported on alumina and an iron complex in a batch reactor and in a

continuous-flow reactor. The results demonstrated the effectiveness of the

use of a metal-oxo catalyst to oxidize cyclohexene with best TONs around 97.

Olsen et al. studied the oxidation of cyclohexane by iron tetraphenylporphyrin

in scC02. Oxidation in scC02 led to higher yields than in acetonitrile. They

observed that the C02 density is an important variable for the selectivity (and

turnover) in this oxidation process.

Some examples on the oxidation of alcohols to aldehydes using scC02 over

noble metal catalysts in a batch reactor were presented by Steele et al. and

Gläser et al. Compared to conversions in aqueous solution, catalyst stability

was significantly enhanced in scC02.

Ciriminna and co-workers investigated the aerobic oxidation of several

alcohols over an organically modified sol-gel, doped with tetra-n-propylammo-

nium perruthenate. ' The gels were recyclable and effective catalysts in

dense C02 in a batch reactor. Later, in a mechanistic study they reported that

the catalytic process exhibits a first-order dependence on the amount of cata¬

lyst, a fractional order on the alcohol concentration, and a negative order on

oxygen pressure higher than 0.2 bar.

Caravati et al. reported the selective oxidation of benzyl alcohol to benzal-

dehyde with molecular oxygen in scC02 over commercial Pd/alumina catalyst

in a continuous-flow fixed-bed reactor system. 'A marked increase of the

reaction rate was observed at 80 °C when increasing the pressure from 140 to

150 bar, while the selectivity remained constant at around 95% (Figure 1-8).

Tomita et al. presented the oxidation of phenol over Mn02 using scH20

in a tubular-flow reactor. They found that the conversion of phenol slightly
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Fig. 1-8: Pressure dependence of activity and selectivity in benzyl alcohol oxidation with

molecular oxygen over Pd/alumina.

declined during the first 6 h, which was due to the transformation ofMn02 to

Mn203.

The biphasic aerobic oxidation of alcohols catalyzed by poly(ethylene gly¬

col)-stabilized Pd nanoparticles in scC02 was investigated by the Leitner

group. These catalytic materials showed high conversion (up to 100%),

selectivity (up to 99.8%), and stability for a broad range of substrates.

Lima et al. reported the metal(salen)-catalyzed oxidation of limonene using

scC02 in a batch reactor with variable volume and equipped with a visualiza¬

tion window (sapphir). The best conversions and selectivities in scC02 were

obtained at high densities (around 0.7 g cm )

The Savage group presented the destructive oxidation of methylamine in a

tubular flow reactor in scH20 at 250 bar. The major carbon-containing

products were C02 and CO, with trace amounts of MeOH. The major nitro¬

gen-containing products were NH3, N20 and N2.
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1.4.4 Aim of this Thesis

The aim of this thesis is to explore the application of scC02 as a solvent in sev¬

eral types of heterogeneously catalyzed reactions, including hydrogénation, oxi¬

dation and dehydrogenation. Important aspects to be investigated are catalyst

stability, continuous reactor operation, phase behavior, reaction rate and selec¬

tivity. A further goal is the elucidation of the chemical stability of scC02 under

reducing conditions as they occur during catalytic hydrogénation. The suitabil¬

ity of scC02 as a solvent should be assessed by corresponding investigations

with conventional organic solvents. The following reactions were chosen as test

reactions: the hydrogénation of citral, the oxidation of geraniol with molecular

oxygen and the dehydrogenation of 1-phenylethanol.
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Experimental

In this chapter the different experimental apparatuses and general features of

the analysis methods applied in this work are described. Specific experimental

procedures are given in detail in the corresponding chapters.

2.1 Catalytic Reactions and ATR-IR Measurements

2.1.1 Continuous-Flow System

The computer-controlled continuous-flow stainless steel reactor system was

designed for pressures up to 300 bar and temperatures up to 200 °C. The appa¬

ratus, which essentially consisted of a dosing system for reactants and solvent

(C02), a tubular reactor, pressure and temperature control and an automatic

sampling device, is shown in Figure 2-1. For the experiments the temperature,

the gas flows, and the sequence for the automatic sampling system could be

programmed on the PC.

The reactor was designed for a maximum of five inputs: C02, H2, N2 and

two liquid reactants (not all were used in the following experiments). The C02

flow was controlled by a combination of a flow meter (HI-Tec Bronkhorst; EI-

Flow) and a needle valve (Kämmer; 80037-IP). The H2 flow was controlled by

a flow-meter/controller (HI-Tec Bronkhost; El-Flow). For oxidations the H2

2
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Fig. 2-1 : Computer-controlled continuous-flow reactor system consisting of: CC: C02

compressor, HC: H2 compressor, HP: HPLC pump, MC: mixing chamber, BV: bursting
valve, RS: reactor section, BR: backpressure regulator, SD: sampling device, and WB: waste

barrel. Figure taken from Ref. 173 (modified).
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flow-meter/controller was changed to a flow meter/controller for 02 (HI-Tec

Bronkhost; El-Flow). Liquid reactants were fed into the system through a

HPLC pump (Jasco PU-980). All feed streams were combined in a mixing

chamber (MC), equipped with a mechanical teflon stirrer, before entering the

vertically mounted reactor section (RS; ID = 25 mm; length =125 mm). For

safety reasons and for better handling the reactor section consisted of two con¬

centric stainless-steel tubes. The inner tube (ID = 10 mm), containing the cata¬

lyst, was inserted into the outer tube and sealed by O-rings at its front end to

avoid by-passing. The catalyst was fixed in the reactor tube by quartz wool

plugs. Temperature in the mixing chamber and in the reactor was measured via

PtlOO resistance temperature detectors and was controlled by two thermostats

(Julabo type HD-4 and type F32-HD). Pressure was controlled by a backpres¬

sure regulator (Tescom series 26-1700; BR), located just after the reactor sec¬

tion. A strip heater was wrapped around the backpressure regulator to prevent

the valve from freezing due to the expansion of carbon dioxide. Pressure mea¬

surement was accomplished by pressure transmitters (Keller; PA/23/8465-

400). Samples (ca. 1 ml) were branched off from the product stream at regular

intervals of 60 min by a computer-controlled three-way valve placed just after

the backpressure regulator (expansion to ambient conditions) and directed to

an automatic sampling device (SD).

The complete setup was controlled by an autonomic process computer

(Eurotherm T100). Programming of the T100 was done on a PC via the LIN-

tools T500 software. Direct logical commands (e. g. controlling of valves), dis¬

play functions, and data acquisition routines were programmed via the

Intellution Fix software package (T3500 level) on a PC. Figure 2-2 shows a

scheme of the process control from the Eurotherm software. More details are

given by Tschan.
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Fig. 2-2: Scheme ofprocess control. From the top: T3500 with the Graphical User Inter¬

face (GUI), the programming level T500, and the hardware level T100, which ensures com¬

munication with the apparatus. Figure taken from Ref. 173.

2.1.2 Batch Reactor

Figure 2-3 shows a picture of the batch reactor used for catalytic experiments.

The reactor was designed for temperatures up to 200 °C and pressures up to

350 bar. The 100 ml stainless steel autoclave was equipped with a mechanical

stirrer and was heated electrically by a heating jacket. The reaction temperature

was monitored by PtlOO resistance temperature detectors inside the reactor.

After filling the reactants, catalyst, and solvent into the reactor, the auto¬

clave was closed and placed into the heating system. Afterwards, the batch reac¬

tor was compressed with the desired gases (H2, N2 or C02), the mechanical

stirrer was set to 900 rpm and electrical heating was started. After reaction the

stirrer and heater were stopped, and the autoclave was decompressed and

cooled to room temperature. The collected samples were analyzed by GC.
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Fig. 2-3: Autoclave reactor system, used for the batch experiments.

2.1.3 High-Pressure View-Cell

The phase behavior of the mixtures under reaction conditions was determined

in a custom built high-pressure view-cell of variable volume (22-62 ml). The

view-cell is designed for experiments in a temperature range -20-200 °C and a

pressure range up to 200 bar. The computer-controlled system was equipped

with online digital video imaging and recording. A sapphire window covering

the whole diameter (26 mm) allowed the observation of even minor volumes of

gaseous and liquid phases. In Figure 2-4 a flow chart of the view-cell is given, a

more detailed description of the setup of the view-cell has been given else¬

where.84
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Fig. 2-4: Flow chart of the high-pressure view-cell including the organization of process

control and acquisition of data and images. RVx: high-pressure reduction valves, MVx: mag¬

netic valves, NVx: needle valves, HVF/HVP: manual needle valves for cell filling and purge,

respeaively, RMx: mass-flow meter, MM: magnetic mixer, DM: displacement transducer,

TS: thermostat, CCDo: CCD-camera, and SC: balance. Figure taken from Ref. 174.



Experimental 41

2.1.4 High-Pressure ATR-IR Cell

The high-pressure ATR-IR measurements under static conditions were per¬

formed in a variable-volume view-cell equipped with an internal reflection ele¬

ment (IRE, ZnSe, trapezoidal, 60°, 27 mm x 10 mm x 2 mm, Komlas) in the

bottom part and transmission IR windows in the middle part. A crystal was

clamped on both sides by metal trapezoids that were also put into the guide of

the slice. Mirrors directed the light beam through the crystal that acted as an

internal reflection element. Figure 2-5 sketches the path of the light beam for

both measurements.

The flow-sheet of the complete setup of the cell is given in Figure 2-6. A

more detailed description of the cell can be found elsewhere.

Fig. 2-5: Cross section of the view-cell at spectroscopic measurements level. The light
beam is directed either through the ATR crystal (bottom, solid lines) or through the trans¬

mission windows (upper part, dashed lines). Figure taken from Ref. 175.
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Fig. 2-6: Flowchart of the high-pressure spectroscopy view-cell. LS: infrared light source,

DT: infrared detector, CLS: cold light source, CCD: digital camera, PI: pressure indicator,

PC: pressure controller, TI: temperature indicator, TIC: temperature controller and indica¬

tor, LI: length indicator, Fl: flow-meter, TS: thermostat, PI: HPLC pump, and RD: rupture

disk. Figure taken from Ref. 175.

2.1.5 Continuous-Flow High-Pressure ATR-IR Cell

A home-made stainless steel cell was used for continuous-flow operation at

pressures up to 200 bar. The equipment and a schematic view of the in situ cell

are shown in Figure 2-7. The design of this flow-through high-pressure ATR-

IR cell is similar to that previously developed for studying catalytic solid-liquid

reactions at ambient pressure.17 '178 The IRE (ZnSe, trapezoidal, 45°,

54 mm x 20 mm x 2 mm, Komlas) was fixed between two stainless steel plates.

A small volume (ca. 0.05 ml) was produced on the IRE using a Viton O-ring,

where solutions could flow. Due to the small distance between the plate and
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Fig. 2-7: Pictorial of the apparatus used for the continuous high-pressure ATR-IR cell.

6V: 6-ports valve; C: compressor; P: pressure measurement.

the IRE (ca. 1/4 mm) a pressure up to 200 bar could be applied. The ATR cell

was mounted on a mirror setting (Optispec) that allowed coUimation of the

infrared beam at the entrance and the exit of the IRE to minimize contribu¬

tions from the O-rings. The in situ cell was equipped with jackets for heat

exchange allowing to maintain the temperature at the desired value. The dosing

system for compressed gases and liquids as well as pressure release behind the

spectroscopic cell corresponds to that previously applied for high-pressure X-

ray absorption spectroscopy measurements.
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Feeding of compressed gases and optionally a liquid was achieved using

commercial devices. A C02-compressing unit (NWA PM-101) was used for

liquid C02 and C2H6. For this purpose C02 and C2H6 were compressed to

the desired reaction pressure and introduced to the in situ cell via a reduction

valve with a defined pressure. Hydrogen was added to the system by a six-port

valve (Rheodyne 7000) and a liquid could be dispensed with an HPLC pump

(Jasco, PU-980). The reaction mixture was admitted to the cell and expanded

from reaction pressure to normal pressure in an expansion unit (NWA PE-103)

where the flow was measured and adjusted. The pressure was measured before

the inlet of the reactor cell where also a burst plate was located in order to pre¬

vent the cell from unexpected exceeding pressure.

2.2 Analytical Setup

For the qualitative and quantitative analysis of the reaction products GC-MS

and GC were used. Table 2-1 shows the temperature profile and the corre¬

sponding retention times of the components for the three different reactions.

All peaks were baseline separated and the standard deviations of the GC meth¬

ods were 1%.

The collected product samples were diluted with ethyl acetat and then

injected to the GC (HP 6890). The Chromatograph was equipped with an auto

sampling device (HP 7683) a split/splitless injector (1 jllI sample volume), a

capillary column (HP-FFAP; 0.25 |Lim, 30 m, 0.32 mm), and a flame ioniza¬

tion detector. The carrier gas was He and the GC settings were the following:

He flow: 1.6 ml min'1, split ratio: 120 : 1, split flow: 191 ml min'1, and total

flow: 196 ml min'
.
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Products were identified by using authentic samples and by GC-MS (HP

5973 mass spectrometer).

Table 2-1 : Temperature profiles and retention times of the GC methods.

Reaction Temperature profile Compound
RT1

[min]

Hydrogénation of citral 80 °C, 2.5 min Geranial 10.6

°C min'1, 130 °C Neral 9.6

130 °C, 8 min Citronellal 6.A

40 °C min'1, 200 °C 3,7-Dimethyl-2-octenal 7.9, 8.7

200 °C, 8 min Dihydrocitronellal 5.2

Oxidation of geraniol 80 °C, 2.5 min Geraniol 13.9

13 °C min'1, 130 °C Nerol 12.2

130 °C, 8 min Geranial 10.6

40 °C min'1, 200 °C Neral 9.6

200 °C, 8 min Geranie acid 20,6

Dehydrogenation of 50 °C, 3 min 1-Phenylethanol 7.6

1-phenylethanol 50 °C min'1,200 °C Acetophenone 7.0

200 °C, 4 min Ethylbenzol 4.1

retention time
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Hydrogénation of Citral

Hydrogénation of citral (3,7-dimethyl-2,6-octadienal) over 5 wt% Pd/alumina

catalyst was carried out in a continuous fixed-bed and a batch autoclave in the

pressure range 30 to 190 bar. The catalytic performance in two kinds of sol¬

vents (dense C02 and conventional organic solvents) was compared. Pd was

highly selective to the saturation of the C=C bonds and afforded around 95%

selectivity to the corresponding aldehydes [3,7-dimethyl-6-octenal (citronellal),

3,7-dimethyl-2-octenal, and 3,7-dimethyl-octanal (dihydrocitronellal)] at high

conversion. The reaction rate and product distribution were strongly influ¬

enced by the type of reactor, solvent, total pressure, and feed composition.

Sometimes striking changes in the rate of hydrogénation of the allylic and iso¬

lated C=C bonds of citral in dense C02 could be well interpreted by the varia¬

tions in the phase behavior analyzed in a high-pressure view-cell. The rate of

citral hydrogénation in C02 under single phase conditions (TOF: 26'500 h' )

was about two orders of magnitude higher than in organic solvents.
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3.1 Introduction

As described in Chapter 1 SCFs as reaction media offer important advantages

compared to conventional organic solvents. In this chapter the hydrogénation

of citral over Pd/alumina using dense C02 in a continuous-flow and batch

reactor are investigated.

There are numerous examples in the homogeneous ' '
'

and

heterogeneous ' ' ' catalytic literature on the successful application of

supercritical solvents. However, in some cases only the feasibility of the process

is shown and the performance of the catalyst is not compared to conventional

technologies that apply organic solvents. Recently, good selectivities at moder¬

ate conversions were achieved in the hydrogénation of a,ß-unsaturated alde¬

hydes (cinnamaldehyde, a-methyl-cinnamaldehyde and croton-aldehyde) to

allylic alcohols in scC02. ' Citral, another a,ß-unsaturated aldehyde, was

chosen in the present chapter as test reaction. It is not clear, however, whether

dense C02 offered any advantage compared to organic solvents.

Selective hydrogénation of a,ß-unsaturated aldehydes has been the subject

of numerous investigations. These aldehydes and their partially hydroge-

nated products are important intermediates for the production of perfumes,

fragrances and pharmaceuticals. Citral (1) is a challenging reactant for selective

hydrogénation, as it contains three different double bonds: a C=0 bond (car-

bonyl group), and an isolated and a conjugated C=C double bond (Figure 3-1).

The various metal hydrogénation catalysts show remarkably different selectivi¬

ties in this reaction. ' Beside the active metal, the product distribution is

strongly influenced by the catalyst support
'

and the presence of additives

or promoters. Some side reactions, such as acetalization and cyclization

of citronellal (2) may be controlled also by the proper choice of solvent. Pal-
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Fig. 3-1 : Reaction scheme for citral hydrogénation when using Pd/alumina

ladium is the most active metal in citral hydrogénation and its low activity in

C=0 bond hydrogenolysis leads to good selectivities to citronellal (2) at low

pressures and temperatures.189'199'200 A general feature of Pt-group metal cata¬

lysts is the severe deactivation during citral hydrogénation. This phenomenon

has been attributed to decarbonylation type side reactions.
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3.2 Experimental

3.2.1 Materials

Citral (96%, Aldrich, cis/trans = 0.6), 1,4-dioxane (99%, J.T Baker), n-hexane

(96%, Scharlau), 5 wt% Pd on activated alumina (Fluka, mean particle diame¬

ter d of ca. 32 um, metal dispersion: 0.35 determined by transmission elec¬

tron microscopy), aluminium oxide (Merck, anhydrous y-alumina, particle

diameter of ca. 90 urn), C02 (99.9%, PanGas), N2 (99.9%, PanGas), and H2

(99.99%, PanGas) were used as delivered.

3.2.2 Catalytic Studies in a Continuous-Flow Reactor

Hydrogénation of citral was carried out in a computer-controlled continuous-

flow reactor. Figure 3-2 shows a scheme of the reactor system, a more detailed

description of the reactor is given in Chapter 2.1.1.

Under standard conditions, the citral flow was set to 10.7 g h' and the

temperature was kept constant at 40 °C throughout all experiments. The C02

(or N2) flow was adjusted to 157 nl h'1, and that of H2 to 7.8 nl h'1, corre¬

sponding to molar ratios of C02 (N2) : citral : H2 = 100 : 1 : 5 .
For the exper¬

iments in hexane and dioxane, C02 was replaced with N2 and the solvent mass

flow was set to 38 g h'
, corresponding to a volume ratio of citral : solvent

= 1:3. The reaction section was filled with 0.1 g 5 wt% Pd/alumina diluted

with 2.5 g alumina, resulting in a catalyst bed length L of approximately

15 mm (plus quartz wool plugs) and a ratio L/d = 470. The space time related

quantity W/F was typically 1.2 g h mol' (W: catalyst mass, F: molar feed rate).
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rupture dise (300 bar)

T(Pt100)

Fig. 3-2: Schematic representation ofthe high-pressure continuous-flow fixed-bed reactor

system. MC: mixing chamber, RS: reactor section, BR: back pressure regulator, SD: sampling
device, I: inlets, O: outlets, and H: heat transfer oil.

Product composition was determined by GC analysis. The selectivity was

defined as Y/X^ (Yj yield of a product, Xj conversion of citral), in percentage.

Products were identified by using authentic samples and by GC-MS.

Catalyst deactivation was observed under any conditions applied here, in

agreement with former reports.
' ' Deactivation was particularly strong

in the first few hours on stream. To minimize distortion of the analysis, data

were collected only between 3 and 8 h on-stream and then the catalyst was

replaced with a fresh portion.

3.2.3 Catalytic Studies in a Batch Reactor

The hydrogénation reactions were carried out in a 100 ml stainless steel auto¬

clave described in Chapter 2.1.2. For the reactions in an organic solvent, 2 g

citral, the solvent (dioxane or hexane; molar ratio of citral : solvent = 1 : 3),
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and 0.05 g Pd/alumina were put into the reactor. The reactor was compressed

with H2 to the desired pressure and heated to 40 °C. For the measurements in

C02, 2 g citral and 0.01 g Pd/alumina were put into the reactor. The pressure

was set to 35 bar with H2 and liquid C02 was introduced with a high-pressure

liquid pump till the desired pressure was reached. The reaction time was

20 min in the organic solvents and 15 min in C02, except when otherwise

stated. Conversion and selectivity were determined by GC analysis as described

above.

The turnover frequencies related to the number of surface Pd sites were

estimated using the following equation:

tmCat"dioadmgD

where X is the citral conversion, NCitral is the amount of citral in mol, mcat is

the catalyst mass (g), t reaction time (h), Mpd is the atomic mass of Pd (g mol'

!), and D represents the Pd dispersion (0.35, determined by TEM).

3.2.4 Phase Behavior Studies

For the experiments with C02, the phase behavior of the mixture under reac¬

tion condition was determined in a custom built high-pressure view-cell of

variable volume (22-62 ml). The computer-controlled system was equipped

with online digital video imaging and recording. A flow scheme of view-cell is

given in Chapter 2.1.3, more details of the set-up have been described before.
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3.3 Results and Discussion

3.3.1 Chemoselectivity and Deactivation of Pd/alumina

On the basis of a preliminary catalyst screening, 5 wt% Pd/alumina was

selected for the experiments. This catalyst was the most active and selective in

C=C bond hydrogénation. Even with this catalyst, however, a considerable loss

of activity with time-on-stream could be observed. To minimize distortion of

the data, the initial values (<3 h) in the continuous-flow reactor were not used

and the catalyst bed was always replaced after 8 h on-stream.

The selected 5 wt% Pd/alumina was active only in the hydrogénation of

the C=C bonds of citral as shown in Figure 3-1. The relative rate of the hydro¬

génation of the conjugated and isolated C=C bonds, leading to the intermedi¬

ates 2 and 3, respectively, depended on the reaction conditions, as will be

discussed below. Other products formed by C=0 bond hydrogenolysis (e.g.

geraniol and nerol) or cyclization (isopulegol) could not be detected. Besides,

small amounts of unknown by-products were isolated by GC and GC-MS.

The amount of these by-products barely depended on the citral conversion that

led to the interesting situation that the cumulative selectivity to 2-4 increased

with increasing conversion. In general, 90-98% cumulative selectivity was

achieved at above 50% conversion in all three solvents. It has been suggested

that catalyst deactivation would be due to decarbonylation type side reac¬

tions. The other coproducts of these side reactions are hydrocarbon frag¬

ments that can dimerize and oligomerize leading to extensive site blocking, or

in a more favorable case they desorb after hydrogénation. We assume that

some of the minor unidentified byproducts are formed via the latter route.
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3.3.2 Phase Behavior Studies

The phase behavior of the system was investigated under reaction conditions in

a magnetically stirred high-pressure view-cell. The measurements were carried

out along the bubble-point phase boundary of the gas-liquid equilibrium at

40 °C, the temperature of all catalytic experiments.

Figure 3-3 shows the dependence of the overall density of the reaction mix¬

ture on pressure. These series of measurements were repeated with two differ¬

ed
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Fig. 3-3: Influence ofpressure and composition on the overall density and phase behavior

ofthe reaction mixture at 40 °C. The video images show the phase behavior of reaction mix¬

tures in the two-phase region (top left) and a supercritical region (top right).
Citral : H2 : C02 molar ratio = 1 : 5 : 100.
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ent reaction mixtures corresponding to 20 and 80% conversion of citral. (At 20

and 80% citral conversions the molar ratios of the products 2:3:4 were

1 : 0.98 : 0.42 and 1 : 0.52 : 1.11, respectively). The analysis revealed that par¬

tial replacement of citral by hydrogenated products had only minor effect on

the phase behavior. Two main regimes can be distinguished: at lower pressure a

citral-rich liquid phase at the bottom of the reactor was in equilibrium with a

C02-rich vapor phase; at high-pressure only a single C02-rich supercritical

phase is present. The two snapshots through the view-cell window depict an

example for each regime.

The role of H2 as an additional component in the citral-C02 system could

be identified by comparison of the behavior of the tertiary mixture C02/citral/

H2 with the behavior of the binary mixture C02/citral (the data for the latter

are taken from Ref. 204 and 205). As Figure 3-4 shows, the addition of H2 to

Citral + C02 + H2 (this work)__.„.*

.-A'"""
k

Citral+ C02 (Lit.)

~T 1 1 1 1 1 r^

30 35 40 45 50 55 60

Temperature / °C

Fig. 3-4: Isoplethic bubble-point gas-liquid phase boundary of the ternary mixture citral/

C02/H2 compared with the isoplethic phase boundaries of the binary mixture citral/C02

(data taken from Ref. 204 and 205)
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the binary mixture citral-C02 system resulted in a shift of the gas-liquid phase

boundary to higher pressures by about 25 bar.

3.3.3 Catalytic Studies in the Flow Reactor

The influence of pressure on the conversion and selectivity of citral hydrogéna¬

tion in dense C02 is illustrated in Figure 3-5. There is a general increase in the

reaction rate with increasing total pressure due to the increasing H2 partial

pressure, in agreement with earlier investigations. In the range 80 to 110 bar

the conversion, and the total amount of H2 consumed, increased rapidly with

increasing pressure. The steep part of the S-type curve is attributed to a shift

from the two-phase region at low pressures to the single-phase (supercritical)

region at around 100-110 bar. Transition from two-phase to single-phase con¬

ditions obviously enhances the hydrogénation rate. This effect is shown also in

the product distribution: beside the steady increase of the fraction of saturated

aldehyde 4, the relative rate of the hydrogénation of the isolated and conju¬

gated C=C bonds (3/2 ratio) decreased considerably until the single-phase con¬

ditions are reached. In the single-phase region 2 was the favored product and its

selectivity (ca. 40%) was practically independent of pressure.

Next, we repeated the reaction in conventional solvents, in the apolar

(ETN = 0.009) hexane (Figure 3-6) and the weakly polar (ETN = 0.164) dioxane

(not shown). In both cases the reaction rate characterized by the conversion

and the total H2-consumption increased almost linearly with increasing total

pressure (corresponding to increasing H2 partial pressure); the step-wise change

observed in dense C02 was absent. The two organic solvents behaved similarly,

and in both solvents better selectivities to 2 were achieved than in dense C02.
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actor using C02. Conditions: T = 40 °C, citral flow = 10.7 g h"1, citral : H2 : C02 molar ra¬

tio = 1 : 5 : 100, 0.1 g 5 wt% Pd/alumina. The shaded area indicates the one-phase region.

The feed composition had a strong influence on the phase behavior, con¬

version and selectivity of citral hydrogénation. In the experiments presented so

far the citral : H2 : C02 molar ratio was kept constant at 1 : 5 : 100. In the fol¬

lowing experiments, the C02/citral molar ratio was varied by changing the

C02 flow at constant citral and H2 flows, and constant temperature and pres¬

sure. Figure 3-7 shows the influence of the C02/citral molar ratio at constant

mass flows of citral and H2. With increasing solvent/reactant ratio the conver¬

sion and the total amount of H2 consumed decreased steadily, as expected. Par-
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allel to these changes the amount of intermediates 2 and 3 increased and that of

the saturated aldehyde 4 decreased. Variation in the relative rate of the hydro¬

génation of isolated and conjugated C=C bonds was minor.

Analysis of the phase behavior of differently composed reaction mixtures

revealed that with increasing C02/citral molar ratio the system moved from the

two-phase to the single-phase region, as indicated by the shaded area in

Figure 3-7. This change in the phase behavior did, however, not result in a
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citral : H2 molar ratio = 1 : 5, 0.1 g 5 wt% Pd/alumina. The shaded area indicates the one-

phase region.

prominent alteration of the catalyst performance as observed in Figure 3-5.

This is attributed to the compensating effect of the partial pressure of H2. In

the single-phase (supercritical) state the partial pressure of C02 was high and

that of H2 low, while in the region of low C02 concentration the H2 partial

pressure was high. Apparently, the negative influence of lower H2 partial pres¬

sure on the rate of citral hydrogénation compensates the advantage of single-

phase (supercritical) conditions.
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In another series of experiments the influence of feed composition was ana¬

lyzed by varying the H2 flow at constant citral and C02 flows (Figure 3-8). At

low H2 concentration the mixture was in the one-phase region (shaded area),

and the conversion rose linearly with the H2/citral ratio. This rise was inter¬

rupted by the transition to the two-phase region, where the conversion

increased again but only to a small extent. Parallel to the increase in conversion,
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Fig. 3-8: Influence of the H2/citral molar ratio on the conversion and selectivity in the

continuous-flow reactor using C02. Conditions: T = 40 °C, p = 130 bar, citral flow

10.7 g h"1, citral : C02 molar ratio = 1 : 100, 0.1 g 5 wt% Pd/alumina. The shaded area in¬

dicates the one-phase region.
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the selectivity to the partially hydrogenated products 2 and 3 decreased and

that of the final product 4 increased in the whole range investigated. The

changes in selectivities are smooth and barely reflect the phase transition.

3.3.4 Catalytic Studies in the Batch Reactor

The effect of total pressure on the rate and selectivity of citral hydrogénation in

the batch reactor in dense C02 is shown in Figure 3-9. The enhancement of
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conversion and H2-consumption with increasing pressure is similar to that

measured in the continuous-flow reactor (Figure 3-5). The S-type curve is

attributed again to the shift from the two-phase to the single-phase region at

around 100 bar.
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molar ratio = 1:3, 0.05 g 5 wt% Pd/alumina.
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An important difference between the batch and continuous-flow reactors is

that in the former the selectivity to 3, and thus also the 3/2 ratio, is remarkably

lower. The a,ß-unsaturated aldehyde 3 is formed by the first hydrogénation of

the isolated C=C bond of citral (Figure 3-1), and this reaction is suppressed in
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Fig. 3-11 : Influence ofhydrogen concentration (pressure) in dioxane on the conversion and

selectivity in the batch reactor. Conditions: T = 40 °C, t = 20 min, 2 g citral, citral : dioxane

molar ratio = 1:3, 0.05 g 5 wt% Pd/alumina.
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the batch reactor. We assume that the main reason for this deviation is the

strikingly different catalyst/reactant ratios in the two reactors. In the continu¬

ous-flow reactor the Pd/citral ratio is relatively high and apparently this condi¬

tion favors the first hydrogénation of the isolated C=C bond of citral.

Figure 3-10 and Figure 3-11 present the results of the hydrogénation of

citral in hexane and dioxane, respectively, carried out in the batch reactor. The

conversion and H2-consumption increased at higher H2 pressures, as expected.

The amount of 3 and the 3/2 ratio were even lower in these organic solvents

than in C02. In both solvents the highest selectivity to citronellal 2 was around

60%.The reaction rates and the selectivities in the three different solvents are

compared in Table 3-1. The conditions were chosen to favor this comparison:

the citral conversion was kept in the range 67-83%, and the H2 partial pres¬

sure (35 bar) and the total pressure of (155 bar) were constant. The rate of

citral conversion characterized by the TOF is far higher in the C02 than in the

conventional organic solvents.

Table 3-1 : Comparison of average turnover frequencies (TOF) in citral hydrogénation over

5 wt% Pd/alumina in a batch reactor using three diffèrent solvents.a

Solvent X [%] 2 [%] 3 [%] 4 [%] TOF [ft1]

co2 83 A6 8 41 26'500

Hexane 67 61 13 21 500

Dioxane 73 55 13 27 200

a
Reactions conditions: 40 °C, 2 g citral, 35 bar H2 pressure 155 bar total pressure (in hexane and dioxane total

pressure was produced by N2, in C02 the rest of pressure was produced by C02), citral : hexane (dioxane)

molar ratio = 1 : 3. X: conversion, 2, 3 and 4: selectivities to the corresponding products (Figure 3-1).

3.3.5 Conclusions

Hydrogénation of citral, a frequently used test reaction has been investigated in

dense C02. The striking changes in the performance of Pd/alumina as a func-
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tion of total pressure or feed composition could be well interpreted by the

changes in the phase behavior of the reaction mixture. The reaction rate and

product distribution were affected also by the type of reactor (continuous-flow

fixed-bed or autoclave). A comparison to experiments in conventional organic

solvents (hexane and dioxane) revealed that citral hydrogénation is remarkably

faster in a single-phase reaction mixture using C02. As the activity of Pd/alu¬

mina was mainly limited to the saturation of the C=C bonds of citral in all

three solvents, this comparison is not distorted by the different nature of reac¬

tions. Application of dense C02 in a continuous-flow reactor seems to be

attractive for practical application, particularly when considering the other

known advantages of applying scC02.
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Catalyst Deactivation in

Citral Hydrogénation

Deactivation of a 5 wt% Pd/alumina catalyst during hydrogénation of citral (1)

to citronellal (2), 3,7-dimethyl-2-octenal (3) and dihydrocitronellal (4) has

been studied in a continuous-flow fixed-bed reactor. The reactions were carried

out at 40 °C and 190 bar in hexane, supercritical C02, or C2H6 as solvents.

ATR-IR spectroscopic analysis of the solid/liquid interphase under reaction

conditions at low pressure revealed that 1 and 3 decarbonylate on the Pd sur¬

face resulting in strongly adsorbed CO and CXH type hydrocarbon fragments.

The absence of decarbonylation products from 2 and 4, and the excellent

chemoselectivity for the hydrogénation of the C=C bonds, are interpreted by

adsorption of the molecules in a tilted position on Pd, 7T-bonded via one C=C

bond (2) or di-7T-bonded via the C=C-C=0 fragment (1 and 3). A practically

important observation is that a short reoxidation by air of the used Pd/alumina

under very mild conditions (40 °C, 6 bar) can circumvent further deactivation,

but the original activity cannot be regained. All these observations indicate that

the irreversible deactivation of Pd/alumina cannot be traced to CO poisoning.

We propose that site blocking caused by heavier oligomeric surface products is

the major reason for the observed catalyst deactivation.



68 Chapter 4

4.1 Introduction

As summarized in Chapter 3, the selective hydrogénation of a,ß-unsaturated

aldehydes is an important process in the preparation of intermediates and fine

chemicals. ' ' Since hydrogénation of the C=C bond is thermodynami-

cally favored to that of the C=0 bond over the usual metal hydrogénation cata¬

lysts, appropriate design of catalyst composition and the control of reaction

conditions are important to obtain the desired product.

Citral (1, Figure 4-1) is a fascinating example of an a,ß-unsaturated alde¬

hyde, since it has three different double bonds: an isolated and a conjugated

C=C double bond, and a carbonyl group. Beside the parallel and consecutive

hydrogénation of the C=C and C=0 bonds, the aliphatic aldehydes citronellal

(2) and dihydrocitronellal (4) can react with an alcoholic solvent to form an

acetal (not shown), or cyclization of citronellal produces isopulegol. These

acid-catalyzed side reactions can be controlled by the proper choice of the

metal precursor and the support, and the hydrophobic character of the

solvent.186'198'207

Selective hydrogénation of citral has been the topic of numerous studies in

the past years. Several reports have appeared on the selectivity of

mono-189'190'193'194'207'208 and bimetallic209'213 catalysts, the role of catalyst

197 214 215 ï • 195-197 199 i rr r \

supports and various promoters, the effect or solvents

including ionic liquids216 and scC02,m'112 and the kinetic193'217'219 and

mechanistic aspects of this transformation. It has been shown that Pd is the

most active metal for citral hydrogénation and highly selective to C=C bond

hydrogénation, affording citronellal and dihydrocitronellal in good

yields.199'200
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3,7-Dimethyloctanol

Isopulegol

Fig. 4-1 : Reaction network ofcitral hydrogénation over Pt-group metal catalysts. Only the

compounds in rectangles could be detected when using Pd/alumina (compare with Chapter
2.)

Catalyst deactivation has been barely investigated though the phenomenon

seems to be typical for most metal hydrogénation catalysts. ' ' Singh and

Vannice assumed ' that decomposition of either citral or the unsaturated

alcohols geraniol (5) and nerol (6) was responsible for the loss of catalytic activ¬

ity of silica-supported group VIII metals. The proposal was based on extensive

surface science studies of the decomposition (decarbonylation) of alcohols and

aldehydes on various Pt-group metal surfaces. '
"

According to Davis and

Barteau, decomposition of alcohols and aldehydes via an adsorbed acyl spe¬

cies results in CO and CXH type hydrocarbon fragments (Figure 4-2).
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Fig. 4-2: Simplified route ofthe decomposition (decarbonylation) of a primary alcohol via

the aldehyde on the Pt-group metal surface.

The study reported in this chapter is a continuation of our investigation of

citral hydrogénation in a continuous-flow fixed-bed reactor using supercritical

and conventional solvents (see Chapter 3). Catalyst deactivation with time-on-

stream was found to be a general feature of various Pt-group metal catalysts,

including the most active Pd/alumina. The aim of the present work is to get

more information on the nature of catalyst deactivation. The continuous-flow

reactor is ideally suited for studying the gradual loss of activity. Beside the cata¬

lytic investigations we applied ATR-IR spectroscopy under close to in situ con¬

ditions (at 1 bar) to understand the processes at the molecular level. In contrast

to standard IR spectroscopy where the infrared beam passes directly through

the sample, in the attenuated total reflection (ATR) mode the infrared radia¬

tion is passed through an internal reflection element, an infrared transparent

crystal of high refractive index, which is in contact with the sample. The

very short path length used in ATR-IR spectroscopy makes this technique sur¬

face sensitive and hence suitable for characterization of heterogeneous cata¬

lysts. ' ATR-IR is ideally suited for vibrational spectroscopy at the solid-

liquid interface since the evanescent wave selectively probes the region near the
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interface, keeping in this way the contribution from the liquid phase reason¬

ably small.

4.2 Experimental

4.2.1 Materials

Citral (96%, Aldrich, cis/trans = 0.6), citronellal (93%, Acros), nerol (97%,

ABCR), geraniol (99%, Acros), n-hexane (96%, Scharlau), ethyl acetate

(99.5%, Merck), 5 wt% Pd/alumina (Fluka, mean particle diameter of ca.

32 urn, metal dispersion: 0.35, as determined by transmission electron micros¬

copy), alumina (Merck, anhydrous y-alumina, particle diameter of ca. 90 urn),

C02 (99.9%, PanGas), C2H6 (99.5%, Linde), H2 (99.99%, PanGas) and syn¬

thetic air (80% N2, 20% 02) were used as delivered.

Dihydrocitronellal (94% by GC analysis) was synthesized by hydrogénation of

citral in a batch reactor at the following conditions: 1 ml citral, 5 ml diethyl

ether, 42 mg 5 wt% Pd/alumina, 40 bar, room temperature, 2 h.

4.2.2 Catalytic Studies in the Continuous High-Pressure Reactor

Hydrogénation of citral and citronellal was carried out in a computer-con¬

trolled continuous-flow reactor system, described in Chapter 2.1.1.

The catalyst (0.1 g 5 wt% Pd/alumina diluted with 2.5 g alumina) was

fixed by quartz wool plugs, resulting in a catalyst bed length L of ca. 15 mm

and a L/d = 470 (d : particle diameter). The space time related quantity W/F

was typically 1.2 g h mol' (W catalyst mass, F: molar feed rate).
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Standard reaction conditions: T = 40 °C, p = 190 bar, solvent (C02 or

C2H6) flow = 157 nlh'1, reactant (citral or citronellal) flow = 10.7 g h'1 and

10.9 g h' respectively, H2 flow = 7.8 nlh'
, corresponding to a molar ratio

reactant : H2 : solvent of 1 : 5 : 100. For the measurement in hexane, the

supercritical fluid was replaced by N2 and the solvent mass flow was set to

38 g h'
, corresponding to a volume ratio of citral : solvent =1:3.

Sampling occurred automatically every hour. The samples were analyzed

by a GC. The selectivity was defined as Yj/Xj (Yj yield of a product, Xj conver¬

sion of citral (citronellal)). For each experiment fresh catalyst was used.

For the catalyst reactivation experiment the reactor was filled with fresh

catalyst and the reaction was started under standard conditions. After 3 h the

citral flow and the gas feed were stopped, the catalyst bed was flushed with a

synthetic air flow for 10 min at 6 bar. After the oxidation step, the conditions

for the hydrogénation of citral were reset again.

4.2.3 Phase Behavior Study

In Chapter 3 we studied the phase behavior of the reaction mixtures in citral

hydrogénation. The measurements were carried out in a high-pressure view-cell

described elsewhere. In Chapter 2.1.3 a flow scheme of the cell is shown.

4.2.4 ATR-IR Spectroscopy

Before film preparation the Pd/alumina catalyst was crushed and subsequently

preactivated in flowing H2 for 1 h (after purging with Ar for 30 min) at

400 °C. The film was prepared by dropping a slurry of catalyst in THF (Fluka,

puriss) on the ATR crystal, a 50 x 20 x 2 mm ZnSe plate (45°, Komlas) and

then THF was evaporated under vacuum. Assuming refractive indices of 1.4
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for the wet film and 2.4 for ZnSe, a penetration depth d of 1.7 |Lim (0.6 um)

at 1000 cm'1 (3000 cm'1) was calculated.

Infrared spectra were measured on a Bruker IFS 66/S FT-IR spectrometer

equipped with a dedicated ATR-IR attachment (Optispec) and an MCT detec¬

tor cooled by liquid N2. All spectra were recorded by co-addition of 200 scans

at a resolution of 4 cm'
.
The ZnSe prism was fixed in a home-made stainless

steel flow-cell. The gap between the polished steel surface of the cell and the

ZnSe prism was 250 urn and defined by a 30 x 1 mm viton O-ring (Johannsen

AG) fit into a precision electro-eroded nut of the steel cell. The total volume of

the cell was 0.077 ml. The flow-through cell was thermostated and all measure¬

ments were performed at 30 °C. The liquid flow was controlled by a peristaltic

pump (ISMATEC Regio 100) located behind the cell (1 ml/min). Liquid was

provided from two separate glass bubble tanks; one contained the solvent only

and the other the dissolved reactant. The flow from the two tanks was deter¬

mined by two computer-controlled pneumatically actuated three-way Teflon

valves (Parker PV-1-2324). Steel tubing was used throughout the setup to avoid

oxygen diffusion into the cell.

First N2-saturated hexane was flown over the catalyst till the ATR-IR spec¬

tra were stable. Hexane was then saturated with hydrogen and the catalyst sur¬

face was reduced for 10 min. During this step some unidentified species were

removed from the surface as evidenced by changes in the spectra. The spectrum

collected at the end of this procedure served as the reference for the following

spectra. Then a hydrogen-saturated solution of the corresponding reactant

(0.1 ml in 50 ml hexane) was flown over the catalyst film and the reactions

were monitored for about 30 min.

For transmission experiments a normal sample holder replaced the ATR-IR

attachment. A variable path length IR cell (SPECAC) with KBr windows was
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used with a path length adjusted to about 100 jLim. The concentration was

100 jLil in 5 ml hexane.

4.3 Results

4.3.1 Deactivation of Pd/alumina in Various Solvents

Hydrogénation of citral (Figure 4-1) was studied in a continuous-flow fixed-

bed reactor using a 5 wt% Pd/alumina. This catalyst was the most active

among various supported Pt-group metals tested (compare Chapter 3). Further

advantage of Pd/alumina is the high selectivity in the saturation of the C=C

bonds of citral. None of the unsaturated or saturated alcohols depicted in

Figure 4-1 could be detected by GC analysis and the cumulative selectivity to

the main products citronellal, 3,7-dimethyl-2-octenal and dihydrocitronellal

reached 95-100 % in the supercritical fluids (C02: Tc = 30.9 °C, pc =

73.8 bar, C2H6: Tc = 32.2 °C, pc = 48.8 bar) and 73-87 % in hexane. An

uncomfortable feature of the reaction was the gradual loss of activity though

deactivation was less pronounced at low total pressures (Chapter 3). In the fol¬

lowing, the influence of solvents on catalyst deactivation is compared at

190 bar and 40 °C (i.e. slightly above the critical temperature of C02 and

C2H6). Former phase behavior measurements of the system in a high-pressure

view-cell showed that under these conditions the reaction mixture was made up

of a single-phase (supercritical region) (Capter 3).

The time-dependent variation of conversion and selectivities to citronellal,

3,7-dimethyl-2-octenal, and dihydrocitronellal in dense C02 are shown in

Figure 4-3. The conversion decreased by about 17 % in the 4-h period pre-
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sented. The considerable shift in the product distribution indicates that the loss

of catalytic activity cannot simply be attributed to a decrease of the number of

active surface sites. After 1 h the dominant product was the saturated aldehyde

dihydrocitronellal (4) and after 5 h the a,ß-unsaturated aldehyde citronellal (2)

formed with the highest selectivity. The decreasing fraction of dihydrocitronel¬

lal can be attributed partly to the lower conversion and the total hydrogen

uptake (not shown). Note that dihydrocitronellal (4) is not an intermediate but

a final product under applied conditions. A possible change in the reaction

orders of the various steps in Figure 4-1 due to the catalyst deactivation cannot

be ruled out. The shift in the product distribution is best illustrated by the time
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the changes of conversion and selectivities to citronellal (2), 3,7-dimethyl-2-octenal (3), and

dihydrocitronellal (4); standard conditions.
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dependence of the molar ratio 3,7-dimethyl-2-octenal/citronellal (3/2). An

increase of this ratio from 0.35 to 0.56 during the 4 h period indicates that the

rate of saturation of the isolated C=C bond of citral increased relative to that of

the allylic C=C bond. Note that no stabilization of the catalyst could be

achieved even after 40 h time-on-stream.

Changes in the selectivity pattern of Pd/alumina with time-on-stream were

typical for all three solvents. The increase of the molar ratio 3,7-dimethyl-2-

octenal/citronellal (3/2, from 0.02 to 0.18) was most pronounced in scC2H6

(Figure 4-4). In contrast, catalyst deactivation was modest in this solvent; in

4 h the citral conversion decreased by only 11%. In the apolar conventional
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solvent hexane (Figure 4-5) the conversion decreased by about 13% and after

3-4 h a steady state in conversion and selectivities was reached. When consid¬

ering the moderate conversion in hexane, then the relative loss of catalyst activ¬

ity seems to be the highest in this solvent. The very low selectivity to the

saturated aldehyde dihydrocitronellal is also mainly due to the low conversion

of citral.

In all three solvents, deactivation of Pd/alumina was minor compared to

those cases reported earlier. Singh and Vannice investigated the liquid phase

hydrogénation of citral over Pt/silica in a batch reactor at 25 °C and observed a

drop of more than an order of magnitude in the reaction rate in the first 4 h.
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dihydrocitronellal (4); standard conditions.
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Later, Murzin and coworkers studied the reaction in ethanol at 70 °C, also

in a batch reactor. The activity of a Ru/alumina catalyst decreased by two

orders of magnitude in 5 h.

4.3.2 Reactivation of Pd/alumina by Oxidation in Air

Lercher and coworkers suggested that deactivation of Pt/silica in the hydro¬

génation of crotonaldehyde to crotylalcohol was due to decarbonylation of the

a,ß-unsaturated aldehyde and irreversible adsorption of CO on the Pt sites.

Indirect evidence to this assumption was given by oxidation of adsorbed CO to

C02 with air, which treatment resulted in the regeneration of the initial activ¬

ity of the catalyst. Applying the same approach, Singh and Vannice could

regenerate Pt/silica in the hydrogénation of citral. In both cases, the activity

dropped again when the hydrogénation continued, in good agreement with the

proposed decarbonylation of the aldehyde reactant and the accumulation of

CO on the reduced metal surface.

We also attempted to reactivate the catalyst by an oxidative treatment. The

experiment shown in Figure 4-3 was repeated and after 3 h time-on-stream the

mass flows were stopped and the catalyst bed was flushed with air for 10 min.

As illustrated in Figure 4-6, oxidation with air could not regenerate the initial

activity of Pd/alumina though improved the conversion by ca. 2%. What is

more important, after about 1 h stabilization the further catalyst deactivation

ceased and the citral conversion and the selectivities to 2-4 reached steady-state

values. Apparently, Pd/alumina behaves remarkably different compared to

Pt/silica.
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Fig. 4-6: The influence of catalyst reactivation with air during citral (1) hydrogénation in

scC02. The changes of conversion and selectivities to citronellal (2), 3,7-dimethyl-2-octenal

(3), and dihydrocitronellal (4) were determined under standard conditions. Reactivation con¬

sisted of flushing the catalyst bed with air for 10 min.

4.3.3 Deactivation of Pd/alumina during Citronellal Hydrogénation

Finally, catalyst deactivation in the hydrogénation of citronellal (2) was investi¬

gated in scC02 (Figure 4-7) and in hexane (Figure 4-8). A comparison of

Figure 4-3 and Figure 4-7, as well as Figure 4-5 and Figure 4-8, shows that in

both solvents catalyst deactivation was more severe in citronellal hydrogénation

than in citral hydrogénation. For example, in C02 the conversion decreased by

more than 45% in 4 h during citronellal hydrogénation (Figure 4-7) but only

by 17% during citral hydrogénation (Figure 4-3).
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Fig. 4-7: Catalyst deactivation during hydrogénation of citronellal (2) and the selectivity

to dihydrocitronellal (4) in scC02; standard conditions.

Fig. 4-8: Catalyst deactivation during hydrogénation of citronellal (2) in hexane and the

selectivity to dihydrocitronellal (4); standard conditions but with 0.25 g catalyst due to the

low reaction rate in this solvent.
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4.3.4 ATR-IR Spectroscopy

We used ATR-IR spectroscopy to detect CO at the solid/liquid interface and

thus to clarify the importance of decarbonylation reactions during citral hydro¬

génation. The measurements were carried out using an in-house-built stainless

steel flow cell under conditions similar to those applied in the continuous-flow

fixed-bed reactor, except that the total pressure was 1 bar. Hydrogen was intro¬

duced by saturation of the hexane solution at 1 bar. The H2-saturated hexane

solution of citral, citronellal, dihydrocitronellal, geraniol, or nerol was pumped

through the reactor cell containing a thin catalyst film deposited on a ZnSe

internal reflection element. The spectra were recorded while flowing one of

these solutions through the cell. For each reactant, a fresh catalyst film was pre¬

pared and used. Spectra of citral, citronellal, dihydrocitronellal, geraniol and

nerol in hexane solutions were also taken in the transmission mode.

Figure 4-9 shows the spectra of the interaction of citral with the reduced

catalyst. The spectra evidence that the 5 wt% Pd/alumina really catalyzed the

hydrogénation of citral under the conditions applied in the ATR-IR reactor

cell. The small band observed at 1734 cm' can be assigned to the v(C=0)

band of the dissolved hydrogenated products citronellal and dihydrocitronellal

in which compounds the C=0 bond is not associated with a C=C bond in ex¬

position. The two products cannot be clearly distinguished since they both dis¬

play the C=0 stretching vibration at 1734 cm'1. The signal at 1686 cm'1 in

Figure 4-9 corresponds to the (C=0) mode of dissolved citral.

The relatively broad band at ca. 1650 cm'
, growing in with time, is

assigned to citral adsorbed onto alumina. In addition, adsorbed carboxylate

species were also formed as indicated by the signal at 1539 cm' (v(COO)as)

and possibly by that at 1420 cm'
.
These bands were found to slightly attenu-
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Fig. 4-9 : (a) ATR-IR spectra ofCO evolution during hydrogénation ofcitral in hexane on

Pd/alumina. The time elapsed between the first and last spectrum (bold) is 17 min. (b) ATR-

IR spectrum of adsorbed species after washing with neat solvent for 10 min. (c) Minimized

transmission FT-IR spectrum of dissolved citral in hexane (1 : 100). The spectral range

marked by an asterisk is covered by strong solvent bands.

ate during the experiment. In the 1300-1450 cm' region several overlapping

bands evolved, whose precise assignment to specific adsorbed species is rather

difficult. However, note that the overall intensity of this envelope increases

with time in contrast to the bands at 1539 and 1420 cm'1. Formation of car-
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boxylic acid may be attributed to disproportionation (Cannizzaro reaction) of

the aldehyde reactant on the basic sites of alumina. We could never detect even

traces of geranic acid by GC analysis of the products that may indicate strong

adsorption of this byproduct on the basic sites of the catalyst.

Furthermore, two bands at around 1912 cm' and 1875 cm' evolved dur¬

ing interaction of citral with the reduced Pd surface. They are associated with

(bridged) CO species adsorbed on (polycrystalline) Pd — a clear evidence for

decarbonylation of citral on the Pd surface. The characteristic CO bands were

detected though to a smaller extent when nerol (Figure 4-11) or geraniol

(Figure 4-10) was fed in the reactor cell. Decarbonylation of nerol seems to be

faster than that of the thermodynamically more stable isomer geraniol. Interest¬

ingly, no CO formation was observed when the catalyst was exposed to a flow

of hexane containing citronellal (Figure 4-12) or dihydrocitronellal

(Figure 4-13).

Rinsing of the catalyst layer by hexane solvent caused the disappearance of

the bands due to dissolved species, namely at 1734 and 1686 cm'
.

Figure 4-9 b shows that CO, citral and carboxylate-containing species

remained on the catalyst surface. Additionally, the composite envelope below

1450 cm' is also observed.

4.4 Discussion

Studies of the decomposition of saturated and a,ß-unsaturated alcohols and

aldehydes on clean Pd single crystal surfaces in vacuum
' ' showed

that the major reaction pathway is decarbonylation via an acyl species

(Figure 4-2), and the reactivities of aliphatic and vinylic oxygenates are simi-
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Fig. 4-10 : (a) ATR-IR spectra ofCO evolution during hydrogénation ofgeraniol in hexane

on Pd/alumina. The time elapsed between the first and last spectrum (bold) is 26 min. (b)

ATR-IR spectrum of adsorbed species after washing with neat solvent for 10 min.

lar. In contrast, ATR-IR studies in the presence of solvent (hexane) and H2

(at 1 bar) revealed characteristic differences in the reactivity of citral and its

partially hydrogenated derivatives (Figure 4-1) over the surface of Pd/alumina.

Most importantly, citronellal and dihydrocitronellal did not decarbonylate on

Pd under the conditions applied (Figure 4-9-Figure 4-13). A closer supervision
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Fig. 4-11 : (a) ATR-IR spectra ofCO evolution during hydrogénation ofnerol in hexane on

Pd/alumina. The time elapsed between the first and last spectrum (bold) is 33 min. (b) ATR-

IR spectrum of adsorbed species after washing with neat solvent for 15 min.

of the structure and reactivity of all compounds investigated by ATR-IR indi¬

cates that only the oc,ß-unsaturated alcohols (geraniol, nerol) and aldehydes

(citral, 3,7-dimethyl-2-octenal) decarbonylated on Pd/alumina.

Another important information derived from the catalytic experiments is

the excellent selectivity of Pd in the saturation of the C=C bonds of citral in all
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Fig. 4-12: (a) ATR-IR spectra taken during hydrogénation of citronellal in hexane on

Pd/alumina. The time elapsed between the first and last spectrum (bold) is 24 min. (b) ATR-

IR spectrum of adsorbed species after washing with neat solvent for 8 min. (c) Minimized

transmission FT-IR spectrum of dissolved citronellal in hexane (1 : 100).

three weakly polar solvents applied (Figure 4-3-Figure 4-5). Hydrogénation of

the C=0 bonds was not detectable by GC, in agreement with some recent

reports of citral hydrogénation on Pd/alumina in scC02. (Chapter 3 and Ref.

HD
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Fig. 4-13 : (a) ATR-IR spectra taken during adsorption of dihydrocitronellal in hexane on

Pd/alumina. The time elapsed between the first and last spectrum (bold) is 26 min. (b) ATR-

IR spectrum of adsorbed species after washing with neat solvent for 11 min. (c) Minimized

transmission FT-IR spectrum of dissolved dihydrocitronellal in hexane (1 : 100).

The catalytic and ATR-IR spectroscopic studies may be explained by

assuming specific adsorption modes of citral and its hydrogenated derivatives

on the supported Pd particles (Figure 4-14). We assume that only those mole¬

cules adsorb sufficiently strongly and are hydrogenated on Pd that possess a
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C=C bond. The unsaturated aldehydes and alcohols citral (1), geraniol (5), and

nerol (6) would adsorb on Pd in a tilted position via only one of the C=C

bonds due to the strong competition for the active sites under the reaction con¬

ditions. By this way the overall adsorption free enthalpy change is maximized.

Adsorption of citral (1) via the isolated C=C bond leads to 3,7-dimethyl-2-

octenal (3) upon H2 uptake (Figure 4-14 a). Adsorption of citral (1) or 3,7-

dimethyl-2-octenal (3) via the allylic C=C bond is assumed to involve also the

C=0 bond (di-7T r|2 bonding ). This adsorption mode allows either the

hydrogénation of the C=C bond and desorption of the aldehyde, or decarbon¬

ylation to CO and hydrocarbon fragments (Figure 4-14 a,b). As shown in

Figure 4-14 c, citronellal (2) would adsorb via the C=C bond and be hydroge¬

nated to dihydrocitronellal (4) but the latter saturated aldehyde is unreactive

under the reaction conditions, as indicated by the catalytic data. In the sug¬

gested adsorption mode of citronellal (2) no decarbonylation can occur.

We can partly confirm the recent proposal by Singh and Vannice189'201 that

catalyst deactivation during citral hydrogénation would be due to decarbonyla¬

tion of citral, geraniol or nerol. These three compounds decarbonylate also on

Pd/alumina as indicated by the ATR-IR spectroscopic analysis. The catalytic

experiments in Figure 4-3-Figure 4-8 show, however, that deactivation of

Pd/alumina is more complex and only decarbonylation and CO poisoning can¬

not interpret the experimental observations. Deactivation of Pd/alumina was

far more extensive in the hydrogénation of citronellal than in the hydrogéna¬

tion of citral though citronellal does not decarbonylate on Pd (Figure 4-12).

Besides, an oxidative treatment could not regenerate the original activity of

Pd/alumina, indicating that CO poisoning is not the major reason of catalyst

deactivation and is not connected with the irreversible loss of activity with

time-on-stream.
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Fig. 4-14: Schematic representation of the proposed adsorption modes and reactivities of

citral (1), citronellal (2), 3,7-dimethyl-2-octenal (3), and dihydrocitronellal (4) on alumina-

supported Pd particles.
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We do not have an unambiguous explanation yet for the deactivation of

Pd/alumina. We assume that dimerization and oligomerization of citral, its par¬

tially hydrogenated products, or those of the hydrocarbon fragments originat¬

ing from the decarbonylation reactions, may produce strongly adsorbed species

that gradually cover a fraction of the active sites. The ATR-IR spectra of the

interactions of citral, nerol and geraniol with Pd/alumina showed some bands

in the region 1300—1450 cm' whose intensity increased with time-on-stream.

This is the region where ô(C-H) vibrations are expected. The v(COO) of

carboxylate species and citral itself also show features in this region. However,

since the v(COO)as band decreases with time during citral adsorption and

some other bands cannot be assigned to adsorbed citral due to their relative

strong intensity, it seems that some other species are also present on the surface

even after rinsing the catalyst with the solvent. We tentatively assign these

bands to oligomeric species accumulating on the catalyst surface. We further

speculate that the small amount of carboxylic acid byproduct may catalyze

dimerization. Obviously, an oxidative treatment under very mild conditions

cannot remove these strongly adsorbed species, as shown in Figure 4-6.

4.5 Conclusions

Hydrogénation of citral (1) in supercritical solvents on a 5 wt% Pd/alumina

catalyst in a continuous-flow fixed-bed reactor is characterized by high selectiv¬

ity to the hydrogénation of the C=C bonds of the unsaturated aldehyde and a

gradual loss of activity with time-on-stream. Catalyst deactivation could not be

avoided by varying the reaction conditions including the solvents (supercritical
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C02 and C2H6, and hexane). A short aerobic oxidation of the used catalyst

under mild conditions, however, terminated the further loss of activity.

Two major reasons of catalyst deactivation are suggested on the basis of the

catalytic experiments and ATR-IR spectroscopic investigation of the Pd/alu-

mina/hexane interphase. Decarbonylation of the a,ß-unsaturated aldehydes

citral and 3,7-dimethyl-2-octenal provides strongly adsorbed CO and hydro¬

carbon fragments. In contrast, the other two major products citronellal and

dihydrocitronellal do not decompose on Pd. The failed catalyst reactivation

with air and the strongest deactivation of Pd/alumina observed in the hydrogé¬

nation of citronellal (2) indicate that decarbonylation alone cannot account for

the observed loss of activity. We assume that dimerization and oligomerization

of citral and its partially hydrogenated derivatives, as well as the hydrocarbon

fragments formed in the decarbonylation reactions, result in extensive site

blocking and irreversible deactivation.
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ScC02: An Inert Solvent for

Catalytic Hydrogénation?

Various surface species originating from the reaction between C02 and H2 over

alumina-supported Pt, Pd, Rh, and Ru model catalysts were investigated by

ATR-IR spectroscopy under high-pressure conditions. Two different spectro¬

scopic cells were used: a variable-volume view-cell equipped with ATR-crystal

and transmission IR windows (batch reactor), and a continuous-flow cell also

equipped with a reflection element for ATR-IR spectroscopy. The study cor¬

roborated that CO formation from dense C02 in the presence of H2 occurs

over all Pt-group metals commonly used in heterogeneous catalytic hydrogéna¬

tions in scC02. In the batch reactor cell formation of CO was detected on all

metals at 50 and 90 °C, with the highest rate on Pt. Additional surface species

were observed on Pt/alumina at 150 bar under static conditions. It seems that

further reaction of CO with H2 is facilitated by the higher surface concentra¬

tion at higher pressure. In the continuous-flow cell, CO coverage on Pt/alu¬

mina was less prominent than in the batch reactor cell. A transient experiment

in the continuous-flow cell additionally revealed CO formation on Pt/alumina

at 120 bar after switching the feed from a H2-C2H6 to a H2-C02 mixture. The

in situ ATR-IR measurements indicate that CO formation in C02-H2 mixtures

is normally a minor side reaction during hydrogénation reactions on Pt-group

metal catalysts and dense (supercritical) C02 may be considered as a relatively
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"inert" solvent in many practical applications. However, blocking of specific

sites on the metal surface by CO and consecutive products can affect structure

sensitive hydrogénation reactions and may be at the origin of unexpected shifts

in the product distribution.

5.1 Introduction

As shown in the previous chapters (1,3,4) scC02 has attracted considerable

interest as an alternative reaction medium due to its non-flammability relative

inertness, and low cost - features that are important for industrial applica¬

tions. There are several reports in heterogeneous and homogeneous

catalysis '

on enhanced reaction rate in scC02 that is mainly attributed to

elimination of gas-liquid mass transport limitations. However, in hydrogéna¬

tion reactions some cases of serious catalyst deactivation were observed, for

example during enantioselective hydrogénation reactions. ' It has been pro¬

posed that CO is formed as a product of the reverse water-gas shift reaction

H2 + C02^CO + H20 (1)

even at low temperature, resulting in poisoning of the noble metal cata¬

lyst. ' ' ' This assumption is supported by the observation that the change

from scC02 to scC2H6 led to a much higher catalytic activity in the enantiose¬

lective hydrogénation of ethyl pyruvate in a continuous-flow fixed-bed reac¬

tor. Other routes such as decomposition of reactants and products can also

diminish the rate of the target reaction. Arunajatesan et al. reported that per¬

oxides caused severe deactivation in the hydrogénation of cyclohexene over
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Pd/carbon in scC02, which was circumvented using an alumina trap. Very

recently, Ichikawa et al. reported a change of selectivity in halonitroaromat-

ics hydrogénation induced by CO formation, particularly in scC02.

Hence, the spectroscopic identification of CO and other possible surface

species is required to understand the possible impact on selectivity and activity

in hydrogénation reactions. Infrared spectroscopy is a suitable technique and a

number of studies exist at ambient pressure, where the formation of CO and

other reaction intermediates over Rh- and Pd-based catalysts, Ru/titania, and

Pt/silica was investigated. Formation of CO from carbonate species on

interfacial Pt-alumina sites of a model catalyst was observed using attenuated

total reflection infrared (ATR-IR) spectroscopy in the presence of cyclohexane

saturated with 25 vol.% C02 in H2.246

ATR-IR studies in SCFs are rare.159'175'235'247 Recently, the gas and liquid

phase water-gas shift and methanol reforming reactions were studied over a

pressure range of 1.36-5.84 bar on a 2.1 wt% Pt/alumina catalyst deposited on

a ZnSe crystal, CO being either reactant or the most abundant intermediate.

To our knowledge, ATR-IR studies on the reverse water-gas shift reaction over

noble metals at elevated pressure have not been reported, despite the fact that

noble metals such as Ru, Rh, and Pd are known to catalyze the formation of

methane or methanol from C02 with adsorbed CO as intermedi-

0l_„
238,244,249,250

arc.

The study on the behavior of C02 as solvent at elevated pressure is essen¬

tial also to gain the spectroscopic evidence that would enable us to answer the

question whether scC02 is an inert solvent for platinum group metal-catalyzed

hydrogénation reactions.

In this chapter, we investigated the reverse water-gas shift reaction in

scC02 at different pressures using in situ ATR-IR spectroscopy. For this pur-
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pose thin films of Pt, Pd, Rh and Ru on alumina were prepared by physical

vapor deposition on ZnSe internal reflection elements (IRE) and were used as

model catalysts.176'246

5.2 Experimental

5.2.1 Film Preparation and Characterization

The thin model films were prepared by electron beam evaporation onto the

ZnSe crystal using a Balzers BAE-370 vacuum system. The material (Pt, Rh,

Ru, Pd wire, alumina tablet) was evaporated from a graphite crucible at a base

pressure of about 1x10 mbar and a deposition rate of 0.5 and 1.0 A/s for

metals and alumina, respectively. Typically, 100 nm alumina were deposited

followed by 1 nm Pt, Rh or Ru and 2 nm Pd. The mass thickness of the films

was measured with a sputtering quartz crystal sensor. After each use the IRE

was polished with 0.25 |Lim diamond paste and thoroughly cleaned with etha¬

nol.

The composition of the thin films was determined by X-ray photoelectron

spectroscopy (XPS) performed on a Leybold Heraeus LHS11 apparatus. X-

rays were generated by a Mg source (1253.6 eV) operating at 240 W The spec¬

trometer energy scale was calibrated using the Au 4f7/2 and Cu 2p3/2 lines at

84.2 and 932.4 eV, respectively. Spectra were recorded at constant pass energy

of 151.0 and 31.5 eV No charging was observed for the investigated samples.
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5.2.2 ATR-IR Spectroscopy

In situ ATR-IR spectra were collected using a Bruker Optics IFS 66/s spec¬

trometer purged with dry air and equipped with a liquid N2-cooled MCT

detector. Spectra were acquired by co-adding 200 scans at 4 cm' resolution.

Experiments under Static Conditions

The experiments under static conditions were performed in a variable-volume

high-pressure view-cell equipped with an internal reflection element (IRE) in

the bottom part and transmission IR windows in the middle part. A flowchart

of the cell is given in Chapter 2.1.4, a more detailed description of the appara¬

tus can be found elsewhere.

Experiments that mimic the conditions of the batch reactor were per¬

formed at 50 °C and 90 °C. Typically, after mounting the coated crystal into

the spectroscopic view-cell, H2 at 15 bar was introduced into the cell to reduce

the metal surface. After evacuation, a mixture of C02 and H2 was admitted at a

pressure increasing from 90 to 130 bar, and spectra were collected.

CO adsorption from the gas phase on the metals was performed for com¬

parison with experiments under elevated pressure. After reduction of the metal

with H2, ca. 3 bar CO was admitted into the cell and equilibrated for ca.

30 min with the supported metal film before an ATR-IR spectrum was col¬

lected.

Experiments under Continuous-Flow Conditions

A home-made stainless steel cell was used for continuous-flow operation at

pressures up to 200 bar. A description of the cell is given in Chapter 2.1.5.

For the experiments C02 and C2H6 were compressed to 150-250 bar and

introduced to the in situ cell. Hydrogen (at about 180 bar pressure) was added
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to the system by a six-port valve. The reaction mixture is admitted to the cell

and expanded from reaction pressure to normal pressure in an expansion unit.

The Pt/alumina film was contacted with the C02/H2 mixture (120 bar,

50 °C) in the continuous-flow reactor cell. Typically the average residence time

was 0.3 s. In separate experiments, a scC2H6/H2 mixture was allowed to flow

before changing to scC02/H2. Before admission of any mixture the metal sur¬

face was reduced by H2 at the same temperature.

5.3 Results and Discussion

5.3.1 Thin Film Preparation and Characterization

The model catalysts were prepared in the same way as previously reported for

the study of liquid-solid reactions at ambient pressure. X-ray photoelectron

spectroscopy (XPS) revealed that all metals were in the reduced state and that

alumina homogeneously covered the ZnSe internal reflection element (IRE).

Signal broadening of the corresponding metal core levels towards high binding

energy indicated the presence of a small fraction of oxidized metal.

The detailed characterization of the Pt/alumina and Pd/alumina model

catalysts using scanning tunneling microscopy (STM) and XPS has been

reported previously. It has been shown that the film consists of densely

packed island made up of round-shaped metal particles of about 5 nm as deter¬

mined by STM.17 '252 Pt and Pd on alumina exhibited the typical doublet of

the Pt 4f and Pd 3d core levels at 71.3 and 74.5 eV and at 340.4 and 355.2 eV,

respectively. These values correspond well to those of bulk Pt and Pd. '
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The Ru 3d5/2 peak was observed at 280.4 eV, which is close to the value for

metallic Ru.255'25 The Rh 3d5/2 and 3d3/2 peaks were found at 307.5 and

312.25 eV in good agreement with the reported values for Rh. The metal-

to-Al ratio was ca. 1 : 1 indicating that the alumina layer is partially exposed to

the reactants and the noble metals were present as small islands on top of the

alumina film. Carbonaceous species corresponding to approximately 20 wt%

were also found that is due to exposure of the films to air prior to the XPS and

IR measurement and some carbonaceous species from the load lock. Carbon

from air may be present in the form of carbonates and CO adsorbed on the

metal surface.

The metallic state of the evaporated thin films was confirmed by CO

adsorption from the gas phase. The ATR-IR spectra of adsorbed CO on Pt, Pd,

Rh, and Ru were collected after contacting ca. 5 bar (gaseous) CO with the

metals at 50 °C in the absence of scC02 and are depicted in Figure 5-1. Except

for Ru, all other metals displayed the typical CO signals corresponding to lin¬

ear (COL) and bridged (COB) bonded CO. Bands are observed at 2045 and

1840 cm'1 for Pt and at 2018 and 1886 cm'1 for Rh. CO on Pd presented the

typical larger extinction coefficient for the bridged species than for the linear

species. The low frequency observed for CO on Ru (2006 cm' ) and the

absence of additional bands at higher and lower frequencies characteristic of

ruthenium carbonyls suggest that the band can be attributed to COL on metal¬

lic Ru at low surface coverage. The lower affinity of Ru for CO adsorption

may indicate that this metal film is also less reactive than the others.
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Fig. 5-1 : In situ ATR-IR spectra ofthe alumina-supported metal films in contact with CO

in the variable volume reactor cell (standard procedure). Conditions: 5 bar CO at 50 °C.

5.3.2 CO Formation from C02 in the Presence of H2 at 100 bar

Figure 5-2 shows the in situ ATR-IR spectra obtained when contacting the pre-

reduced alumina-supported metal films with H2 and C02 at 50 and 90 °C in

the view-cell equipped with a coated IRE. The pressure and temperature

range applied here are typical for hydrogénation reactions in scC02. Under

supercritical conditions and in the presence of H2 the development of signals

in the region of adsorbed CO on the different metals is obvious, especially for

the Pt/alumina film. COL was found on Ru (1998 cm'1), Rh (1977 cm'1), and

Pt (2042 cm'1). Multi-coordinated COB was observed on Ru (1827 cm'1), Rh

(1828 cm'1), Pt (1859v) and Pd (1785 cm'1).

The values observed for Pd, Rh and Ru are lower than those characteristic

for CO adsorbed from the gas phase, indicating that the CO coverage is rela-
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Fig. 5-2 : In situ ATR-IR spectra ofthe alumina-supported metal films in contact with H2
and C02 in the variable volume reactor cell at 50 °C and 90 °C. Conditions: 1 mol% H2 in

C02; 100 bar.

tively low and that CO could be located at particular metal-support interfacial

adsorption sites. The highest CO coverage was found on Pt and Pd at 50 °C,

whereas considerably less CO was formed on all metals at 90 °C. Although

traces of CO are formed when reducing (cleaning) the metal surface with H2-

saturated solvent in a flow-through cell at normal pressure, no change (e.g.

formation of CO or removal of carbonates) was observed in the ATR-IR spec¬

tra collected during the H2-cleaning of the metal films in the batch reactor cell.

Hence, this in situ high-pressure study shows that adsorbed CO is formed in

the dense C02-H2 mixture. This observation also demonstrates that CO for¬

mation is a feasible reaction when hydrogénation reactions are carried out in

liquid or scC02 at elevated pressure.
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5.3.3 Surface Species on Pt/alumina in scC02/H2 at High-Pressure

Additional signals appeared in the spectra of Pt/alumina in the presence of the

C02/H2 mixture while increasing the pressure up to 150 bar. Figure 5-3 shows

some selected ATR-IR spectra to illustrate the effect of pressure; the time

dependence is presented in Figure 5-4. The signals of adsorbed CO at ca. 2040

and 1859 cm' increased in intensity with increasing pressure. The difference

in density at different pressures also leads to a shift in the asymmetric stretching

of C02 at 2355 and 2337 cm' (v3 mode). The two characteristic signals coa¬

lesced into a stronger singlet at 2334 cm' when increasing the pressure from

90 to 140 bar, probably due to the loss of degree of freedom ofC02 molecules

at increasing fluid density (Figure 5-3, top right panel). Simultaneously, the

scissoring mode at 665 cm' ( 2, not shown) slowly shifted to 661 cm' and the

band was also enhanced in the same pressure range indirectly showing the

increase of the density. After v3 mode changes into a singlet, its intensity

does not substantially increase further above 140 bar, since the density changes

only from 742 to 776 kg m .
Note that in the whole pressure regime one sin¬

gle phase is present in accordance with literature, ' but density fluctuations

were observed in the low pressure regime (Figure 5-4).

A prolonged study at 150 bar (Figure 5-4) showed that the CO signals rap¬

idly reached a maximum and were then attenuated with time. Simultaneously

to the attenuation of the CO signals at 150 bar, new signals grew at 3212,

2927, 2863, 1457, 1351 and ca. 1100 cm'1. Their size grew with increasing

pressure and also with time at 150 bar. The signal at 3212 cm"1 is probably due

to surface OH groups experiencing surface reorganization because of the occur¬

ring reaction and has to be associated with the negative-going band at ca.

3500 cm'1.176
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Fig. 5-3 : Top panel: pressure-dependent ATR-IR spectra recorded on the Pt/alumina thin

film in the variable volume reactor cell. The region of the v3 band of C02 is shown on the

right. Conditions: 1 mol% H2 in C02; 50 °C; (a) 90 bar, (b) 100 bar, (c) 120 bar, (d)

140 bar, (e) 150 bar. For the time dependence see Figure 5-4. Bottom panel: overall density

vs. total pressure plot for the same experiment. The density increased with increasing pressure

from 331 kg m"3 at 90 bar to 776 kg m"3 at 150 bar.
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140 bar, (III) 150 bar. The lines are drawn to guide the eye. The phase behavior for condi¬

tions corresponding to (I) and (III) is shown in the top panels.

The behavior of the signals at 2927, 2863 and ca. 2040 cm" is shown in

Figure 4 as a function of time. The CO coverage rapidly increased when keep¬

ing the pressure at 90 bar (I) and was only slightly increased between 90 and

140 bar (II, see also Figure 5-3). Only traces of the species represented by the

other bands could be detected in this pressure range. Between 100 and 140 bar

(II) the signals at 2927 and 2863 cm' did not increase further and were only

slightly enhanced at 140-150 bar. CO was clearly consumed when maintain¬

ing the pressure at 150 bar and in parallel the coverage by additional surface
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species increased (III). The behavior of the bands at 1457, 1351, and

1100 cm' (not shown in Figure 5-4 for simplicity) was similar to that of the

bands at 2927 and 2863 cm'
.
The signals in the C-H stretching region display

different kinetic behavior, i.e. the growth of the signal at 2927 cm"1 exhibited a

time delay of about 15-20 min with respect to that at 2863 cm"
.
A more

detailed analysis of the behavior of the signals as a function of time at 150 bar

suggests that the signal at 2927 cm' is associated with the signals at 1457 and

1100 cm'
,
whereas the signal at 2863 cm' is connected to that at 1351 cm'

.

Although the literature available on the reaction between CO and H2 is copi¬

ous, the assignment of the signals is not straightforward. The most often

observed species during C02-hydrogenation are formate-like spe¬

cies.238'242'262'263 The set of signals at 2863 and 1351 cm'1 can be associated

with the v(C-H) and vs(OCO) modes of formate species. However, the

v(C-H) mode of formates is usually found at higher frequency. A signal at

2920 cm' was reported on Pt(lll), which would suggest that the band at

2927 cm' originates from formates. This interpretation, however, contradicts

to the aforementioned combination of the bands and deviates from other val¬

ues found for formates on Pt single crystals.2 5'2

The set of signals at 2927, 1457, and 1100 cm' may be assigned to

adsorbed -OCH3 species since the v(C-H) mode of methyl groups is found at

2960 cm'
.
This species is usually unstable and decomposes on Pt(l 11) to CO

already at 150 K under UHV conditions2 7 but on stepped Pt surfaces its sta¬

bility is somehow enhanced. The likely explanation is that decomposition of

-OCH3 to CO represents the dehydrogenation of methanol via methoxy spe¬

cies that reaction is effectively catalyzed by all Pt-group metals. The reaction is

reversible and in the presence of H2 the equilibrium is shifted to the alcohol

that is partly present on the surface as alkoxy species. Finally, the signals at
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1457, 1351, and 1100 cm' may also be attributed to formation of carbonates.

Despite of this uncertainty, it is very probable that all signals observed in

Figure 5-3 belong to oxygenated C: species. The enhancement of the forma¬

tion of CO and its further transformation to oxygenated C: species at 150 bar

may be ascribed to the increased surface coverage by H2, which originates from

the increase of total pressure that enhances the partial pressure of H2.

5.3.4 C02 Hydrogénation in the Continuous-Flow ATR-IR Cell

In addition to the experiments under static conditions, we performed reactions

under dynamic conditions in a continuous-flow cell. This reactor has the

advantage that different solvents can be used consecutively and the effect of

time-on-stream can be studied. Furthermore, mass transfer at the solid-fluid

interface is enhanced. Note, however, that the reaction conditions are more dif¬

ficult to control (biphasic vs. monophasic) and the catalyst is more sensitive to

impurities in the feed. Besides, in the continuous-flow system much lower con¬

version is expected, due to the relatively short residence time. The sensitivity of

the ATR technique can be enhanced by increasing the number of reflections

using a larger crystal (see the experimental section).

Continuous-flow operation is particularly advantageous to study catalyst

deactivation. CO formation was assumed to be responsible for deactivation of a

Pd/alumina catalyst during citral hydrogénation. ' The proposal was

recently re-interpreted in terms of synergic effects ofCO formation and hydro¬

carbon accumulation. (Chapter 4) CO was also observed as a product of the

reverse water-gas shift reaction on a Pd/alumina catalyst during cyclohexene

hydrogénation at 70 °C and 138 bar.2 9 Furthermore, we have proposed earlier

that CO formation could be responsible for the very low reaction rate and
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enantioselectivity achieved in enantioselective hydrogénations on chirally mod¬

ified Pt/alumina in scC02. ' The performance of the catalyst improved dra¬

matically when changing from scC02 to scC2H6. To understand this pheno¬

menon, ATR-IR spectra of the Pt surface were recorded during the switch from

scC2H6/H2 to scC02/H2 mixture in the continuous-flow reactor cell.

Figure 5-5 shows in situ ATR-IR spectra during the surface-cleaning step

in H2 and the subsequent admission of the 1% H2/C02 mixture. Already some

2200 2000 1800 1600

Wavenumber/ cm"1

Fig. 5-5: In situ difference ATR-IR spectra (a-e) of a Pt/alumina film in contact with

1 mol% H2 in C02 at 120 bar and 50 °C in the continuous-flow reactor cell. The bottom

spectrum (without number) is the last spectrum recorded during H2-cleaning before admit¬

tance of scC02/H2. Spectrum (e) was recorded after 50 min on stream.

CO was formed during the surface-cleaning step while the metal film was

reduced in situ with H2 at 5 bar at 50 °C (before admittance of C02). Signals
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at 1977 and 1795 cm' are due to formation of CO as a result of transforma¬

tion of impurities present on the metal after exposure of the freshly prepared

film to air. Similarly to the case of the solid-liquid interface, the H2-cleaning

affords domains of reduced Pt also at the solid-gas interface. After reduction,

C02 was admitted to the cell and the total pressure was raised to 120 bar.

Then, H2 pulses where given in order to produce 1 mol% H2 in scC02. The

ATR-IR spectra obtained after introducing the first H2 pulses (lines a-e in

Figure 5-5) displayed features at 2008 and 1824 cm' together with negative

signals at 1977 and ca. 1780 cm'1 and the strong v3 band of scC02 (not

shown). The positive signals are unambiguously assigned to adsorbed CO on

Pt. Interestingly, the vibrational frequency for this species was higher than that

detected during H2-cleaning which, together with the presence of negative sig¬

nals matching with the signals of CO formed during the reduction of Pt, indi¬

cates that additional CO is formed in scC02 in the presence of H2.

Next, in a transient experiment the Pt surface was investigated during the

change from scC2H6/H2 to scC02/H2. Some adsorbed CO was observed in

the spectra already in a flow of scC2H6 and H2, most likely due to impurities in

the C2H6. This observation shows the high sensitivity of the method.

Figure 5-6(a) presents the spectra in the first 15 min after switching from

1 mol% H2-in-C2H6 to 1 mol% H2-in-C02 mixture.

The characteristic signals of scC2H6 at 2974, 2887, 1464 and 1388 cm'1

vanish completely and in parallel the v3 band of C02 increases with time.

Figure 5-6(b) shows that upon changing the feed composition a weak signal

appeared at ca. 2000 cm'
,
which is assigned to adsorbed CO. However, simi¬

larly to the case shown in Figure 5-5, the signal was not as prominent as in the

case of the static experiments in the batch reactor cell. This behavior is attrib-
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uted to the different operation modes and mass transfer conditions in these

reactor cells.
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Fig. 5-6: (a) In situ ATR-IR spectra showing the change of the feed composition from

1 mol% H2-in-C2H6 to 1 mol % H2-in-C02 in the continuous-flow reactor cell. Conditions:

50 °C, 120 bar. (b) Difference spectra measured after changing the feed composition. The

top spectrum was recorded after 15 min on stream.
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5.3.5 Implications to Heterogeneous Catalytic Hydrogénations in

Dense C02

The results both in the variable volume cell (static conditions) and the continu¬

ous-flow cell show that CO can form on Pt-group metals via the reverse water

gas shift reaction when dense C02 is used as solvent in hydrogenation-type

reactions, i.e. in the presence of H2. Moreover, CO was found to be a possible

intermediate in consecutive reactions leading to methanol and formate on Pt.

However, the relatively low amount ofCO detected in situ in both reactor cells

raises the question whether this species can be the origin of catalyst deactiva¬

tion over noble metal based catalysts. It is expected that in most hydrogénation

reactions the low CO coverage on the Pt-group metal surfaces will barely influ¬

ence the reaction rate. This is in line with the high number of successful hydro¬

génation reactions reported in heterogeneous catalysis using sub- or

supercritical C02 as solvent. We believe that although dense C02 is not truly

inert, it remains a valuable solvent for most heterogeneous catalytic hydrogéna¬

tion reactions.

Nevertheless, in special cases even a small coverage of the metal surface by

CO may have a detrimental effect on the catalytic performance. This is the

case, for example, when specific surface sites are blocked that are important in

the transformation. A known example is the previously mentioned enantiose-

lective hydrogénation over cinchonidine modified Pt/alumina. ' ' In this

catalyst system even small amounts of strongly adsorbed CO can disturb the

adsorption of the chiral modifier to the metal surface ' and thus its interac¬

tion with the prochiral substrate.

From a practical point ofview it is more interesting to consider those reac¬

tions where even trace amounts ofCO have a positive influence on the selectiv-
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ity. CO formed from C02 and H2 may selectively block specific sites on a

polycrystalline metal surface. This effect is expected to be particularly impor¬

tant for low-coordination sites, which are more abundant on nanoparticles typ¬

ical for supported noble metal catalysts but less plentiful on the extended metal

surface of the model catalysts reported in this work. It has been shown that

reduction of C02 to CO occurs mainly on steps and kinks of Pt single crystal

surfaces and CO adsorbs preferentially on steps instead of flat terraces.

Selective poisoning of Pt-group metal catalysts by CO is well-known. The

industrially most important example is the hydrogénation of acetylene-ethylene

mixtures to ethylene in which Pd/alumina poisoned by trace amounts ofCO is

used. After decades of research there is still no agreement concerning the

nature of selectivity improvement. Another practically important example is

the hydrogénation of 2-chloronitrobenzene over Pt/carbon. The undesired

side reaction, the dechlorination of the main product 2-chloroaniline was sup¬

pressed in scC02.

5.4 Conclusions

The present in situ ATR-IR study shows that CO formation via the reverse

water-gas shift reaction from liquid or supercritical C02 and H2 is a general

feature of the commonly used Pt-group metal catalysts (Pt, Pd, Ru, Rh). The

CO coverage on all metals under hydrogénation conditions was relatively low

so that normally the catalyst performance should not be affected significantly

by these adsorbed species. In other words, in many cases scC02 can be used as

a relatively inert solvent with all the advantages mentioned in the introduction.

However, the preferential adsorption of CO on step or kink sites as well as its
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transformation to other adsorbed species may lead to unexpected changes in

demanding reactions that occur on specific sites on the catalyst surface. The

present study indicates that this selective blocking of active surface sites is cru¬

cial for explaining the effect of scC02 as reaction medium, besides the known

factors such as changes in phase behavior, solubility, and mass transfer in the

presence of scC02.
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Oxidation of Geraniol

The performance and stability of supported Pd catalysts were investigated in

the partial oxidation of geraniol with molecular 02 in dense C02. All catalysts

deactivated to a certain extent in the continuous-flow reactor; the least stable

among them was Pd/alumina. Beside oxidative dehydrogenation, isomerization

and hydrogénation reactions were also catalyzed by Pd. The initial selectivity of

Pd to citral formation was only 50-60% but improved up to 90% with time-

on-stream. The extensive catalyst deactivation and the shift in product distri¬

bution are (partly) attributed to formation of geranic (neric) acid, and the acid-

catalyzed dimerization and oligomerization of reactant and products leading to

site blocking by the high molecular weight by-products. ATR-IR spectroscopy

revealed that no CO was present on the Pd surface during geraniol oxidation

though it appeared in the absence of 02. A shift from two-phase to single phase

conditions diminished the reaction rate, presumably due to accumulation of

water co-product on the catalyst surface. Despite of the initial deactivation of

Pd/silica, an outstanding TOF of 169 h" was achieved on the stabilized cata¬

lyst under steady-state conditions, at 80 °C and 150 bar.
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6.1 Introduction

Oxidation of alcohols to aldehydes and ketones is an important transformation

in synthetic organic chemistry. ' Supported Pd and other Pt-group metal

catalysts have been widely used for the synthesis of multi-functional carbonyl

compounds and carboxylic acids. These catalysts perform well also in aqueous

medium with molecular 02 as the only oxidant.
'

For the transformation

of water-insoluble alcohols an organic solvent,
'

biphasic conditions,

ionic liquids, and a water-detergent system have been proposed. Another

interesting solvent is dense or scC02. ' ' ' The oxidation of various alco¬

hols with 02 in scC02 has been studied on supported Pt-group metal

catalysts138'152'155'1 l'179
though the transformation of geraniol has not been

reported yet.

Geraniol (1, Figure 6-1) contains two functional groups beside the OH

function: an isolated and a conjugated C=C double bond. The oxidation prod¬

ucts geranial (3, trans-isomer) and neral (4, cis-isomer) known together as citral

are important intermediates for the production of perfumes, fragrances, and

pharmaceuticals. The reverse reaction, the hydrogénation of citral on Pt-group

metals is characterized by serious catalyst deactivation and the real nature of

deactivation is debated in Chapter 3 and 4 and in other works.189'202'207 Vari¬

ous catalysts have been proposed for the oxidation of geraniol using molecular

02 without any additive. All these catalysts were tested in batch reactors.

Their selectivity to citral varied in the range 80-100%; the most active among

them are Pt-Bi/alumina (TOF = 13 h'1 at 60 °C),285 Rh (TOF = 10 at

70 °C),290 and RuCo-hydroxyapatite (TOF = 11 h'1 at 90 °C).291
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Fig. 6-1 : Oxidation of geraniol over supported Pd catalysts.

In this chapter we report the oxidation of geraniol in a continuous-flow

fixed-bed reactor in dense C02. The aim of the work was to find a stable and

active Pd catalyst that utilizes molecular 02 as the only oxidant.

6.2 Experimental

6.2.1 Materials

Geraniol (ABCR, ca. 2.5% nerol, 0.5% geranial, 0.1% neral), geranic acid

(Fluka, cis/trans = 0.2), n-hexane (Scharlau, 96%), ethyl acetate (Merck,
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99.5%), 5 wt% Pd/alumina (Fluka, mean particle diameter ca. 32 jiim, metal

dispersion: 0.35, as determined by transmission electron microscopy), alumina

(Merck, anhydrous -alumina, mean particle diameter ca. 90 um), 5 wt%

Pd/silica (Degussa, mean particle diameter ca. 350 jiim, metal dispersion: 0.19,

as determined by transmission electron microscopy), silica gel grade 62 (Aid-

rich, mean particle diameter ca. 160 urn), C02 (PanGas, 99.9%), H2 (PanGas,

99.99%), Ar (PanGas, 99.999%) N2 (PanGas, 99.999%) and 02 (PanGas,

99.5%) were used as delivered.

6.2.2 The Continuous-Flow High-Pressure Reactor System

The catalytic studies were carried out in a computer-controlled continuous-

flow stainless steel reactor system described in Chapter 2.1.1.

The catalysts (1.5 g 5 wt% Pd/alumina diluted with 0.2 g alumina, or

1.5 g 5 wt% Pd/silica diluted with 0.2 g silica) were fixed with quartz wool

plugs. The resulting catalyst bed length L was ca. 30 mm for Pd/alumina and

80 mm for Pd/silica. The ratio L/d was 940 and 230 for the two catalysts,

respectively (d : particle diameter). At a geraniol flow of 6.84 gh' the space

time related quantity W/F was 33.8 g h mol' (W catalyst mass, F: molar feed

rate).

For studying catalyst deactivation a fresh catalyst was used for each experi¬

ment but before the parameter study Pd/silica was stabilized for 15 h and then

its performance was constant for about 50 h. Before starting alcohol oxidation

the catalyst was pre-reduced with H2 at 80 °C for 2 h. For each condition the

parameters were fixed for 4 h and the product distribution was calculated from

the averaged values of the samples taken after 3 and 4 h. In all experiments the

reaction temperature was 80 °C and the parameter studies were made at a près-
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sure of 150 bar. The collected samples were diluted with ethyl acetate and ana¬

lyzed by GC.

The average turnover frequency (TOF) related to the number of surface Pd

sites was estimated using Eq. (1):

TOF =

X'F'Mpd (1)
IHcat ' ^Uioadmg " D

where X is the conversion of geraniol; F the molar geraniol flow; Mpd the

atomic mass of Pd (106.4 g mol' ); meat the amount of catalyst (g), Pdloadi

mass% of Pd in the catalyst, and D the Pd dispersion (ratio of surface to total

number of metal atoms).

6.2.3 Phase Behavior Study

The phase behavior of the system under reaction conditions was investigated in

a computer-controlled high-pressure view-cell. A flow sheet of the cell is given

in Chapter 2.1.3. A detailed description of the apparatus has been given else¬

where. In order to avoid 02 exposure of the view-cell, the experiments were

performed using N2 instead of 02.

6.2.4 ATR-IR Spectroscopy

The ATR-IR measurements were carried out on a home-built stainless steel

flow-through cell incorporating the coated ZnSe internal reflection element

(50 x 20 x 2 mm, 45°, Komlas) as described elsewhere. Spectra were mea¬

sured by co-adding 200 scans at 4 cm' resolution. All experiments were per¬

formed at 50 °C.
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The catalyst film was prepared by dropping a slurry of the catalyst in THF

on the ZnSe internal reflection element and evaporating the solvent under vac¬

uum. An alumina film was prepared similarly for comparison.

At first N2-saturated hexane was admitted to the catalyst film at

1 ml min'1 flow rate till the ATR-IR spectra stabilized. Then H2-saturated hex¬

ane was introduced to the cell for 10 min to reduce the catalyst. The spectrum

collected at the end of this procedure served as the reference for the following

spectra. Then the liquid flow was switched to 02-saturated geraniol solution

(100 jLil in 50 ml hexane) for ca. 70 min. Finally, the film was rinsed with hex¬

ane for 30 min.

Transmission spectra of neat geraniol, geranic acid and citral were recorded

in a cell equipped with KBr windows by co-adding 200 scans at a resolution of

4 cm'1.

6.3 Results and Discussion

6.3.1 Catalyst Deactivation during Geraniol Oxidation

A preliminary screening of various supported Pt and Pd catalysts revealed that

Pd was more active than Pt in the oxidation of geraniol with molecular 02 in

scC02. Besides, all catalysts tested deactivated with time-on-stream and the

loss of activity was sometimes dramatic. The two most active catalysts, a 5 wt%

Pd/silica and a 5 wt% Pd/alumina were selected for the further study.

The major reactions detected by GC analysis were oxidation of the unsat¬

urated alcohols geraniol/nerol to geranial/neral (citral) and geranic/neric acids,

and isomerization, as depicted in Figure 6-1. The cumulative selectivity to
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acids was low, only 1-3%, depending on the conversion. Some other products

could also be detected in small amounts, which were formed mainly by hydro¬

génation of the C=C bonds of 1-6. The performance of the catalysts will be

characterized below by the amounts and ratios of the double-unsaturated alco¬

hols and aldehydes 1-4.

The time-dependent variation of conversion and the selectivity to citral

(3 + 4) on Pd/alumina are shown in Figure 6-2. The conversion of geraniol

decreased dramatically (by a factor of nine) in 15 h and even after this period

no stabilization was observed. Interestingly, the initial selectivity to citral was

poor but increased up to about 90% in 5 h. The isomerization activity of the

catalyst, characterized by the molar ratios 1/2 and 3/4, stabilized after a short

initial period.
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Fig. 6-2: Oxidation ofgeraniol (1) to citral (3 + 4) on Pd/alumina. Conditions: total pres¬

sure 150 bar, geraniol flow 6.84 g h'1, geraniol : 02 : C02 molar ratio 1 : 8 : 90.
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Deactivation of Pd/silica was remarkably different (Figure 6-3). The con¬

version decreased only moderately and reached a stable value after 15 h. The

changes in activity were accompanied by a considerable improvement in alde¬

hyde selectivity and a decrease in isomerization activity, and also the selectivi¬

ties stabilized after 15 h (not shown).

Figure 6-2 and Figure 6-3 show that, independent of the support, the ini¬

tial selectivity of Pd is poor but improves considerably parallel to the gradual

loss of activity. We assume that these changes are due to dimerization and oli-

gomerization of the reactant and products and to increasing coverage of the

active sites by the strongly adsorbed species. The enhanced selectivity by site

blocking is not unusual in alcohol oxidation; there are several examples on the

positive effect of the deposition of inactive metals, such as Bi or Pb, onto Pt or

Pd catalysts.292'294

400 600

Time/ min

o

CO

J5
o

Fig. 6-3: Oxidation ofgeraniol (1) to citral (3 + 4) on Pd/silica. Conditions: total pressure

150 bar, geraniol flow 6.84 g h"1, geraniol : 02 : C02 molar ratio 1 : 8 : 90.
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6.3.2 Catalytic Studies on Pd/silica

The influence of the two most important reaction parameters, the pressure and

02-concentration, was studied on Pd/silica (after a 15 h stabilization period).

With increasing total pressure the conversion increased due to higher concen¬

trations of the reactants alcohol and 02 (Figure 6-4). The steady decrease in

reaction rate above 100 bar coincides with the gradual shift from the two-phase

to the single phase (supercritical) region; no phase separation could be detected

above 155 bar. The changes in citral selectivity are small and may be correlated

with the conversion: the higher the conversion, the lower is the selectivity. The

best selectivity to citral (around 90%) on this catalyst was achieved in the single

phase region at high-pressure and below 20% conversion. The isomerization

activity of Pd was not affected by the pressure: the molar ratios 1/2 and 3/4

remained practically constant at around 35 and 23, respectively (not shown).

We attribute the decrease in reaction rate above 100 bar to accumulation of

water co-product on the catalyst surface. Water, formed in equimolar amount,

is the most polar component in the reaction mixture and its solubility in scC02

is very low. Removal of water from the metal surface is facilitated by H-

bonding interactions to the polar reactant and products, which are present

mainly in the denser phase. The high concentration of C02 in the single phase

diminishes the solubility of water and its accumulation results in an aqueous

layer over the catalyst surface that is detrimental to the mass transport and

influences also the selectivity. This complication is known in the literature and

a possible solution is to apply hydrophobic (Teflon-covered) catalyst.

In another series of experiments the influence of 02-concentration was

analyzed by varying the 02 flow at constant geraniol and C02 flows

(Figure 6-5). The reaction rate increased up to about 25 mol% 02-concentra-
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Fig. 6-4: Influence oftotal pressure on the conversion ofgeraniol (1) and the selectivity to

citral (3 + 4) on Pd/silica. Conditions: geraniol flow 7.89 g h'1, geraniol : 02 : C02 molar ra¬

tio 1 : 2.5 : 155. The shaded area indicates the one-phase region.

tion. The drop of conversion above 25 mol% 02-concentration indicates cata¬

lyst over-oxidation: 02, which adsorbs stronger than the alcohol, covers a

fraction of the active sites and diminishes the rate of alcohol dehydrogena¬

tion.
'

According to the dehydrogenation mechanism of alcohol oxidation

on Pt-group metals, the active sites are partially covered by H2 that can react

with the unsaturated reactant and products. These hydrogénation type side

reactions are diminished by the faster oxidation of H2 at higher surface 02-

concentration, which shift is clearly seen in the region 1-7 mol% 02

(Figure 6-5).

The conversion of geraniol can be increased by increasing the residence

time, as indicated by the data in Table 6-1. At constant amount of catalyst the

residence time was varied by changing the geraniol mass flow (entries 2 and 3)
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C02 flow 100 nlh'1.

Table 6-1 : Influence of C02 and geraniol (1) flow on the conversion of geraniol and selec¬

tivities to geranial (3) and neral (4). Reactions conditions: 80 °C, total pressure 150 bar, 02

flow 9 nl h"1, 1.5 g 5 wt% Pd/silica mixed with 0.2 g silica.

Entry co2

[nlh'1]

Geraniol C02 :02 : 1 conv. alcohol sel. citral 3 + 4

[gh'1] molar ratio [%] [%]

1 100 6.84 100:9: 1 28.6 82.1

2 100 13.68 100:9:2 25.2 79.3

3 100 3.68 200 : 18 : 1 41 80.1

4 200 6.84 200 : 9 : 1 20.4 81.1

5 50 6.84 50 : 9 : 1 51.1 80

6 50 3.68 100: 18: 1 59.5 85.2

or the C02 flow (entries 4 and 5). Close to 60% conversion and 85% citral

selectivity were obtained in the last experiment (entry 6) with low geraniol and
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C02 flow. The highest average TOF of 169 h" was reached at low C02 flow

(50 nl h'1) and a geraniol feed of 6.84 g h'1 (entry 5). If the TOF is related not

only to the real number of active sites but to the total amount of Pd (as it is

commonly calculated in synthetic chemistry), its value is 32 h'
,
more than

double of the best known activity of 13 h"
.

6.3.3 Catalyst Deactivation followed by ATR-IR Spectroscopy

ATR-IR spectroscopy has been used successfully to study catalyst deactivation

during citral hydrogénation (reported in Chapter 4) and oxidation of

O A 1 O An

alcohols on Pd/alumina. Here we analyzed the processes on the surface of

Pd/alumina during geraniol oxidation (Figure 6-6(a)). Hexane was chosen as

solvent to mimic the low polarity of dense C02. Several bands with different

time behavior evolved on the surface of the catalyst. As soon as geraniol and 02

were brought into contact with the catalyst, bands developed at 1685, ca.

1660, 1639, 1547, 1436, 1408, and 1383 cm'1. By comparison with the spec¬

trum of citral (Figure 6-6(e)) it is obvious that the band at 1685 cm' is due to

the aldehyde (v(C=0), 1676 cm' in the neat compound), the product of

geraniol oxidation. The reaction on Pd was fast and generated water whose

band is seen at 1639 cm'1. Except for the signal at 1660 cm'1 (v(C=C) of dis¬

solved geraniol; 1668 cm' in neat geraniol, (Figure 6-6(c)), the other bands are

assigned to adsorbed geranic acid, being present as carboxylate anion. This

interpretation is supported by the adsorption of geranic acid onto Pd/alumina

under identical conditions (Figure 6-6(b)). The signals are due to carboxylate

species predominantly adsorbed onto alumina as ATR-IR spectra of the acid

adsorbed on neat alumina indicated. During geraniol oxidation also the
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Fig. 6-6: ATR-IR spectra (a) during geraniol oxidation and (b) after geranic acid adsorp¬
tion over Pd/alumina. Conditions: 100 u.1 geraniol in 50 ml hexane, 02, 50 °C. Spectra (a)

were collected at 3.5, 6.7, 9.8, 12.9, 16.1, 19.3, 22.9, 31.7, 43.5, 53.2, and 66.5 min on

stream. Traces (c-e) are transmission spectra of neat geraniol, geranic acid, and citral, respec¬

tively.

vAS(OCO) and vs(OCO) bands (at 1547 cm'1 and at 1436, 1408, and

1383 cm'
, respectively) are clearly discernible.

After about 20 min on stream, the water band at 1639 cm' is attenuated,

whereas the bands due to the adsorbed acid further increased and the signal of

dissolved aldehyde (1685 cm' ) vanished. This change is interpreted as the

result of catalyst deactivation. The reduced amount of water is indicated also

by the decrease of the signal due to H2 bonded water at ca. 3380 cm' (not
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shown). The attenuation of the band of surface water and the simultaneous

production of acid species allows the observation of the signals due to the

v(C=C) mode of geranic acid at 1648 cm'
.
Once the oxidation reaction is

inhibited, geraniol starts to accumulate on the surface and becomes more visi¬

ble as indicated by the growing band at 1665 cm'
.

After replacement of the 02-saturated geraniol solution by Ar-saturated

hexane, geraniol (adsorbed and dissolved) and a part of geranic acid are dis¬

placed from the catalyst surface and only geraniate species can be observed

together with adsorbed CO (1820 cm' ). The latter species probably originates

from decomposition of the organic species during the last treatment under Ar.

We have to emphasize that the ATR-IR spectra were free ofCO during geraniol

oxidation (Figure 6-6(a)). In contrast, in Chapter 4 we found that CO forma¬

tion was detected over Pd/alumina at ca. 1830 cm' from geraniol under

hydrogénation conditions. The absence of adsorbed CO during geraniol oxida¬

tion is obviously associated with the presence of molecular 02 as oxidant. It has

been shown that 02 removes adsorbed CO formed from product decarbonyla¬

tion during (primary) alcohol oxidation.302'303 Adsorbed CO was reported to

coexist with molecular 02 on the Pd surface only in the case of benzyl alcohol

oxidation.303

The measurements performed with ATR-IR spectroscopy clearly indicate

that geranic acid is quickly produced during geraniol oxidation over Pd/alu¬

mina at 50 °C and it accumulates on the catalyst surface, predominantly on the

basic sites of alumina. Note that geranic acid may form by 02 insertion into

geranial or via hydration and the subsequent dehydrogenation of geranial on

the Pd surface, and also via the Cannizzaro reaction of geranial on the basic

sites of alumina (Figure 6-7). When the experiment in Figure 6-6 (a) was

repeated with a fresh catalyst film and geraniol and 02 were replaced with citral
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Fig. 6-7: Transformation of citral on Pd and alumina.

and Ar (not shown), a small amount (about 0.7%) of geranic acid was detected

in the effluent. This experiment confirms the activity of alumina in the dispro¬

portionation reaction.

We assume that geranic acid is a key species in catalyst deactivation. It can

catalyze dimerization and oligomerization of the doubly-unsaturated reactant

and products and the high molecular weight byproducts can block the active

sites. The detrimental effect of geranic acid was confirmed by a control experi¬

ment where a small amount of geranic acid was added to the geraniol feed and

the reaction over Pd/silica (presented in Figure 6-3) was repeated. As seen in

Figure 6-8, geranic acid decreased the geraniol conversion by 10-15% and the

catalyst deactivation did not cease even after 12 h.
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Fig. 6-8: Influence ofgeranic acid added to geraniol on the deactivation of Pd/silica. Con¬

ditions: total pressure 150 bar, geraniol flow 6.84 g h'1, geraniol : 02 : C02 molar ratio

1 : 8 : 90, geraniol : geranic acid molar ratio 2.3 : 100.

6.4 Conclusions

Oxidative dehydrogenation of geraniol on supported Pd catalysts has been

investigated in a continuous-flow fixed-bed reactor using dense (supercritical)

C02 as the reaction medium. All catalysts deactivated to a certain extent, in

particular a 5 wt% Pd/alumina (Figure 6-2). After about 15 h stabilization

(Figure 6-3) a 5 wt% Pd/silica catalyst was highly active and a TOF of 169 h"

was achieved (Table 6-1), which value is more than double of the best

activity reported for this transformation. Deactivation of Pd was accompa¬

nied by a considerable shift in the selectivity to citral, i.e. the sum of geranial

and neral (Figure 6-1), and in the molar ratios of geraniol/nerol and geranial/

neral (Figure 6-2 and Figure 6-3).
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The 5 wt% Pd/silica catalyst stabilized for 15 h was used to clarify the

influence of reaction conditions on the reaction rate and citral selectivity. Sin¬

gle phase conditions were unfavorable to the reaction rate though the best

selectivities (up to 90.5%) were achieved in this region (Figure 6-4). We

attribute this unexpected result to accumulation of water co-product on the

surface of the hydrophilic catalyst that is detrimental to the mass transport.

There was a positive correlation between the reaction rate and the 02-concen-

tration in the feed, up to the limit of catalyst "over-oxidation", a well-known

phenomenon attributed to the strong adsorption of 02 on Pd and other Pt-

group metals. The presence of sufficient 02 in the feed is important to achieve

high citral selectivity and minimize hydrogénation type side reactions

(Figure 6-5).

An ATR-IR study of geraniol oxidation on Pd/alumina in a flow-through

cell (Figure 6-6) indicated that geranic (neric) acid may be a key species in cat¬

alyst deactivation by inducing the dimerization and oligomerization of the

reactant and products. The formation of carboxylic acid is catalyzed by both Pd

and alumina that can explain the poor stability of this catalyst. An experiment

in the high-pressure reactor with geranic acid added into the feed (Figure 6-8)

confirmed this expectation.
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Dehydrogenation of 1-Phenylethanol

The feasibility of the heterogeneous catalytic dehydrogenation of alcohols in

dense (sub- and supercritical) C02 is shown by the transformation of 1-phe¬

nylethanol in a continuous-flow fixed-bed reactor. A 0.5 wt% Pd/alumina cata¬

lyst afforded reasonably good activity (turnover frequency (TOF): 15 h" at

155 °C) and up to 100% selectivity to acetophenone. An interesting feature of

the reaction is that the conversion and selectivity varied parallel under condi¬

tions investigated (80-165 °C, 30-190 bar, C02/alcohol molar ratio: 30-

360). Reaction rate and ketone selectivity were favored at high temperature

(around 150 °C), low total pressure (favourably in the subcritical region), high

C02 and low alcohol flow rates. Under these conditions interfacial mass trans¬

port and removal of the co-product H2 were enhanced. No catalyst deactiva¬

tion was observed within about 300 h on stream.

7.1 Introduction

Dehydrogenation of alcohols in solid/gas type reactors is a well established

method for the production of simple, thermally resistant aldehydes and

ketones. The reaction is endothermic and reversible; the equilibrium is

limited by the formation of two moles of products from one mole of alcohol.

In order to achieve high yields, the equilibrium has to be shifted by applying
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high reaction temperature (usually 200-450 °C), low total pressure, or an inert

diluent. Major limitation of the method is that at the necessary high tempera¬

ture dehydration and polymerization, or degradation of more complex mole¬

cules, may dominate the transformation.

The aim of the present work was to investigate this reaction in SCFs that

would allow the application of relatively low temperature and the transforma¬

tion of more complex, non-volatile alcohols. As mentioned in former chapters,

SCFs have numerous advantages compared to conventional organic solvents.

Supercritical solvents have found numerous applications in homogene¬

ous
' ' and heterogeneous catalysis, ' but reports on dehydrogenation

in SCFs are rare. The catalytic dehydrogenation of C10-Cl4 paraffins showed

that the thermodynamic equilibrium was strongly shifted when the reactants

were in a supercritical phase. Dehydrogenation of ethanol and 2-propanol

was carried out in scH20 at elevated temperature.
'

Here we have chosen the transformation of 1-phenylethanol to acetophe¬

none to test the feasibility of alcohol dehydrogenation in scC02 (Figure 7-1).

v^

Pd/alumina

"~

+H,

0

V^

+ H,

-hLO

%y

Fig. 7-1 : Palladium-catalyzed dehydrogenation and hydrogenolysis of 1 -phenylethanol.
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Dehydrogenation of 1 -phenylethanol in the gas phase has already been studied

over various oxides307'308 and supported Cu309 at 200 °C, and on NaZnP04310

at 350 °C. In the latter case high selectivities were obtained. When the reaction

was carried out in refluxing toluene over Raney-Ni, a 1 : 1 mixture of ace¬

tophenone and ethylbenzene formed and the selectivity to acetophenone could

be improved only by addition of an olefin as hydrogen acceptor.

7.2 Experimental

7.2.1 Materials

1-Phenylethanol (98 %, Aldrich), ethyl acetate (99.5 %, Merck) and C02

(99.9 %, PanGas) were used as delivered. A sieved fraction (ca. 0.5-1.4 mm) of

a shell-impregnated 0.5 wt% Pd/alumina catalyst was used for the hydrogéna¬

tion reactions (Engelhard 99812, metal dispersion: 0.29 determined by H2

chemisorption).

7.2.2 Continuous High-Pressure Reactor System

The dehydrogenation experiments were carried out in a computer-controlled

continuous-flow stainless steel reactor system designed for pressures up to

300 bar and temperatures up to 200 °C. The apparatus, which essentially con¬

sisted of a dosing system for the reactant (1-phenylethanol, PE) and the solvent

(C02), a tubular reactor, pressure and temperature control and automatic sam¬

pling, is shown in Figure 7-2. A more detailed description of the reactor system

can be found in Chapter 2.1.1.
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The samples were analyzed gas-chromatographically after dilution with

ethyl acetate. Selectivity was defined as Y/Xj (Yj yield of a product, Xj conver¬

sion of 1-phenylethanol), in percentage.

PE —©——
thermostat

thermostat

SD

Fig. 7-2: Schematic illustration of the high-pressure continuous fixed-bed reactor. Abbre¬

viations: MC: mixing chamber, RS: reactor section, BR: back pressure regulator, SD: sam¬

pling device, T: temperature measurement, P: pressure measurement, and PE: 1-phenyl¬
ethanol.

7.2.3 Catalytic Studies

The reaction section was filled with 5 g 0.5 wt% shell-impregnated and

crushed Pd/alumina (particle size - d - in the range 0.5-1.4 mm) resulting in a

catalyst bed length L of approximately 85 mm (plus quartz wool plugs) and a

ratio L/d = 90. Under standard reaction conditions, at 145 °C, the 1-phenyle¬

thanol flow was 5.47 gh'1 and the C02 flow 180 nl h'1, corresponding to a

molar ratio of 1-phenylethanol : C02 = 1 : 180. The space time related quan-
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tity W/F was 112 g h mol' (W catalyst mass, F: molar feed rate). The values

presented in Table 7-1 and the figures are the average of those measured after 1

and 2 h time-on-stream (after setting the specified parameters).

Table 7-1 : Influence of temperature on the conversion of 1-phenylethanol (PE) and selec¬

tivity to acetophenone a.

Temperature [°C] Pressure [bar] C02:PE [molar ratio] Conv. [%] Sel. [%]

80 50

90 50

100 50

115 50

135 50

145 50

155 40

165 40

100:1 6 70

160:1 12 100

160:1 13 100

160:1 21 100

160:1 42 96

180:1 60 97

210:1 59 99

210:1 59 99

a other conditions as specified in experimental part

The average turnover frequencies related to the number of surface Pd sites

were estimated using Eq. (1):

TOF
X •

FPF
•
M

PE LPd

mr "dioadmg • D

(1)

where X is the conversion of 1 -phenylethanol, FPE molar 1 -phenylethanol flow,

Mpd is the atomic mass of Pd (106.4 g mol' ), mcat is the amount of catalyst

(g), and D represents the Pd dispersion (ratio of surface to total number of

metal atoms, 0.29, determined by H2 chemisorption).
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7.3 Results and Discussion

Preliminary experiments revealed that below 90 °C the activity of the 0.5 wt%

Pd/alumina catalyst was low and the selectivity to acetophenone poor. Some

selected values are collected in Table 7-1 for illustration. At lower temperatures

the formation of H2 and its removal from the surface were slow, resulting in

extensive hydrogenolysis of the aromatic alcohol reactant to the corresponding

hydrocarbon (Figure 7-1). Other noble metal catalysts (e.g. supported Pt) were

even less active, in agreement with an earlier study of the transfer dehydrogena¬

tion of alcohols in refluxing cyclohexane with supported noble metal cata¬

lysts.312

The selected Pd/alumina catalyst was very robust and stable: steady state in

conversion and selectivities was obtained within 1 h and no deactivation was

observed during the whole study (ca. 300 h on stream). The following investi¬

gation of the role of some important reaction parameters was carried out at

145 °C.

The influence of total pressure on the conversion and selectivity at con¬

stant flow rates of 1-phenylethanol and C02 is shown in Figure 7-3. The lower

alcohol conversion achieved at high-pressure is in agreement with the forma¬

tion of two moles of products from 1 mole reactant. The selectivity to ace¬

tophenone was high, 95-98% in the whole pressure range. Under the reaction

conditions, at 145 °C, the system was far from the critical density of C02

(466 kg m'3). On the basis of the C02 T,s-diagram313 and the phase equilib¬

rium of the C02-2-phenylethanol mixture at 40-50 °C31 we estimate that

pressures in the range 250-300 bar would be necessary to reach the one-phase

region at 145 °C.
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Fig. 7-3: Influence of total pressure on the conversion of 1-phenylethanol and selectivity

to acetophenone; other conditions as specified in expérimental part (standard conditions).

Next, the mass flow rate of 1 -phenylethanol was varied while the total pres¬

sure and the C02 flow rate were kept constant (Figure 7-4). The conversion

decreased with increasing flow rate, as expected, because higher reactant mass

flow corresponds to lower residence time. The best selectivity to acetophenone

(100%) was obtained at the lowest 1-phenylethanol flow rate but the selectivity

remained excellent (97%) even at the highest flow rate.

A partly different correlation was obtained when the C02/1-phenylethanol

molar ratio was changed by variation of the C02 flow rate at constant total

pressure and 1-phenylethanol flow rate (i. e. at constant residence time,

Figure 7-5). Both conversion and selectivity improved significantly with

increasing C02 mass flow rate, though the conversion reached its limit at a

C02/1-phenylethanol molar ratio of 150. The probable explanation for these

changes is that high C02 flow reduces the thickness of the stagnant liquid film
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Fig. 7-4: Influence of the variation of 1-phenylethanol mass flow rate on the conversion

and selectivity; standard conditions, 50 bar. The corresponding carbon dioxide/1-phenyleth¬
anol (PE) molar ratio is indicated at the top.

around the catalyst particles and thus diminishes the external film diffusion

resistance. Besides, high C02 flow rate facilitates the removal of the co-product

H2 and suppresses the hydrogenolysis of 1-phenylethanol to ethyl benzene.

Higher dilution by C02 is expected also to shift the equilibrium towards the

ketone (thermodynamic control).

Though optimization of the reaction conditions to achieve the highest ace¬

tophenone yield has not been attempted yet, during the study we found several

sets of parameters that allow the formation of acetophenone without any

detectable byproduct. Among them, the highest conversion of 88% was mea¬

sured at 155 °C, 25 bar, and a C02/1 -phenylethanol molar ratio of 675. Under

these conditions the average turnover frequency (TOF) was 15.4 h'
.
The con-
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version can be further increased by decreasing the residence time or increasing

the amount of catalyst.

It is also interesting to compare our results to the very few data available on

the gas-phase and liquid phase dehydrogenation of 1-phenylethanol. The reac¬

tion over NaZnP04 afforded similar selectivity (97-99 %) at lower conversion

(56-71%). The reaction temperature was, however, remarkably higher

(350 °C) that condition renders the process unattractive for the transformation

of more complex, thermally labile alcohols. In the liquid phase in apolar sol¬

vents, reasonable selectivity could be achieved only by addition of a hydrogen

acceptor, such as an olefin ' '

or molecular oxygen.
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7.4 Conclusions

The present study shows that the heterogeneous catalytic dehydrogenation of

alcohols in scC02 is a feasible process. In the model reaction, the transforma¬

tion of 1-phenylethanol to acetophenone the 0.5 wt% Pd/alumina catalyst

afforded up to 100% selectivity at 88% conversion, at relatively low tempera¬

ture of around 150 °C. The only byproduct detected was ethyl benzene that

formed by hydrogenolysis of the reactant under conditions where the removal

of the co-product H2 was too slow. No dehydration or oligomerization type

side reactions occurred that are typical for the vapor-phase dehydrogenation of

alcohols carried out at elevated temperatures. A further important advantage of

the process is the excellent stability of the catalyst during the whole period of

this study, about 300 h on stream.
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Final Remarks

The present study on the application of scC02 as a substitute for conventional

organic solvents in heterogeneous catalytic hydrogénation, oxidation and dehy¬

drogenation indicates that for these types of reactions scC02 is an interesting

"green" alternative. Supercritical C02 showed excellent behavior concerning

catalytic performance in all three different types of heterogeneoulsy catalyzed

reactions.

The catalytic activity in hydrogénation of citral in scC02 was about two

orders of magnitude higher than in conventional solvents. The enhancement in

reaction rate was found to be related to the change of the phase behavior from

the two-phase region to the single-phase region. Catalyst deactivation by active

sites blocking by side reaction products such as dimerization and oligomeriza-

tion products cannot be avoided in scC02. Under reducing conditions, as gov¬

erning during hydrogénation, C02 is not completely inert. ATR-IR studies

clearly revealed that the reverse water-gas shift reaction can be catalyzed by

noble metal hydrogénation catalysts leading to CO and consecutive products

such as formate and other species. Nevertheless this limited inertness of C02 is

in the most cases not detrimental, as emerges from the citral hydrogénation

were no significant catalyst deactivation was observed due to CO formation.

Thus it seems that in many hydrogénations C02 can be considered as an

"inert" solvent.
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Continuous aerobic oxidation of geraniol in scC02 showed a more than

double higher reaction rate than in organic solvents. Interestingly in this reac¬

tion the change of the phase behavior from two-phase to single-phase let to a

small decrease in conversion. This behavior is opposite than that observed in

the hydrogénation. A possible explanation for this observation could be the

accumulation of water by-product on the catalyst surface. The presence of 02

inhibited the site blocking by CO. ATR-IR measurements and catalytic studies

confirmed the formation of geranic (neric) acid which, however, plays a minor

role in the observed loss of catalyst activity. We assume that the main reason for

the catalyst deactivation is a surface blocking by undesired dimerization and

oligomerization products. In the catalytic dehydrogenation of 1-phenylethanol

in dense C02 no catalyst deactivation was observed. The use of C02 afforded

in this model reaction a good catalytic activity and an excellent selectivity.

Generally, we can conclude that C02 is an interesting alternative solvent

for hydrogénation, dehydrogenation and oxidations but suitable application

depends on the substrate. Catalyst deactivation by blocking specific sites with

CO seems to play a minor role in hydrogénation reactions. However it can

affect the selectivity of structure sensitive (demanding) reactions. A problem

encountered in the application of both scC02 and conventional solvents is the

deactivation by dimerization and oligomerization of by-products on the cata¬

lyst surface. The propensity for the occurrence of these detrimental side reac¬

tions strongly depends on the substrate and the catalyst used, whereas the

solvent seems less influential.

An important challenge for future research in this area is the controlled

modification of C02 for achieving higher solubility of solid solvents. This may

greatly extend the present application range of this unique solvent.
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