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Summary

Supercritical (sc) fluids have several advantageous features that can be exploited
in heterogeneous catalysis. Sc solvents can afford higher reaction rates by reduc-
ing or climinating mass transfer resistances, prolonged catalyst lifetime, and
through fine tuning of solvent properties by varying pressure and temperature
the product distribution can be influenced. Sc solvents can efficiently substi-
tute for organic solvents and offer easy separation of products and solvent. The
opportunitics are manyfold but in heterogeneous catalysis this potential has
been recognized only recently. This thesis shows the application of sc fluids in
three classes of reactions: amination of bifunctional alcohols in sc ammonia,
epoxidation of propylene with in situ formed hydrogen peroxide, and partial
oxidation of alcohols in sc carbon dioxide.

Amination of alcohols is a technically important process. Literature on the
amination of bifunctional alcohols is scarce. Recently, the amination of diols in
sc ammonia was shown in our laboratory to afford high yields to diamines. Sc
ammonia suppressed the consecutive reactions of the more reactive product
amines. Particularly high selectivities were achieved for cyclohexane-1,4-diol. It
was not sure whether the high selectivity was due to the higher reactivity of the
secondary hydroxyls or to the suppression of some side reactions. To better
understand the reactivity of diols in sc ammonia, the amination of the second-
ary alcohols cyclohexane-1,3-diol and pentane-2,4-diol in sc ammonia in a
continuous fixed bed reactor was studied. Application of sc ammonia as solvent
and reactant suppressed the catalyst deactivation and improved the selectivities
to aminoalcohol intermediates, whereas the selectivities to diamines remained
poor (8—10%). The main reason for the poor diamine selectivity of 1,3-dihy-
droxy compounds is the hydrogen atom at the C-atom between the hydroxy
bearing carbons. This hydrogen atom enables water elimination leading to
undesired monofunctional products via an allylic alcohol intermediate. This
contrasts the behavior of 1,4-dihydroxy compounds affording high aminol and
diamine selectivities under similar conditions. Amination of bifunctional sec-
ondary alcohols with ammonia was found to be faster, but not more selective

than that of primary diols.




Epoxidation of propylene still is an unsolved process for heterogeneous

catalysis. Considerable effort has been made in the past decades to develop a
heterogeneous catalytic process for the substitution of the conventional chloro-
hydrin and co-product routes, which are inefficient on an atomic basis. The
one-pot epoxidation process with propylene, oxygen and hydrogen over a Pd-
Pt/TS-1 catalyst, which combines i7 situ formation of hydrogen peroxide over
the noble metals and epoxidation of propylene on TS-1, appeared to be a
promising method: Recent studies reported relatively high selectivity to propy-
lene oxide. Here this reaction was investigated, including the nature of side
reactions, in a fixed bed reactor under high pressure conditions. The continu-
ous operation allowed the study of catalyst deactivation and changes in product
distribution with time-on-stream. The initial propylene oxide selectivity was
very high, 99% at 3.5% conversion, but the catalyst deactivated rapidly with
time-on-stream and successively the formation of methyl formate became the
prevalent reaction. Using carbon dioxide, instead of nitrogen, had a beneficial
effect on the formation of propylene oxide, and even higher yields were
obtained when increasing the pressure from 50-120 bar (sc fluid phase). Ther-
mal analysis (TA-MS and TA-FTIR) indicated that catalyst regeneration
requires oxidation at elevated temperature; washing with an organic solvent is
less efficient. The serious catalyst deactivation and the striking shift in the
selectivity pattern of the catalyst is traced to competing alcohol oxidation on
platinum and palladium. The formic acid formed catalyzes its own formation
from methanol as well as several other side reactions.

Liquid phase noble metal catalyzed aerobic oxidation of alcohols is an envi-
ronmentally attractive method, because it utilizes oxygen or air as oxidant. It is
widely used for the oxidation of diols and polyols in aqueous medium. Draw-
backs of the method are the frequently observed formation of hydrogen, rela-
tively high catalyst-substrate ratios and rapid deactivation of the catalyst. The
oxidation of non-polar alcohols in organic solvents is sometimes slow and the
flammability of the solvent is an obstacle for any practical application. A feasi-
ble solution is the use of sc (dense) carbon dioxide as solvent, a cheap and non-
flammable medium with fair and tunable solubility in particular for weakly

polar water-insoluble alcohols.
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The experiments were carried out in a continuous fixed bed reactor. Oxida-
tion of water-insoluble alcohols in sc carbon dioxide over a Pd-Pt-Bi/C catalyst
afforded high reaction rates and yields up to 98% to the corresponding
ketones, aromatic and o,B-unsaturated aliphatic aldehydes. The reaction rates
were higher compared to vapor phase oxidation and cartalyst deactivation was
not observed.,

The oxidation of octan-1-ol and octan-2-ol to carbonyl compounds, repre-
senting the transformation of water-insoluble primary and secondary alcohols,
was studied over 0.5 wt% Pd/alumina at 80-140 °C and 75-125 bar, to get a
deeper insight into Pt metal catalyzed oxidation. In the oxidation of octan-2-ol
the selectivity was excellent (>99.5%) and independent of conversion, whereas
octanal oxidized readily to octanoic acid even at low conversion. No significant
catalyst deactivation was observed and the rate in carbon dioxide was higher by
a factor of up to 2—4, compared to the oxidation in nitrogen. The complex
effects of pressure and oxygen concentration on the reaction rate have been
interpreted by studying the phase behavior in a high pressure view cell under
reaction conditions. Above 40 °C a carbon dioxide-rich liquid phase was in
equilibrium with an alcohol-rich phase. Under reaction conditions a swelling
of the alcohol-rich liquid phase with carbon dioxide was observed. This swell-
ing is expected to increase the concentrations of carbon dioxide and oxygen in
that phase and improve transport properties with respect to chemical reactions.

The oxidation of benzyl alcohol was chosen as a model reaction for the
synthesis of (deactivated) aromatic aldehydes. High rate and good selectivity to
benzaldehyde (93-97%) has been achieved with 0.5 wt% Pd/alumina or 0.5
wt% Pd/C, at around 100 °C and 100 bar, using only moderate excess of oxy-
gen. The byproduct benzoic acid has an autocatalytic effect on the hydration of
benzaldehyde with the co-product water, and the subsequent oxidative dehy-
drogenation leads to benzoic acid, and benzyl benzoate by esterification. Pro-
motion of Pd by Pb improves the sclectivity. No catalyst deactivation or metal
leaching have been observed. The method provides reasonable yields at much
lower temperature than that applied in conventional gas phase oxidation,

showing a potential for the synthesis of thermolabile, water-insoluble aromatic

aldehydes.




Zusammenfassung

Uberkritische Fluide haben viele fiir die heterogene Katalyse niitzliche
Eigenschaften.  Uberkritische ~ Losungsmittel — erméglichen  héhere
Reaktionsgeschwindigkeiten und lingere Katalysatorlebenszeiten, indem sie
Stofftransportwiderstinde reduzieren oder gar eliminieren. Ausserdem kann die
Produkeverteilung durch Einstellung der druck- und temperaturabhingigen
Losungsmitteleigenschaften beeinflusst werden. Uberkritische Fluide kénnen
organische Losungsmittel ersetzen und erméglichen eine einfache Trennung
von Produkten und Lasungsmittel. Die Maoglichkeiten iiberkritischer Fluide
sind vielfiltig, deren Potential in heterogener Katalyse wurde aber erst kiirzlich
erkannt. In dieser Arbeit wurde die Anwendung iiberkritischer Fluide in drei
Reaktionsklassen untersucht: Aminierung bifunktionaler Alkohole in
iiberkritischem Ammoniak, Epoxidation von Propen mit in situ gebildetem
Wasserstoffperoxid, und die partielle Oxidation von Alkoholen in
iiberkritischem Kohlendioxid.

Die Aminierung von Alkoholen ist technisch geschen ein wichtiger
Prozess. Uber die Aminierung bifunktionaler Alkohole gibt es bis heute nur
wenig Literatur. Kirzlich wurde in unserem Laboratorium gezeigt, dass die
Aminierung von Diolen in iiberkritischem Ammoniak hohe Ausbeuten an
Diamin liefert. Uberkritischer Ammoniak unterdriicke Folgereaktionen der
reaktiveren aminierten Produkte. Besonders hohe Selektivititen wurden mit
Cyclohexan-1,4-dio! erhalten. Es war dabei nicht sicher, ob die hohen
Selektivititen dank der hoheren Reaktivititen sekundirer Hydroxyle erhalten
wurden, oder durch die Unterdriickung einiger Nebenreaktionen bedingt
waren. Um die Reaktivitit sekundirer Diole in iiberkritischem Ammoniak
besser zu verstehen, wurde die Aminierung der sekundiren Alkohole
Cyclohexan-1,3-diol und Pentan-2,4-diol in einem kontinuierlichen
Festbettreaktor untersucht. Uberkritischer Ammoniak, eingesetzt sowohl als
Losungsmittel als auch als Reakrant, unterdriickte dabei die Deaktivierung des
Katalysators und  verbesserte die Selektivitit zum Zwischenprodukt

Aminoalkohol, wobei die Selektivitit zum Diamin gering blieb (8-10%). Der
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Hauptgrund ~ fiir  die  geringe = Diaminselektivitic  von  1,3-
Dihydroxyverbindungen ist das H-Atom am C-Atom zwischen den beiden
Hydroxyl bindenden C-Atomen, welches die Wasserabspaltung unter Bildung
unerwiinschter monofunktionaler Nebenprodukte iiber ein Allylalkohol
Zwischenprodukt erméglicht. Dieses Verhalten unterscheidet sich von jenem
der 1,4-Dihydroxy Verbindungen, welche unter ihnlichen Bedingungen hohe
Selektivititen zum Aminol und zum Diamin zeigen. Die Aminierung
bifunktionaler sekundirer Alkohole in Ammoniak war schneller, aber nicht
selektiver als diejenige primirer Diole.

Die Epoxidation von Propen ist in der heterogenen Katalyse noch immer
nicht zufriedenstellend gelsst. In den letzten Jahrzehnten wurde betrichtlicher
Aufwand betrieben, um einen heterogen katalysierten Prozess als Ersatz fiir die
herkommlichen Chlorohydrin- und Co-Produkt-Routen zu entwickeln,
welche auf atomarer Basis ineffizient sind. Die Epoxidation mit Propen,
Sauerstoff und Wasserstoff iiber einem Pd-Pt/TS-1 Katalysator, eine Reaktion,
welche die in situ Bildung von Wasserstoffperoxid iiber den Edelmetallen und
dic Epoxidation von Propen iiber TS-1 in einem cinzigen Prozessschritt
vereinigt, erschien als vielversprechende Methode. Neuere Studien berichteten
iiber relativ hohe Selektivititen zum Propenoxid. Diese Reaktion, sowie der
Verlauf von Nebenreaktionen, wurde in einem Festbettreaktor unter Druck
untersucht. Die kontinuierliche Reaktionsfilhrung erlaubte es, die
Deakrivierung des Katalysators und Anderungen in der Produkteverteilung im
Verlauf der Reaktion zu verfolgen. Die Anfangsselektivitit zu Propenoxid war
sehr hoch, 99% bei 3.5% Umsatz, aber der Katalysator deaktivierte innerhalb
kurzer Einsatzzeit und die Bildung von Ameisensiure-methylester entwickelte
sich zur Hauptreaktion. Wenn statt Stickstoff Kohlendioxid benutzt wurde,
bildete sich mehr Propenoxid; noch héhere Ausbeuten wurden erzielt, wenn
der Druck von 50 auf 120 bar erhsht wurde (iiberkritische Phase). Thermische
Analyse (TA-MS und TA-FTIR)} ergab, dass zur oxidativen Regeneration des
Katalysators hohe Temperaturen bendtigt werden; Waschen mit einem
organischen Losungsmittel ist weniger effizient. Die einschneidende
Deaktivierung des Katalysators und die erstaunliche Verschiebung der
Selektivitdt des Katalysators kann mit der kompetitiven Oxidation von Alkohol

tiber Platin und Palladium erklirt werden. Die so gebildete Ameisensiure
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katalysiert ihre eigene Bildung aus Methanol und verschiedene andere
Nebenreaktionen.

Edelmetalle katalysierte acrobe Oxidation von Alkoholen in fliissiger Phase
ist Gkologisch und &Skonomisch eine attraktive Methode, da als
Oxidationsmittel Sauerstoff oder Luft verwendet wird. Die Methode ist weit
verbreitet fiir die Oxidation von Diolen und Polyolen in Wasser. Nachteile sind
die hiufig beobachtete Bildung von Wasserstoff, relativ hohe Karalysator-
Substrat Verhiltnisse und die schnelle Deaktivierung des Katalysators. Die
Oxidation von nicht-polaren Alkoholen in organischen Lésungsmitteln ist oft
langsam und die Entflammbarkeit des Losungsmittels ist ein Hindernis fiir
jegliche praktische Anwendung. Als mégliche Losung empfichlt sich der
Gebrauch von iiberkritischem (verdichtetem) Kohlendioxid als Lésungsmittel,
ein billiges und nicht-entflammbares Medium mit guter und einstellbarer
Loslichkeit, im Besonderen fiir leicht polare, wasserunlasliche Alkohole.

Die Experimente wurden in einem Festbettreaktor durchgefiihrt. Die
Oxidation von  nicht-wasserléslichen  Alkoholen in  iiberkritischem
Kohlendioxid  iiber einem  Pd-Pt-Bi/C  Katalysator  ergab  hohe
Reaktionsgeschwindigkeiten und Ausbeuten bis zu 98% zu den
entsprechenden Ketonen, aromatischen und o,B-ungesittigten aliphatischen
Aldehyden. Die Reaktionsgeschwindigkeiten waren hoher als diejenigen der
Oxidation in der Gasphase, und es wurde keine Deaktivierung des Katalysators
beobachtet.

Die Oxidation von Octan-1-0! und Octan-2-0l zu Carbonyl
Verbindungen, stellvertretend fiir die Umwandlung von nicht-wasserléslichen
primiren und sekundiren Alkoholen, wurde iiber 0.5 Gew% Pd/Alumina bei
80-140 °C und 75-125 bar untersucht, um einen teferen Einblick in Pt
Metall katalysierte Oxidation zu erhalten. In der Oxidation von Octan-2-ol
war die Selektivitit hervorragend (>99.5%) und unabhingig vom Umsatz,
wihrend Octanal bereits bei geringem Umsatz zu Octansiure weiteroxidierte.
Es wurde keine bedeutende Deaktivierung des Katalysators beobachtet und die
Reaktionsgeschwindigkeit in Kohlendioxid war um einen Faktor 2—4 héher als
bei der Oxidation in Stickstoff. Die komplexen Auswirkungen von Druck und
Sauerstoffkonzentration auf die Reaktionsgeschwindigkeit wurden interpretiert

unter Einbezug des Phasenverhaltens, welches in einem Hochdruck-
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Sichtzellen-Experiment unter Reaktionsbedingungen gepriift wurde. Bei
Temperaturen iiber 40 °C war eine kohlendioxidreiche fliissige Phase im
Gleichgewicht mit einer alkoholreichen Phase. Unter Reaktionsbedingungen
wurde ein Anschwellen der alkoholreichen fliissigen Phase mit Kohlendioxid
beobachtet. Die Ausdehnung dieser Phase wurde auf die Anreicherung mit
Kohlendioxid und Sauerstoff zuriickgefiithre, was sich insbesondere auf den
Sauerstofftransport auswirkt.

Die Oxidation von Benzylalkohol wurde als Beispiel fiir die Synthese von
(deaktivierten) aromatischen Aldehyden gewihlt. Hohe
Reaktionsgeschwindigkeiten und gute Selektivititen zu Benzaldehyd (93—
97%) wurden mit 0.5 Gew% Pd/Alumina oder 0.5 Gew% Pd/C bei etwa
100 °C, 100 bar und einem geringen Uberschuss an Sauerstoff erzielt. Das
Nebenprodukt Benzoesiure hatte einen autokatalytischen Effekt auf die
Hydration von Benzaldehyd mit dem Co-Produkt Wasser. Nachfolgende
oxidative Dehydrierung des dehydratisierten Benzaldehyd fiihrte zu
Benzoesiure und nach Veresterung zu Benzoesiure-benzylester. Promotierung
von Pd mit Pb steigerte die Selektivitat. Weder Deaktivierung des Katalysators
noch Korrosion der Metallkatalysatoren wurde beobachtet. Die Methode bietet
ansprechende Ausbeuten bei niedrigeren Temperaturen als die herkémmliche
Oxidation in der Gasphase, was ein interessantes Potential fiir die Synthese

thermolabiler, wasserunléslicher aromatischer Aldehyde darstellt.




Chapter 1

General Introduction

Research in supercritical (sc) fluid application is driven by the prospect of
higher reaction performance, lower environmental impact and simplification of
processes. In this thesis sc fluids are applied in three distinct heterogeneously
catalyzed reactions: amination of alcohols, epoxidation of propylene and partial

oxidation of alcohols.

1.1 Supercritical Fluids and Heterogeneous Catalysis

In chis first chapter the properties of sc fluids and some important applications
in heterogeneous catalysis are exposed. The literature review focuses on the
developments in the past decade [1-12]. Chemical Reviews has recently

devoted an entire volume to sc fluids [13].
1.1.1 Supercritical Fluids - Fundamentals

Discovery and Definition
Baron Charles Caignard de la Tour discovered in 1822 the existence of a critical
point noting that the gas-liquid phase boundary disappeared when he heated
certain materials in a closed container [6].

The sc point of a substance is determined experimentally by measuring the
lowest point of pressure and temperature where liquid and gas phase merge

upon heating. Other methods are also known in the literature [14-16). An ele-
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gant method is based on the critical opalescence - a phenomenon occurring at
the critical point [17].

In thermodynamics the critical point of a pure substance is defined by
Equation 1[18].

2
[31)) d p
=) = 1Z£]| =0 (1)
VIT (V2 )r

A fluid is termed supercritical, when its temperature exceeds the critical tem-
perature. In literature often also higher than critical pressure is assumed for sc
fluids (Figure 1-1).

Properties typical for sc fluids are usually restricted to the region near the criti-
cal point (reduced temperature T, = 1.0-1.1, reduced pressure p, = 1-2). As an
example, hydrogen (T, = -240 °C, p_ = 12.3 bar) is usually considered a gas.
Therefore also the density must be higher than the critical density [19].

LP

Fig. 1-1:  Phase diagram of a pure compound showing domains where solid, liquid and gas
(vapor), and sc fluid exist. TP triple point; CP critical point. Taken from Baiker [20].

Mixtures
Supercriticality is well-defined only for pure substances. However, all applica-

tions of sc fluids, and particularly chemical reactions, involve multi-component
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systems: solvent(s), reactant(s) and product(s). Multi-component systems can-
not be described by the simple concept of a sc point. Immiscibility phenomena
can still occur beyond the mixture’s critical point (“retrograde condensation”
(21, 22]). These systems are treated by concepts of fluid phase theory [23-25].
Van Konynenburg and Scott have set up a classification system [26, 27] for
phase equilibria between multiple liquid and gas phases. The term “supercriti-
cal” is generally used in chemistry for two- and multi-component systems
being beyond the critical parameters of the solvent or the mixture. For conve-
nience, the term “supercritical” is used here for dense phases of components at
temperatures exceeding its mixture critical point (irrespective of further liquid
phases present). In contrast “subcritical” refers to the region below the critical

point.

Properties of Supercritical Fluids

Tunability of the properties of a sc fluid is an important advantage over con-
ventional solvents. Many of the physical properties of sc fluids, in particular the
diffusivity, dynamic viscosity, thermal conductivity and heat capacity, are inter-
mediate between those of a liquid and a gas [28-33] (Table 1-1), and can be
tuned over a broad range by temperature and pressure: liquid-like dissolution
power and gas-like mass transfer can be obtained [34, 35].

Critical properties are most pronounced in the immediate vicinity of the criti-
cal point of the fluid (near critical region). Further off the critical point the
properties become either liquid- or gas-like [18]. In classical thermodynamics
properties are proportional to the first and second derivatives of pressure, tem-
perature and molar volume, which can be seen directly in the phase diagram.
At the critical point a number of physical properties become zero (e.g. enthalpy
of vaporization), others diverge (e.g. isothermal compressibility Ky
(Equation 2}). However, the isothermal compressibility (and other properties)
do not become infinite at the critical point as suggested by classical thermody-
namics. Density fluctuations and resulting effects, more thoroughly treated in

statistical mechanics, have to be accounted for.

_ l{op
%t = e
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Table 1-1:  Comparison of the magnitudes of physical properties of liquids, gases and sc flu-
ids in the near critical region (data taken from Taylor [36] and Kerler [37])

physical quantity gas (ambient) sc fluid (T, P) liquid (ambient)
density p 0.6-2 200-500 600-1600
(kg m™)

dynamic viscosity 1} 0.01-0.3 0.01-0.03 0.2-3

(mPa s)

kinematic viscosity v*  10-500 0.02-0.1 0.1-5

(10° m?sh)

diffusion coefficient D  10-40 0.07 0.0002-0.002
(10° m?s71)

thermal conductivity k  0.01 0.01-0.1 0.01

(Wm' K

* Kinematic viscosity was estimated from dynamic viscosity and density, v = 1/p.

Since many physical properties of a fluid are density dependent, the properties
of the fluid can be tuned by slight changes in pressure in the vicinity of the crit-
ical point.

The dynamic viscosity 1 of a sc fluid is comparable to the viscosity of a gas.
However, the kinematic viscosity v = 1)/p is very low in the critical region due
to the high density of the fluid. Low viscosity causes high natural convection
and strong buoyant effects in sc fluids [34, 38]. In consequence mass transfer
resistances are relatively low and diffusivities are higher than in liquid phase.

The isobaric heat capacity diverges strongly around the critical point [39],
whereas the isochoric heat capacity diverges only weakly [18]. Sc fluids thus
combine relatively high heat capacity with enhanced heat transfer rates due to
buoyancy [40].

An interesting phenomenon of sc fluids is clustering, also termed as local
density enhancement or molecular charisma [3, 41-43]. Due to the larger free
volume of sc fluids relative to liquids there is enough space for the molecules to
move into energetically favoured positions. Solvent molecules gather around

solute molecules and also solute molecules aggregate. Clustering is similar to
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cage formation that occurs in liquid phase chemistry. The phenomenon is par-
ticularly pronounced in dilute mixtures in the vicinity of the critical point [11,
12]. They can affect the outcome of chemical reactions.

In the immediate vicinity of the critical point the size of the fluid packets
(or the range of those density fluctuations) becomes similar to the wavelength
of visible light causing a phenomenon called critical opalescence [17].

Homogenization of the reaction mixture under sc conditions is another
key advantage of sc fluids. Understanding the phase behavior, especially for
multicomponent systems, is a demanding task [44-46] but crucial for reaction
engineering. Most reactions involve a mixture of one or more solutes and a sol-
vent. Additionally, in the course of a reaction the composition of the phase(s)
change(s), either with time (batch reactor) or with location (fixed bed reactor).
The solubility of the solutes in the solvent depends on the density of the sol-
vent [47] which can be tuned through small changes in pressure, particularly in
the vicinity of the critical point. Solubility of solid, liquid and gascous solutes
in sc solvents is commonly good [47, 48].

Solutes can sensitively modify the properties of fluids [35). Often these
effects are desired and cosolvents, also termed as entrainers, are added to the
fluid, to enhance the solubility of solutes by orders of magnitude [35, 46, 49].
In contrast, antisolvents decrease the solubility of other solutes [50].

The particular behavior of sc fluids complicates modelling of fluids in the
near critical region [51, 52]. Simple forms of equations of state fail to predict
properly the fluids under high pressure [44, 53]. Multi-component mixtures

are even more complex and often impossible to predict.

Carbon Dioxide

Carbon dioxide is the most widely used sc solvent. It is readily available
and cheap. It is an ideal substitute for organic solvents with a polarity similar to
CHC;, fluorinated hydrocarbons or fluoroether [54].

Modifiers such as ethanol increase the polarity of the solvent and extend its
application range to polar substances. Use of micelles and surfactants with
hydrophilic cores has also been proposed [55-57].

Mass transport properties of scCO, have been reviewed recently [58].
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Water

Properties of scH,O are striking [39, 59]. When water is heated to the crit-
ical point it expands by a factor of 3 and the extent of hydrogen bonds breaks
down to a third [60]. The relative permittivity & (diclectric constant) drops
from 80 to 5 [39]. The ion-product constant K, depends strongly on the tem-
perature and pressure [11].

In the temperature range 200-350 °C most organic substances become sol-
uble. In scH,O even oxygen and to some extent ions are soluble. ScH,O serves
as a substitute for organic solvents as long as the organic solutes are thermally
stable [61, 62]. Another limitation is corrosion by scH,O. These restrictions

can also be exploited (e.g. waste destruction).

Other Fluids

Water and carbon dioxide are the most frequently used sc solvents. Other
solvents often are too expensive (e.g. Xe) or unstable under reaction conditions
(e.g. ethene). Critical data of some other substances are collected in Table 1-2

and some of their applications have been reported in Moller [59].

1.1.2 Kinetic concepts

High pressure, and particularly sc conditions, influence chemical reactions in
various ways. [he effect of pressure on the equilibrium and on the rate of a

chemical reaction [4, 12, 64] can be evaluated by Equation 3 and Equation 4,

respectively.
AV
(k) == ®
oP YT, RT

K, is the equilibrium constant in molar fractions and AV, is the molar reaction

volume change.

) ) AV?
Ok | =-A¥ 4
(aP ")r . T TRT “

In transition state theory [65] the rate constant k, depends on pressure propor-

tionally to the change in activation volume AV* (Equation 4). Equation 4
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Table 1-2:  Critical data (temperature, pressure, and density) of sc fluids used as solvents (da-
ta taken from ref [63].

solvent T, °C p., bar? P, kgm3?P
sulfur hexafluoride 45.5 37.7 735
nitrous oxide 36.4 72.55 452
water 373.9 220.6 322
ammonia 132.3 113.5 235
carbon dioxide 30.9 73.7 468
methanol 239.4 80.92 272
ethane 32.2 48.84 203
ethene 2.1 50.41 214
ethanol 240.7 61.37 276
propane 96.6 42.50 217
propylene 91.6 46.01 233
propan-1-ol 263.6 51.70 275
propan-2-ol 235.1 47.62 273
xenon 16.5 58.4 1110

* The number of digits given indicates the estimated accuracy of this quantity.

b Although values for the critical density are given to three decimal places, they cannot be assumed accurate to
better than a few percent

assumes that the transition-state transmission coefficient is equal to unity and
independent of pressure.

Typical values for AV* for high-pressure liquid-phase or gas-phase reactions
are in the range —30 to 30 cm® mol’!, depending on structure (bond formation
or bond breaking in the formation of the activated complex) and solvation [4,
66). Near the critical point values of AV are in the order of magnitude of liters
per mol owing to the large negative partial molar volumes of the reactants and

transition states.
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In heterogeneous catalysis reactants and products undergo several distinct
physical and chemical processes in a particular sequence as illustrated in
Figure 1-2. Each step of this sequence can be the overall rate limiting step.
Elimination of interphases as well as enhanced mass and heat transfer in the sc
media increase the rates of heterogeneously catalyzed reactions.

a) mass transfer resistances b} magnified cross section ¢) mass transfer resistances
at subcritical conditions of solid catalyst at supercritical conditions

s calalyst « calalys!
o gasbubble reactam A & { reaclant A
i SCF
B tiquid reactani B reactant B

Fig. 1-2:  Sequence of physical and chemical steps occurring in a heterogeneous catalytic
gas/liquid reaction (slurry phase). Part a) shows a representative section of the reactor content
consisting of a gas bubble and a solid catalyst particle and the corresponding mass-transfer
boundary layers (resistances) at subcritical conditions. Part b) provides a magnified cross sec-
tion of the catalyst particle. A representative concentration profile of reactant A is depicted
on the bottom. The following physical and chemical steps occur in the reaction: (1) diffusion
of gaseous reactant A from bulk gas phase to the gas/liquid interface; (2) absorption of A at
the gas/liquid interface and ensuing diffusion to the liquid bulk phase; (3) diffusion of reac-
tants from bulk liquid phase through stagnant fluid film surrounding the solid catalyst parti-
cle; (4) internal diffusion; (5) adsorption; (6) surface reaction; (7) desorption; (8) internal
diffusion; (9) diffusion of products through boundary layer into bulk fluid. Part c) shows the
corresponding situation at s¢ conditions: under sc conditions gas/liquid transfer resistance
(steps 1 and 2) is eliminated and external fluid film diffusion resistance (step 3) is reduced
due to lower viscosity of sc fluids. Taken from Baiker [20].
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1.1.3 Opportunities of Supercritical Fluid Application

Sc fluids were first applied in physical processes such as the extraction of cof-
feine from green coffee in carbon dioxide. Other processes followed and are
now well established [36, 67, 68]: production of fine powders, waste treatment,
etc. Many chemical reactions have been performed in sc fluids, including inor-
ganic, organic, heterogencously and homogeneously catalyzed, biochemical,
electrochemical, photochemical, thermal and sonochemical reactions.

In the past few years sc fluid applications have experienced growing inter-
est. Impetus derives from the many opportunities of sc fluids in reaction engi-
neering and processing and from increased environmental awareness. These

opportunities are summarized below.

Effect of Pressure on Rate
The rate of reaction increases in high density operation relative to gas phase
operation. The rate constant will also increase depending on the activation vol-

ume of the reaction.

Control of Selectivity

Control of solvent properties by temperature and pressure as well as clustering
offer the possibility to improve the selectivity of a reaction. Additionally cosol-
vents can alter rates through specific interactions, and the presence of different
phases and relative solubility of solutes therein offer even more opportunities to

tune reactions.

Enhanced Mass and Heat Transfer

Homogenization of the reaction mixture accompanied by superior mass and
heat transfer can reduce or even eliminate mass transfer resistances in heteroge-
neous catalysis. Increased heat transfer also implies that highly exothermic reac-
tions, such as oxidations, where temperature control is essential for selectivity

and product stability, are predestinated for sc fluid operation.
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Catalyst Lifetime and Regeneration
Studies have shown that the catalyst lifetime under sc conditions can be
increased relative to operation in the gas phase [69, 70]. Under high pressure
conditions precursors of carbonaceous deposits on the catalyst surface, which
otherwise cause catalyst deactivation, can be solvated in the dense medium and
extracted from the catalyst surface. It has also been demonstrated that spent
catalyst can be regenerated by extraction of deposits in scCO, [71].

The sc fluid condenses inside the catalyst pores, offering enhanced solubil-
ity but lower diffusivities within the pores of the catalyst relative to the gas
phase [72, 73].

Facilitated Separation
Downstream processing with sc fluids is straightforward: solvent and products
separate simply by pressure release. Work-up unit operations such as rectifica-
tion are not necessary. In more intricate cases products and solvent are sepa-
rated by adding an antisolvent or by selectively precipitating solutes of the
reaction mixture.

The benefits in costs of separation are partially withdrawn by the more

expensive operation of the high pressure reactor.

Process Intensification
Higher reaction rates and simple product workup intensify the process: smaller

reactors, less space and less capital is required for equal performance [74, 75].

Safety and Environment
Substitution of organic solvents by sc fluids such as carbon dioxide and water
results in more environmentally benign processes. The downside is that high-

pressure equipment demands special safety precautions.
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1.1.4 Literature Survey of Heterogeneous Catalytic Reactions in
Supercritical Fluids

Almost until the last decade only very few applications of sc fluids in heteroge-
neous catalysis have been developed.

Table 1-3 provides a comprehensive summary of heterogeneously catalyzed
reactions performed under sc conditions. Sc water oxidation [7, 76] as well as
several classical industrial processes such as ethylene polymerization [77],
ammonia synthesis and methanol synthesis have been omitted intentionally.
Some of these processes are performed at conditions far above the critical point
and thus they do not exploit the critical phenomena. Processes reported until
1997 have been reviewed by Baiker [20]. New entries in this table are discussed

below.

Alkylation
Parsons and co-workers [78] investigated a series of Heck palladium-coupling
reactions in superheated (260 °C) and scH,O. The catalytic performance of Pd
complexes was compared to a heterogeneous 30% Pd/C catalyst. The heteroge-
neous catalyst was slightly less active. The reactions behaved similarly to those
in traditional organic solvents. Bases were added for the removal of the acid
generated during reaction. Under sc conditions, addition of these bases did not
sufficiently suppress hydrogenation and hydrogenolysis side reactions and the
reaction was more sensitive to steric effects and to the structure of the alkene.
Poliakoff and co-workers [79] developed a method for the continuous for-
mation of a series of cthers, acetals and ketals over the solid acid caralysts
Deloxan ASP and Amberlyst 15 in sc fluids. Etherification in scCO, was more
selective than in sc propane, probably due to higher solubility of the ether in
scCO, and to separation of the poorly soluble co-product water. Its separation
hindered rehydration of products and drove this equilibrium reaction towards
products. The authors suggested that the nonpolar solvents used may promote
the reaction by increasing the interaction among the polar species (alcohols,

reaction intermediates and the catalyst surface).
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Amination
Fischer studied the amination of various diols by ammonia under sc conditions

[80-84]. See chapter 1.2.3 on page 26 for a more detailed discussion of the

results.

Cracking

The former study of n-heptane cracking [85] was enriched with an investiga-
tion of Norpar 12 hydrocarbon fuel cracking over different zeolites [86-88]. It
was found that operation under sc conditions is superior to gas phase operation
because of enhanced cracking rates and higher catalyst lifetime. The liquid-like
density in the catalyst pore facilitated the in sitw extraction and continuous

removal of coke precursors that are responsible for catalyst deactivation.

Disproportionation

Parsons and co-workers [89] used the disproportionation of cyclohexene to
benzene, cyclohexane and hydrogen over Pt in scH,O to demonstrate the
potential of in situ fiber-optic Raman spectroscopy - a powerful method for
near-real-time measurement of reaction rates. Water is well suited as solvent for
Raman spectroscopy, because it has only a low intensity spectrum. At 200 bar

and 375 °C equilibrium conversion was attained within a few minutes.

Esterification

Vieville ez 4. had previously studied esterification of oleic acid and methanol in
scCO, [90, 91]. Recently, the use of scCO, as a reaction medium and as a
source of carbonate for the carbonation of glycerol to glycerol carbonate was
examined [92]. Ethylene carbonate was a necessary coreactant to start the reac-
tion. Among the various catalysts tested, Amberlyst A26, zeolite 13X and Puro-

siv zeolite gave the best yields to glycerol carbonate.

Fischer-Tropsch Synthesis

In previous work [93-98] Fujimoto and co-workers found that sc conditions
were optimal for Fischer-Tropsch synthesis because heat transfer and removal
of waxy products from the catalyst surface was more efficient than in gas phase,

and diffusivity and reaction rates were higher than in liquid phase. Moreover,
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the selectivity to olefin was much higher under sc conditions compared to lig-
uid and gas phase operation. In recently published work [99, 100} the effect of
addition of 1-tetradecene, a chain initiator, on product distribution was exam-
ined. 1-tetradecene promoted formation of hydrocarbons larger than C,; and
inhibited formation of C,-C,; hydrocarbons.

Following the development of an efficient on-line GC method for analysis
of C,—C;, products of Fischer-Tropsch synthesis [101], Bochniak and Subra-
maniam [102] studied the Fischer-Tropsch reaction in near-critical #-hexane.
Tuning the pressure over the range 1.2-2.4 P_ the syngas conversion could be
tripled and the product selectivity was optimized. The effectiveness of the cata-
lyst increased with pressure. The liquid-like properties of #-hexane at high pres-
sure allowed extraction of heavier hydrocarbons from the catalyst pores.

Ermakova et /. [103] studied the Fischer-Tropsch synthesis over a precipi-
tated iron catalyst at 6-21 bar and 250-350 °C. Under sc conditions the reac-
tion rate and yield of the desired olefin fraction (C;—C,,) was higher than those
of a reference process carried out in the absence of a solvent. N-hexane (80
mol% in reaction mixture) was optimum, supposingly because the critical
point of this reaction mixture corresponded to the reaction temperature and
pressure. A kinetic model was derived from the experimental data, which can

serve as a basis for the design of a chemical reactor and process scale-up.

Hydrogenation

About half of the double bonds of fatty acids of vegetable oil have to be hydro-
genated to atrain the melting point and the oxygen stability required for marga-
rine and shortening. Sc conditions can capitalize on this transformation: the
reactants then form a homogeneous phase, thus eliminate gas/liquid mass
transfer, resulting in much higher hydrogenation rate. Another advantage is the
significantly reduced cis-trans isomerization of double bonds, a prerequisite for
edible oils.

Hirrod and Meller formerly elaborated a hydrogenation method for fatry
acids [104, 105] and now applied it successfully to the full and partial hydroge-
nation of fatty acid methyl esters (FAME) in sc propane [106, 107]. Under the
best conditions the reaction was 500 times faster than traditional batch hydro-

genation. Higher lipid solubility could be attained by keeping the level of
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hydrogen (antisolvent} low [106]. Rapid deactivation of the catalyst was
observed during hydrogenation of methylated rapseed oil, whereas with methy-
lated sunflower oil a catalyst lifetime similar to those in industrial processes was
achieved. Formation of aldehyde and fatty alcohol, and over-hydrogenation to
hydrocarbon, occurred along with main reactions of FAME hydrogenation
(C=C bond hydrogenation).

Andersson et al. [108] developed a two-step procedure sequence, coupling
enzymatic synthesis of fatty acid methyl esters in scCO, and their hydrogena-
tion to fatty alcohols over commercial hydrogenation catalysts in either scCO,
or sc propane. Yields to fatty alcohols were highest in sc propane, but signifi-
cant amounts of n-alkane by-product formed, while virtually no alkanes were
produced in scCO.,,.

A patent to Hoffmann-La Roche [109] claims a process for the continuous
hydrogenation of organic compounds over amorphous metal alloy catalysts.
The process is performed using a solvent under conditions above its critical
point. The method is particularly suited for the selective hydrogenation of
alkynes (e.g. dehydroisophytol) to alkenes (i.e. isophytol) in CO, over
Pdg,Si,q. This catalyst is claimed to exhibit high activity under the conditions
applied, good thermal conductivity and, unexpectedly for a glassy metal cata-
lyst, no brittling under the influence of hydrogen.

Bertucco ez al. {110, 111] previously studied the catalytic hydrogenation of
the double bonds of an unsaturated ketone in scCQO,. Later [112, 113] they
showed that three phases (liquid-liquid-catalyst) were present in the reactor
owing to the large hydrogen concentration. High yield in saturated ketone was
obtained in scCO,, a medium with fair solubility for hydrogen and the liquid
reactant. Kinetic data obtained on a gradientless internal-recycle reactor were
fit to kinetic models in order to simulate the performance of a semi-industrial
trickle-bed reactor.

Arai and co-workers [114-117] were searching ways to transform heavy
crude oil to lighter liquids. They investigated the denitrogenation of coal tar
pitch over a NiMo-AL,Oj catalyst in a mixture of toluene and tetralin [114,
115]. Nitrogen was selectively removed under the hydrogenating atmosphere.
The reaction proceeded faster under sc conditions than in the liquid phase due

to higher diffusivity and less coke deposition on the catalyst. In a subsequent
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study hydrodesulfurization of dibenzothiophene to biphenyl and cyclohexyl-
benzene was studied [116) over the same catalyst. In scH,O the reaction mix-
ture formed a homogeneous phase. The reducing agent either was hydrogen or
it formed in situ via water-gas-shift reaction from CO or via formic acid. Intro-
duction of CO was most effective. In their latest study [117] hydrogenation of
hydrocarbons through partial oxidation of other hydrocarbons was studied in
scH,O. Partial oxidation with oxygen produces carbon monoxide which in
turn produces the active hydrogenating species via water-gas shift reaction.
This method is interesting, because it does not demand costly hydrogen or car-
bon monoxide for reduction.,

Heterogeneous catalytic synthesis of N,N-dimethylformamide and meth-
ylformamide from CO, and NH, was developed by Kricher ez al. [118-123].
This method turned out to be very powerful: with the best catalyst, a Ru con-
taining silica hybrid gel catalyst, the turnover frequencies of the best hitherto
known homogeneous catalysts were exceeded. It was shown recently [124, 125]
that the reaction mixture was not homogeneous, but mass transport limitations

appeared to be absent under the conditions applied.

Isomerization

Subramaniam and co-workers studied the isomerization of hex-1-ene for over a
decade [70, 126-137]. This reaction is well suited for fundamental studies on
sc fluids in heterogeneous catalysis, because the reactants and the main prod-
ucts have similar critical parameters. The thorough study of this reaction
resulted in a highly optimized process. Near critical conditions were found to
be superior to both sub- and sc conditions, because they afforded an optimum
combination of transport and solvent properties, thereby maximizing isomer-
ization rate and catalyst lifetime. Recently the authors [138, 139] focused on
the reduction of hexene oligomer formation by deaeration of the feed, by miti-
gation of peroxide impurities and by passivation of the reactor surface by sili-
costeel coating. The reduction of these prolific “coke” precursors resulted in
constant catalyst activity and it permitted a reliable study of the isomerization
kinetics. The effective diffusivity of hexene in the catalyst pores was determined

and the effectiveness of the catalyst was assessed.
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Oxidation
Partial oxidation under sc conditions has long been neglected, but it became
the target of many investigations in the past two years.

Oxidation of isobutane to isobutanol (ROH) was investigated by Fujimoto
and co-workers [94, 140]. In a recent paper [141] the initial stage of the reac-
tion was examined: di-zere-butyl peroxide (ROOR) formed with a selectivity of
30% at short time-on-stream. This provided further evidence for the peroxy
radical mechanism of this reaction. ROOR decomposed to ROH by abstract-
ing a hydrogen radical from isobutane.

Leitner and co-worker [142] presented the oxidation of olefins in scCO,
with oxygen in the presence of aldehydes as sacrificial co-oxidants. No catalyst
was required, but the reaction was promoted by the stainless steel of the reactor
wall. Presumably the stainless steel initiated the radical reaction, via formation
of acylperoxy radicals from the aldehyde and oxygen. The oxidation stopped
immediately upon addition of a radical scavenger. The higher reaction rates in
scCO, than in toluene were explained by the good miscibility of oxygen with
sc fluids.

Akgerman and co-worker [143] aimed at the total oxidation of ethanol and
acetaldehyde over Pt/TiO, in scCQ, in a fixed bed reactor. At 90 bar and 150—
300 °C complete combustion of ethanol dominated, but the intermediates ace-
taldehyde (up to 30% yield) and traces of CO also formed. The Langmuir-
Hinshelwood type mechanism for direct oxidation of ethanol to CO, with
dehydrogenation of an ethoxy intermediate as rate-controlling step in the oxi-
dation of ethanol to acetaldehyde predicted the experimental data very accu-
rately.

Willey and co-worker [144, 145] studied the continuous partial and total
oxidation of methanol in sub- and scCO, (at around 90 bar) over iron oxide
based aerogels. Product distribution depended strongly on the reaction temper-
ature in the range 200-300 °C and on the catalyst composition: pure iron
oxide aerogel favored dimethyl ether formation, 20% iron in molybdenum
oxide resulted in dominantly formaldehyde, and low levels of well dispersed
iron oxide in silica favored methyl formate production.

Rayner and co-workers [146] investigated the diastereoselective sulfoxida-

tion of chiral sulfides with ters-butyl hydroperoxide. In conventional solvents




General Introduction 17

and in scCO, Amberlyst 15 was particularly effective for oxidation of sulfides
derived from methionine and cysteine. In scCO, diastereoselectivity depended
dramatically on pressure (Figure 1-3), whereas no diastereoselectivity could be
observed in conventional solvents. The selectivity rose to a maximum of over

95% diastereomeric excess at 180 bar.
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Fig. 1-3:  Variation of diastereoselectivity with pressure for oxidation of Cbz-CysS-

MeOMe. Adapted from Oakes et al [146].

Parsons and co-worker [147] studied the dehydrogenation and oxidation of
cyclohexane, cyclohexene and cyclohexanol over PtO, and 10% Pt/C in
scH,O. The amount and number of reaction products (e.g. benzene, cyclohex-
anone and phenol) depended on the temperature and the presence of acid
(HCI) or base (NH4OH) additives. The selectivities reported are low, neverthe-
less it is concluded that the targeted transformations in scH,O are attainable.
Abraham and co-workers [148, 149] investigated the partial oxidation of
methane to methanol over Cr,O; in scH,O. A relatively high selectivity to
methanol (40%) at a conversion of 10% was achieved. The reaction proceeded
about half as fast in scH,O than in the gas phase. Besides methanol, formic
acid, acetic acid, ethyl alcohol, acetone and carbon dioxide formed. The oxy-
gen balance revealed a much higher oxygen level in the product stream than in

the feed, suggesting that the solvent water was involved in the mechanism. The
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stability of the catalyst proved to be insufficient in a subsequent study {150], as
chromium slowly depleted from the catalyst bed.

Martin and Kerler [16, 37, 151] investigated the partial oxidation of pro-
pane to oxygenates (acetone, acroleine, acrylic acid) in scCQO, in a batch reac-
tor. Among the various catalysts tested cobalt oxide on silica afforded the
highest total oxygenate selectivity (59% at 12% conversion). ScCO, exhibited
optimum mass transfer rates (gas-like) and solvent power (liquid-like). At the
transition from sub- to sc conditions consecutive reactions of oxygenates on the
catalyst surface were considerably reduced and the propane conversion and
oxygenate selectivity rose significantly (Figure 1-4)[151]. The phase behavior
of binary mixtures of propane and carbon dioxide were examined in the vicin-

ity of their critical point [16] using the opalescence effect.
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Fig. 1-4:  Propane conversion O and selectivity I to oxygenates. Conditions: 2.4 wt%

Co0,0,/810,, propane:air:CO, = 1:5-7:100-124, 280 °C. Taken from Martin ez /. [151].

Hydroformylation

In the past two years three research groups published their results on hydro-
formylation over supported and insoluble rhodium complexes in scCO,.
Abraham and co-workers [152, 153] developed a process based on carbon-sup-
ported rhodium-phosphine complexes to transform propylene to butanal by
H, and CO. The reaction, however, was not selective (only 1.5% selectivity to

butanal). Elucidation of the reaction mechanism and identification of interme-
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diates may provide a basis for future improvements in selectivity. It was hoped
that sc fluids allow the substitution of organic solvents currently used in the
oxo-process and product separation would be facilitated. Also higher reaction
rates were expected in homogeneous phase operation.

Cole-Hamilton and co-workers reported the hydroformylation of hex-1-
ene [154, 155] and of methanol [156]. Hydroformylation of hex-1-ene was
carried out in s¢cCQO, over 77 situ prepared, liquid, but CO,-insoluble, rhodium
phosphine and phosphite catalyst [154, 155]. They assumed that the excess
ligands, which dissolve the rhodium complex, act as a solvent in which the cat-
alytic reaction takes place. The catalyst was easily separated from the products
and could be reused several times. In the second study methanol was carbony-
lated to acetic acid over a polyvinylpyrrolidone-supported rhodium catalyst
[156]. ScCO, helped overcome the problems of liquid phase reactions (catalyst
leaching) and gas phase reactions (low methanol through-put). Rates up to ca.
50% of those in liquid phase homogeneous reactions were attained.

Poliakoff, van Leeuwen and co-workers [157] studied the continuous selec-
tive hydroformylation of higher olefins in scCO,. The reactions were per-
formed with a mixture containing CO, (120 bar), syngas (50 bar) and oct-1-
ene at 80 °C over a rhodium complex immobilized on silica. The hydroformy-
lation was over three times faster than the batch reaction in toluene but only
half as fast as the homogeneous analogue under comparable condition.
Enhanced mass transport in scCO, was assumed to play a crucial role. The cat-

alytic performance remained stable over several days.

Oligomerization
Ethylene polymerization with sc fluids is a well-known industrial process [77].
These reactions have intentionally been omitted from this review. One example
of oligomerization is included because it uses a concept similar to those
described above.

Fujimoto and co-workers {158] performed ethylene oligomerization to
C4~Cy on H-ZSM-5 zeolite. In sc n-pentane, ethylene oligomerization was
faster and the catalyst lifetime was greatly extended in comparison to gas-liquid
phase operation. Sc n-pentane extracted medium-molecular-weight oligomers

in situ from the catalyst. The regeneration of the spent catalyst, however, did
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not restore the full original activity, due to the limited affinity of #-pentane to

catalyst poison and difficult pore diffusion of high-molecular-weight polymers.

Table 1-3: Overview of heterogeneously catalyzed reactions under sc conditions. (Sheet 1

of 3)
Reaction/Reactant Caralyst Solvent T/°C Plbar r? st € Reference
A Alkylation
benzene and ethylene Y-type zeolites 250-285 70-80 - - - [159.160]
isopentane and isobutene Y-type zeolite isopentane 50-200 35-46 -~ - [161-163]
isobwtane and isoburene Y-type zeolite isobutane 50-140 35-50 -~ - [161-163)]
but-1-ene and isobutane HY-type zeolite, sul-  CQ, 50-140  34.5-155.1 - [164)
fated zirconia
mesitylene, anisat and propylene polysyloxane {amino-  propylene 160180 220 - [165)
polysiloxanc)-sup-
ported solid acid
alkenes and arenes PYC H,0 400 A {147)
mesitylenc, anisol and propan-2-ol amino-polysiloxane-  CO, 200-300 150-220 - f165]
supported solid acid
alcohol ro acetal, ketal and cther amino-polysiloxane,  CO,, propane 100-200 60-200 - -~ [79)
ion exchange resin
B Amination
3-aminopropan-1-ol, cyclohexane-1,3- Co-Fe NH, 195 50=-135 - [80. 82-84,
diol, cyclohexane-1,4-diol, propanediols, 166)
pentane-2,4-diol
C Cracking
heptane, perroleum promoted HY-type heprane 325 34 - i |85-88)
zeolite
D Disproportionation
toluenc to p-xylene and benzene zeclite ZSM-5 320-325 33.6-56 - - [167]
1.4 -disopropylbenzene to cumene and zeolite 13 NaHX benzene, »-pentane 260 200 - [2.168-170)
1,3,5-triisoprapylbenzene
cyclahexene to benzene, cycohexane and Pt H,0 375 200 (89]
hydrogen
ethylbenzene to benzene and dicthylben-  acolites (HY, H-ZSM-  butane, pentane 300-400 50 ” [168, 171,
zene 5, H-mordenite) »550 172]
E Esterification
oleic acid and methanol mactoporous ion- CO, 40-68 9.5-13 (90, 91]
exchangge resin
glycerol and CO, ion exchange resin, CO, 40-70 100-130 [92]
zeolites
F Fischer-Tropsch Synthesis
CO and H, to liguid hydrocarbons Ru/Al 05, CofSi0;,  m-hexane 240 45 ~ d -~ [94. 97, 98,
Fe 173)
COand H; to liquid hydrocarbons with  Co-La/SiO,, Ru/ n-pentanc 210-240 45 ~ - b [95. 96, 99,
addition of 1-olefins to produce wax AlLO, 100, 173)
COand H; to liquid hydrocarbons Fe-Cu-K/Si0, propane 250 55 [174, 175)
COand H; to liquid hydrocarbons Fe m-hexane 240 35=70 [161, 102
CQ and H; o liguid hydmocarbons Fe 250-350 6-100 [103)
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Table 1-3:  Overview of heterogencously catalyzed reactions under sc conditions. (Sheet 2

of 3}

Reaction/Reactant Catalyst Solvent T/°C  P/bar st Reference
G Hydrogenation
fazs, oils and fatty acid merhyl esters Pd/C, Pd onamino-  propane 50-150 70-120 ~ [104-107}
polysiloxanc
fats and ails Pd or Pran amino- co, 60-160 80-160 - [176-178]
polysiloxanc
facey acid mechyl esters Cu~chromite, and Cr-  CO,, propane 210-250 150-250 [108)
free caralyst T-4482
acetophenone Pd/amine-polysilox-  CO, 90-300 1.20 - [179]
ane
cyclohexene Pdfamino-polysilox- CQ,, propane 40-320 0.60-1.20 [179]
ane, Pr/amino-polysi-
loxane
1,2-(methylencdioxy)-4-nitrobenzenc Pd/amino-polysilox-  CQ, 20 1.40 [179]
ane
m-cresol, benzaldehyde, propionalde- various noble metal CO,, propylene 1165]
hyde, acetophenone, cyclohiexanonc, catalysts on amino-
cyclohexanole, furan, nitrobenzene, N~ polysiloxane
benzylidenc-methylamine, buran-2-onc
oxime, oct-1-yne, oct-1-ene, cyclohex-
cne, isophorane
cthyl pyruvace o (R)-cthyl lactate Pt/Al O, and cin- cthane, propanc 40-100 70-250 -~ [180, 181)
chonidine as modifier
triple bond of propagylic alcohol, pheny-  Pdg,Sijg CO, 50-180 50-200 {109]
lacetlyene
double bond of unsaturated ketone Pd/ALO, cQ, 150-250 120-250 [110-113]
liydrogenation of hydrocathons through ~ NiMe-AlLO, H,O 400 270 [117]
partial axidacion and water-gas-shift
hydrodesulfurization of dibenzothiphene  NiMo-AlLO, H,0 440 300 [116}
denttrogenation of coal tar pirch NiMo-AlL,Q, tolueneftetraline 380450 70-200 [114,115]
mixture
dimethylamine, CO, and H; 1o dimeth-  sol-gel CO, [118-125]
ylformamide RuCLX,, X =
PMe;{CH,),Si(OEx),
H Isomerization
hex-1-ene to hex-2-ene {cisftrans) and Y—MZOSIAI—m:ﬂ] shell 220-250 50-800 nf [2. 69, 169,
hex-3-ene catalyst 170]
hex-1-ene Pr/AL O, CO;and cosolvents  235-310 35-180 ~f (70, 126-
n-pentanc, n-hex- 139)
ane
hex-1-enc to olcfinic oligomers Pr/ALLO, 281 277 [130]
xylenc isomerization to p-xylene solid acid, varicus 320 32 [182]
maolecular sieves
I Oxidation®
toluene to benzaldehyde Co/AlLO, CQo, 130-230 80 [183]
propylene to propylenc glycol Cal,/Cul/Cu,0 on 70-400 >70 - 1184, 185)
MgO or alumina
isobutane 10 tert-butyl alcohol Si0,-Ti0,, Pd/IC 153 44-54 94, 140,
141)
dscycloocene, cyclohexene, oct-1-ene, initiaion by stainless Cco, 55 190 [142]
trans-hex-3-cne, isophoerone, (R)-(+)- steel-reactor wall
limonene
ethanol to acctaldehyde PJTiO, CQO, 150-300 89.6 [143)
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Table 1-3:  Overview of heterogeneously catalyzed reactions under sc conditions. (Sheet 3
of 3)
Reaction/Reactant Catalyst Solvent T/°C P/bar r? st at Reference
methanol ro dimethyl ether, methyl for-  iron oxide on sitica, Co, 200-350 90 (144, 145]
mate, formaldehyde molybdenum oxide
aerogels
chiral sulfides 10 sulfoxides {diasteteose- ion cxchange resin CO, 40 100-120 - [146]
lecrive)
alcohols to aldchydes, keranes and car-  Pdfalumina, Pr/alu-  CO, 60-140 60-140 ~ [186-188]
boxylic acids mina, Pd/carbon, Pd-
Pricarbon, Pd-Fx-Bif
carbon
propylene to propylenc oxide Pd-Pt/T5-1 co, 43 50-120 - [189]
cydohexane, cyclohoxene, cydohexanol P, PUC H,0 375 [147]
methane to methanol Cr,0, H,O 400-475 114439 ~ - [148, 149]
prapane to acerone Co,04/5i0, Cco, 240-300 20-120 - - [37, 1511
K Hydroformylation
propylene to buranal supported metal-phos-  CO, [152,153]
phine ligands, Rh/C
hex-1-ene, non-1-enc insoluble Rh (I} phos- CO, 100 42-246 - e [154, 155]
phite and phosphine
methanol to methyl ethanoate and etha-  Rh/palyvinylpyrroli-  CO, 150 260 i -~ [156]
noic acid done
oct-1-ene Rh-complex on silia  CO, 70-90 170-180 ” -~ [157]
L Oligomerizarion
cthylene H-ZSM-5 zcolite n-pentane 3o0 35 - - [158]

* change of reaction rate in the sc region with respect to subcritical conditions (« increase, s decrease)

b change of selectivity in the sc region with respect to subcritical conditions (~ increase, » decrease)

¢ change of catalyst lifetime in the sc region with respect to subcritical conditions (+ increase, *s decrease)

4 higher olefin content
¢ vs. gas

f changes cis/trans, double bond and side reactions

& Total oxidation in scH,O (SCWO) has intentionally been omitted since it has been reviewed recently by

Ding et al. [7].

1.2 Amination of Diols

1.2.1 Introduction

Reactions in which an amino group is inserted into an organic molecule are

generally termed amination. Here we focus on heterogeneously catalyzed ami-
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nation of alcohols, i.e. the reaction of a primary or secondary alcohol with
ammonia or an amine to the corresponding primary, secondary and tertiary
amine.

The amination of alcohols has been described already by Sabatier and
Mailhe at the beginning of this century. Nowadays amination of alcohols is a
well established process for the manufacture of a variety of aliphatic and aro-
matic amines. The industrial importance is indicated by the immense number

of patents. Many reviews can be found in the open literature {190, 191].

1.2.2 Methods for the Preparation of Amines from Alcohols

‘Two main classes of catalysts are used for the amination of aliphatic alcohols:
metal catalysts offering hydrogenation-dehydrogenation activity and solid acids
catalyzing dehydration. A third class, phosphate catalysts, catalyzes amination

via a “phosphate ester” mechanism, but is not discussed here.

Metal Catalysts - Dehydrogenation Mechanism
The most suitable metal catalysts for amination of aliphatic alcohols are sup-
ported Cu and the Group VIII transition metal catalysts Ni, Fe, Co and Pd.
Reactions are typically performed at 50-300 bar and 180-250 °C. Relatively
high cartalyst: alcohol ratios are required (5-30 wt% for batch operation),
except for Pd.

Amination on metals is suggested to proceed via dehydrogenation. The
main steps of this reaction series are (Figure 1-5):

1. Dehydrogenation of the alcohol to an adsorbed carbonyl intermediate.

2. Condensation of the intermediate with either ammonia, a primary or
secondary amine via a carbinolamine adduct to form an imine or enamine type
intermediate.

3. Hydrogenation of the intermediate to the product amine.
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Fig. 1-5:  Amination of alcohols via dehydrogenation.

In the case of monofunctional aliphatic alcohols the rate limiting step of this
mechanism was demonstrated to be the abstraction of the o-hydrogen.

Hydrogen is not present in the overall chemical balance of the reaction but
plays an important role in the reaction: in presence of hydrogen predominantly
saturated amines form, whereas imines, enamines and nitriles are favored in the
absence of hydrogen, especially at higher temperatures. Hydrogen also sup-
presses the disproportionation of reactant and product amines and it prevents
catalyst deactivation by incorporation of nitrogen and/or carbon into the metal
lattice. In absence of hydrogen adsorbed amines often undergo C-N bond
cleavage and subsequently form surface nitrides, carbides or carbonaceous
deposits.

Other side reactions include the condensation and decarbonylation of
intermediate carbonyl compounds. Also hydrocracking and hydrogenolysis of
the amines can become significant at higher temperatures when Group VIII
metal catalysts are used, but with Cu C-C bond cleavage is not significant.

With bifunctional alcohols the condensation and disproportionation reactions
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can result in polyamines of various lengths. Various heterocyclic products may
also form in side reactions, depending on the distance between the two func-
tional groups.

Carbonyl compounds, i.e. the intermediates after the first step in the ami-
nation of alcohols, can also be aminated over metal catalysts. Their reaction
occurs at lower temperature and affords high selectivity. This reaction is usually
termed reductive alkylation in the literature, as in this case stoichiometric

amounts of hydrogen is required for the synthesis of saturated amines.

Solid Acid Catalysts - Dehydration Mechanism

Various oxides and zeolites are used as catalysts for the amination of typically
small chain alcohols. These reactions proceed via acid-catalyzed dehydration of
the alcohol to the corresponding alkene and subsequent amination with the
reactant amine or ammonia according to the Markownikow orientation rule
(Figure 1-6). Ammonia and amines are suggested to adsorb as ammonium spe-
cies on Brensted acid sites. Adsorption of amine is much stronger than that of

ammonia. Proper strength of acid sites is crucial for high activity and selectiv-

ity.

| | 1 +RNH |- | +H* ||
——C— —» —(—=(— —» —C—C— —» —C—C—
S, -H,0 -H* ' oo
H OH 2 NR; H NR;
Fig. 1-6:  Amination of alcohols via dehydration mechanism.

Reaction temperatures required (250—450 °C) are considerably higher than
those of metal-catalyzed amination. In zeolites the channel size can sterically
hinder the formation of bulky products, which can lead to a favored product
distribution.

Alkenes are intermediates in the amination via dehydration. Their amina-
tion over metals generally fails due to nitrile formation and alkene polymeriza-
tion. In contrast, acidic zeolites afford excellent selectivities by Markovnikov

addition. Alkenes adsorb through a m-complex with the surface OH groups.
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1.2.3 Amination of Bi- and Polyfunctional Alcohols

Only litde has been reported in the early literature about the amination of
bifunctional and polyfunctional alcohols. Its investigation, however, is mean-
ingful: nowadays diamines are manufactured by amination of the correspond-
ing chlorides - a method with several severe drawbacks: hydrogen chloride is
corrosive and its neutralization produces stoichiometric amounts of sodium
chloride.

Amination of bi- and polyfunctional alcohols has been reviewed recently
by Fischer et al. [191]. The reactions discussed are the formation of ethylene
diamine from ethanolamine and ethylene glycol (see also [192]), amination of
ethylene glycol with amines, amination of higher aliphatic diols, amination of
polyoxyalkylene diols and triols with ammonia, synthesis of polyalkylene
polyamines and amination of sugars. It has been concluded that amination of
di- and polyfunctional alcohols can be performed under conditions similar to
those applied in the amination of simple aliphatic alcohols. However, amina-
tion of bi- and polyfunctional alcohols is much more complex because numer-
ous side reactions can interfere. Optimization of the yield by varying the
reaction parameters and the catalyst is much more demanding than in the case
of amination of monofunctional alcohols.

Fischer reported many details of the synthesis of primary amines from ali-
phatic diols with ammonia over an unsupported Co based catalyst and over Ni
on silica [80-84]. The effect of pressure (50-150 bar), temperature (135-
235 °C), contact time and reactant ratio on the product distribution were stud-
ied. Reactions were run in ammonia (critical parameters of NHj: 114.8 bar,
132.4 °C) as solvent and reactant.

Catalyst screening revealed that only Co-, Ni- and Cu-based catalysts were
useful for the amination of propane-1,3-diol (Figure 1-7) [80]. In a more pro-
found study of Co catalyzed amination Fischer found that the best catalyst, 95
wt% Co-5 wt% Fe, contained only very weak acidic sites, which are unable to
chemisorb ammonia. Absence of strong acidic and basic sites is crucial to avoid
acid-base catalyzed side reactions such as retro-aldol reaction, hydrogenolysis,
alkylation, disproportionation, dimerization and oligomerization. Addition of

Fe to the Co catalyst was required to retain the active but metastable B-Co
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phase and to suppress its transformation to the thermodynamically stable ct-Co
phase. The effect of temperature (150-210 °C), pressure (50-150 bar) and
contact time were investigated. Astonishingly, the selectivity to the amino alco-
hol intermediate and the desired diamine rose dramatically in the transition
from sub- to supercritical conditions. At best, 32% diamine yield and 8%
intermediate amino alcohol at almost complete conversion was obtained. The
existence of a single (sc) phase eliminates the interphase mass transfer resis-
tance. It is suggested that sc conditions increase the surface concentration of
NH,;, favoring the desired amination reaction and suppressing the side reac-
tions. The Co-Fe catalyst did not deactivate significantly within the first ten

days of use.

H OH OH OH OH

. -H -H
+NHj H;O ( l 2 l 2 A
+H -CO

8 I
. |
H, l ]iz/ OH O OH O \-gi-lz
CHzl 'HZO GHa l -HO +NH l 20 /k
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Sy S
O
-H,O
/\ -H,0 /\ >< +NHalv Hz
NH +NH; OH NH, +H,
7’ +Hy OH NH,
l -H, l H H\
NH
NHZ-‘(% (\ co
| |
O NH, O NH,
-H,0 "H,0
+NH3l +H2 +NH31 +H2
NH,NH, NH,NH,
Fig. 1-7:  Proposed reaction scheme for the amination of propane-1,3-diol and 2,2-dime-

thylpropane-1,3-diol.
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Generally a high ammonia:alcohol ratio (here: 20) has to be used to com-
pensate the higher reactivity of intermediate and product amines compared to
ammonia and to obtain good selectivities in primary amines. Use of excess
ammonia successfully suppressed oligomerization.

Application of scNH; afforded significantly higher selectivity to primary
diamines in the amination of propane-1,3-diol and 2,2-dimethylpropane-1,3-
diol (Figure 1-7). Selectivity to amines increased with increasing pressure by a
factor of 4 to 18 in the near critical region of ammonia. This improvement was
attributed to the higher surface concentration of ammonia and to suppression
of degradation reactions. This effect can also be interpreted as selective poison-
ing of the metal catalyst.

Amination over a commercially available nickel catalyst was also studied
and the reactivity of the structurally related 2,2-dimethylpropane-1,3-diol, 2-
methylpropane-1,3-diol and propane-1,3-diol was compared (Figure 1-7) [83].
The aim was the elucidation of the relationship between the structure of the
reactant diol and the diamine selectivity. Reactions were performed at 135 bar
and 180-235 °C. A strong dependence of amination selectivity on the diol
structure was revealed: Under best conditions 2,2-dimethylpropane-1,3-diol
yielded 53% of the corresponding diamine and 5% amino alcohol intermedi-
ate. In contrast, both 2-methylpropane-1,3-diol and propane-1,3-diol afforded
low diamine and amino alcohol yields owing to poor selectivities. Direct elimi-
nation of water, which is not possible with 2,2-dimethylpropane-1,3-diol due
to a missing hydrogen at the C2 position, was regarded to cause the difference.

The effect of pressure on the amination of propane-1,3-diol and 3-amino-
propan-1-ol over the Co-Fe catalyst, and that of 2,2-dimethylpropane-1,3-diol
over the Ni catalyst, to the corresponding diamines was thoroughly investi-
gated [82]. In both cases a dramatic increase in diamine selectivity was
observed at the transition of sub- to supercritical conditions. This behavior was
explained by mass transfer and coverages of adsorbed surface species: At
medium pressures (<90 bar) the reaction mixture consists of two phases: a lig-
uid phase, rich in the organic reagents, and a gas phase containing mostly
ammonia. Besides, under sc conditions the reaction mixture forms a homoge-
neous phase: mass transfer resistances at the interphases are eliminated and the

reaction proceeds faster. Under sc conditions the surface concentration of NH;
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is expected to increase. High ammonia coverage favors the amination and sup-
presses degradation by hydrogenolysis and dimerization.

Amination of cyclohexane-1,4-diol was studied over the Co-Fe bimetallic
catalyst [84]. A high yield of 67% for diamine was obtained at 195 °C and
135 bar. If the unreacted diol and the amino alcoho! were recycled, the effi-
ciency of this method would even be higher and the amount of by-products
would be reduced to ca. 3%. Compared to the amination of propane-1,3-diols,
retro-formylation is not possible with the ketone (secondary alcohol), and

elimination of water is unlikely because of the cyclic strain.

1.3 Epoxidation of Propylene

1.3.1 Introduction

Propylene oxide is a commodity chemical which is used as an intermediate for
the production of polymers (polyurethanes, polyesters), oxygenated solvents
(propylene glycol ethers) and industrial fluids (monopropylene glycol and
polyglycols). Its annual worldwide production capacity in 1991 was 3.9-10° ¢
[193].

1.3.2 Manufacture of Propylene Oxide

Propylene oxide is produced by selective epoxidation of propylene. Industrial
production of propylene oxide is shared equally by the chlorohydrin route and
the hydroperoxide route [194]).

An extensive research has been devoted to the development of a one-pot,
direct and selective oxidation process with air. Various methods have been pro-

posed, but they are still far from commercialisation.

Conventional Industrial Processes
The synthesis of propylene oxide via the chlorohydrin route was first described
by Wurtz in 1859 (Figure 1-8) [195]. In this reaction the alkene reacts with
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hypochlorous acid (HOCI) to produce chlorohydrin. The hypochlorous acid is
produced iz situ by an equilibrium reaction with water and chlorine. The chlo-
rohydrin is dehydrochlorinated to the epoxide using aqueous calcium hydrox-
ide. Because of the disposal problem (chlorinated by-products and

stoichiometric amounts of brine) no new chlorohydrin plants are built {193].

H

H3C_CI:'—’CH2
Cl OH

H + HO 1 H
I-I__ +Cly HC-C—CH, —— * A_,CEl(OH)Z H3C-C—CH;
H;C-C=—CH, > N -HCl -14 CaCl, "4
CI- H -2 H10

H;C-C—CH,

OH Cl

Fig. 1-8:  Chlorohydrin route to propylene oxide.

The hydroperoxide route is a two stage process [193]: In the first step an
organic peroxide is formed (usually from isobutane or ethylbenzene), and in
the second step propylene reacts with the peroxide to form propylene oxide.
The drawback of this methoed is the stoichiometric formation of co-product

alcohol.

Direct Oxidation

Around 1940 a process for the direct epoxidation of ethylene was developed
[195]. 90% selectivity was achieved over 10 wt% Ag/ot-Al,O, at 230 °C and
30 bar. The conversion was kept below 10% to prevent oxidative decomposi-
tion.

This method takes advantage of the particular activation of oxygen over Ag
[196]. Ag provides four different adsorption modes for oxygen: molecular
adsorption, incorporation into the Ag lattice (subsurface), nucleophilic atomic
and electrophilic atomic oxygen. These four modes have specific reactivities
towards epoxidation.

Nucleophilic atomic oxygen dominates at low oxygen coverage. It deproto-
nates acidic organic molecules, resulting first in a strong adsorption and ulti-

mately in decomposition of the organic molecule.
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At higher oxygen coverage, the lattice of Ag saturates. Surface oxygen
becomes polarizable and adopts electrophilic nature. Electrophilic atomic oxy-
gen interacts with the 7t-electrons of ethylene, ensuing in epoxidation.

Unfortunately, propylene oxide yields are very low by this method.
Nucleophilic atomic oxygen easily deprotonates propylene to the stabilized
allyl structure, i.e. the first step towards decomposition. On the other hand
propylene polarized by electrophilic atomic oxygen decomposes easily via
abstraction of the y-hydrogen.

Recenty, ARCO Chemical Technology [197, 198] has patented a method
for the catalytic gas-phase epoxidation with molecular oxygen over Ag sup-
ported on carbonates and titanates. The best selectivity to propylene oxide was
56% at a conversion of 7%. Even this system still does not meet the require-
ments of a commercial process and no successful direct oxidation route to pro-

pylene oxide has been found to date.

Other Processes

A variety of other processes have been proposed, but none of them is a real
alternative to existing processes. Propositions include the epoxidation using
molten salts [199, 200], use of nitrous oxide as oxidant as well as photochemi-
cal, electrochemical, biocatalytic and non-cartalytic processes [195].

A promising route has been proposed recently by Haruta and co-workers
[201, 202]. In this method propylene is epoxidized with hydrogen (sacrificial
reducing agent) and oxygen over a Au/TiO, catalyst at 30-120 °C. High selec-
tivities (>90%) were obtained, but conversions, as reported in the open litera-
ture, are still below 5%. The method suffers from low hydrogen efficiency and
the catalyst deactivates by oligomer formation and site blocking. The same

authors have patented an improved method affording a propylene oxide yield

of 9.6% [203].
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1.3.3 The Hydroperoxo Route

Homogeneous To Heterogenous Catalysis

Alkenes can efficiently be epoxidized with inorganic peracids, produced from
hydrogen peroxide with metal oxides [204]. Later organic peroxides replaced
inorganic peroxides as epoxidizing agents saving the expensive production of
hydrogen peroxide. In the Halcon process, for instance, propylene was epoxi-
dized with alkyl hydroperoxides in the presence of soluble metal compounds as
catalysts [205]. The alkyl hydroperoxides were produced by autooxidation of
isobutane and ethylbenzene.

In the late sixties Shell developed a heterogeneous titania/silica catalyst for
the epoxidation of olefins with alkyl hydroperoxides [206] (Figure 1-9). This
catalyst had the advantage of being completely insoluble in the reaction
medium, which made it eminently suitable for continuous operation. In addi-
tion, higher selectivities (94% at 96% ethylbenzene hydroperoxide conversion)
were achieved than with the hitherto used homogeneous catalytic system (90%

at 92% conversion).

+ 02 A
HOO ?
catalyst H
H3C—-C=CH, + e H3C“C\"/CH2 +
H HOO o] HO

Fig. 1-9:  Hydroperoxide route to propylene oxide: Auto-oxidation of ethylbenzene to the
hydroperoxide (above) and its use in catalytic epoxidation (below).

Organic Peroxides To Hydrogen Peroxide

The TiO,-SiO, catalyst developed by Shell only operates with organic perox-
ides and therefore significant amounts of co-products are formed. The use of
hydrogen peroxides as oxidant is preferred, because then water is the only co-

product. The cheap aqueous hydrogen peroxide cannot be used with the Shell
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catalyst, because water retards the reaction and because the epoxide formed
readily decomposes on the catalyst to the corresponding glycol. To attain high
yield with hydrogen peroxide, apolar solvents have to be applied and the water
formed has to be removed continuously during reaction by azeotropic distilla-
tion.

The invention of titanium silicalite TS-1 by Enichem in 1983 offered new
opportunities for propylene epoxidation [207-210]. TS-1 is a crystalline zeolite
with MFI lattice in which some Si atoms have been substituted isomorphously
by Ti (xTiO,.(1-x)Si0,, 0<x<0.04) [211]. The degree of substitution is limited
to prevent extra-framework TiO,. TS-1 is prepared via hydrolysis of a mixture
of alkoxides of Ti and Si in an alkali-free solution with tetrapropyl ammonium
hydroxide, distillation of the alcohols and crystallization of the resulting gel at
175 °C.

TS-1 has exceptional catalytic properties. The surface of TS-1 is hydropho-
bic and the small diameter of the pores induces some reactant shape selectivity.
Ti occupies tetrahedral positions, but interaction with the solvent and peroxide
molecules leads to octahedral coordination. The adsorption of molecules on Ti
leads to higher coordination of Ti. Ti"Y can coordinate hydrogen peroxide
either by formation of a titanium peroxo complex, or by bonding the hydrop-
eroxo species end-on [207]. Hydrogen peroxide coordinated on Ti yields elec-
trophilic oxygen that can attack the double bond m-electrons of propylene.

TS-1 does not catalyze olefin epoxidation with organic hydroperoxides due
to steric reasons, but epoxidation with hydrogen peroxide performs well [207].
Side reactions include hydrolysis to glycols, C=C bond cleavage and ether for-
mation. The reaction is performed in polar solvents such as methanol, methyl
acetate, acetonitrile and ferz-butyl alcohol. Ethanol is not suitable because it is
slowly oxidized. Methanol assumably participates in the reaction mechanism

via coordination to Ti, a feature that only protic solvents possess (Figure 1-10).



Fig. 1-10:  Possible mechanisms proposed for the epoxidation of propylene with end-on hy-

drogen peroxide and methanol assistance (above) and with side-bonded hydrogen peroxide
(below). Adapted from Notari [207].

Enichem has developed a two-stage process for propylene epoxidation: first
hydrogen peroxide is produced by alkylantraquinones via hydrogenation over
Pd followed by oxidation with oxygen. Then the olefin is epoxidized over TS-1
[194, 212-214]. The production of hydrogen peroxide uses two solvents: an

organic solvent and a water/methanol mixture.

Ex Situ to in Situ Hydrogen Peroxide
Hydrogen peroxide shipping is a cost factor and somewhat hazardous [194,
212]. Safe handling is critical because in presence of metals in basic conditions,
hydrogen peroxide readily decomposes to water and oxygen. Further develop-
ment of the epoxidation process is directed to the substitution of hydrogen per-
oxide by its i» situ formation from hydrogen and oxygen [194, 212].

One first approach for the in situ formation of hydrogen peroxide makes
use of the conventional anthraquinone process for the production of hydrogen
peroxide, which can be integrated into a one-pot process with the epoxidation

of propylene. This method has been investigated by Enichem and a propylene
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oxide yield of 78% has been achieved [194, 212, 215]. A second concept is
based on the oxidation of propylene by a hydrogen-oxygen gas mixture over a
precious metal containing titanium silicalite. Hydrogen peroxide is directly
synthesized from hydrogen and oxygen at the precious metal sites of the
bifunctional catalyst and consumed as an oxidant for epoxidation at the Ti-
sites.

Such a one-pot process integrating hydrogen peroxide formation and
epoxidation was recently patented by Tosoh Corp, Japan [216-218]. Propylene
was epoxidized with in situ formed hydrogen peroxide from hydrogen and oxy-
gen over a catalyst with group VIII metals (such as Pd, Pt) on titanium silicalite
at 10-35 °C. Similarly, BASF has patented [219-221] a method for the pro-
duction of propylene oxide over titanium and vanadium silicalite-supported
platinum metal catalyst. A selectivity to propylene oxide of 92.3% was attained
at 1.8% conversion.

In the open literature, Hélderich and co-workers have reported the epoxi-
dation of propylene over Pd-Pt/TS-1 with hydrogen and oxygen in a metha-
nol-water mixture (3:1) [222-225]. At best, 11.6% propylene oxide yield with
46% selectivity has been achieved with 1 wt% Pd - 0.02 wt% Pt/TS-1 in the
semicontinuously operated process.

Development of processes via the hydroperoxide route requires further
considerable improvements and the flammability of oxygen-hydrogen mixtures

represents a critical point in any industrial application.

1.4 Partial Oxidation of Alcohols

1.4.1 Introduction

Aldehydes, ketones and carboxylic acids play an important role in fine chemis-
try. For their synthesis from alcohols traditional synthetic organic chemistry
employs a variety of oxidants such as the oxides of chromium, manganese, sele-
nium or lead [226]. These stoichiometric reactions produce aqueous solutions

of inorganic salts which are environmentally hazardous. For industrial applica-
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tion nonpolluting oxidants such as oxygen or peroxides [227] are preferable.
Nitrous oxide and ozone are also considered as prospective oxidants [228, 229].
Direct heterogeneous oxidation with oxygen is the simplest imaginable

alternative, because oxygen is readily available and often even air can be used.

1.4.2 Classes of Partial Oxidation

Three types of partial oxidation are distinguished: dehydrogenation [230, 231],
oxidation and oxidative dehydrogenation [226].

Dehydrogenation

Dehydrogenation is an endothermic reaction. Conversion is often limited by
thermodynamic equilibrium. Hence high reaction temperatures are advanta-
geous. The number of molecules increases in the reaction, calling for low pat-
tial reactant pressures. The reaction is usually carried out at atmospheric
pressure and 250—400 °C to reach acceptable conversions.

Metals (Cu, Ag) and mainly metal oxides are used as catalyst. Most oxide
catalysts and supports for metallic catalysts also catalyze dehydration and on
some oxides, such as alumina, dehydration even predominates. Addition of
small amounts of strong basic oxide, such as sodium, poisons acidic centers,
suppresses dehydration activity and increases dehydrogenation selectivity.

In most cases the reaction rate can be described by the Langmuir-Hinshel-
wood rate expression. Two different mechanisms have been suggested for the
dehydrogenation of alcohols: the “carbonyl” mechanism and the “enolic”

mechanism (Figure 1-11).

catbonyl mechanism

|
—Cg0Q — —C=0 ,H,

H H

enolic mechanism
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HHH H H

Fig. 1-11:  “Carbonyl” mechanism and “enolic” mechanism
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In the carbonyl mechanism the hydrogens from the carbonyl group and from
the ot-carbon atom are split, either simultaneously or in two steps. Over oxide
catalysts the alcohol first adsorbs dissociatively with the formation of a surface
alkoxide and an adsorbed hydrogen atom. In the next, rate-limiting step, the o
hydrogen is abstracted, which forms a hydrogen molecule with an adsorbed
hydrogen. The formed aldehyde or ketone remains adsorbed either through its
C=0 group or enolic group -C=C-O-. In the enolic mechanism the B-hydro-
gen of the adsorbed surface alkoxide is split and an alkenol intermediate is

formed. This mechanism is not applicable to metals.

Oxidation

Oxidation is carried out with an excess of air or oxygen at 350450 °C.
This method is used for the production of formaldehyde over an Fe,0,.MoQ,
catalyst.

Oxidative Dehydrogenation

In oxidative dehydrogenation the alcohol is dehydrogenated to the aldehyde or
ketone and simultaneously the hydrogen formed is oxidized to water. The over-
all reaction is exothermic. Oxidative dehydrogenation is the most important

process for the production of aldehydes from alcohols.

1.4.3 Oxidative Dehydrogenation

The oxidative dehydrogenation is an irreversible process and therefore the
choice of the reaction temperature is governed by catalyst activity and selectiv-
ity. Strict temperature control is essential to avoid total combustion.

The most important side reactions are the formation of carboxylic acids,
oxidative degradation of the carbon chain to lower aldehydes, and total oxida-
tion of the organic products and reactants to carbon dioxide and water.

For the oxidative dehydrogenation of alcohols either oxides, often combi-
nations of oxides such as Fe,05.M00Q;, or metals, mainly Ag and Pt metals are

used.
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Metal-Oxide Catalysts
On oxide-based catalysts in the gas phase the generally accepted reaction mech-
anism is the Mars-van Krevelen mechanism [232]. It proceeds in four steps:

1. Adsorption of the alcohol on the oxidized catalyst surface, either bound
by the OH group or as an alkoxy.

2. Dehydrogenation of the adsorbed alcohol.

3. Desorption of the aldehyde or ketone, eventually incorporation of (lat-
tice) oxygen and desorption of carboxylic acid.

4. Reoxidation of the reduced catalyst surface by oxygen from the gas

phase. The oxygen is incorporated into the lattice of the caralyst.

Metal Catalysts
Metal catalyzed oxidative dehydrogenation of alcohols are performed in the lig-
uid and in the gas phase.

In the gas phase mostly Ag and Cu based catalysts are used. The most
important applications is the BASF formaldehyde process and the production

of acetaldehyde, glyoxal and acetone. These reactions are performed at atmo-
spheric pressure and 600-730 °C,

1.4.4 Liquid Phase Metal Catalyzed Oxidative Dehydrogenation

Introduction

In the liquid phase mainly Pt and Pd based catalysts are applied with oxygen or
air as oxidant. Liquid phase dehydrogenation allows lower reaction tempera-
tures compared to gas phase processes. It is therefore an attractive method for
the oxidation of temperature sensitive alcohols. Reactions are usually carried
out in batch reactors, at atmospheric pressure and 20-80 °C [233].

The partial oxidation of alcohols was first reported by Débereiner [234] in
1845, who observed the Pt catalyzed conversion of methanol and ethanol via
aldehyde and carboxylic acid to carbon dioxide. In 1855 Strecker reported the
partial oxidation of cinnamyl alcohol [235]. The method has been elaborated
over the years and it has found some applications mainly in carbohydrate

chemistry.
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Mechanism

Liquid phase reactions are considerably more difficult to investigate than gas-
phase reactions. Consequently, less is known about the reaction mechanism in
solution. The mostly accepted mechanism involves the following steps:

1. Adsorption of the alcohol on a reduced surface site (e.g. Pt°). Alcohol
does not adsorb on oxidized surface sites (i.e. Pt™).

2. Dehydrogenation of the alcohol on the catalyst surface, forming a carbo-
nyl and adsorbed hydrogen (i.e. reduction of other surface sites).

3. Oxidation of the adsorbed hydrogen by oxygen (i.e. oxidation of the
surface) by oxygen.

4. Desorption of the products carbonyl compound and water.

There is no agreement in the literature whether the oxidative dehydrogena-
tion in the liquid phase proceeds via adsorbed alkoxy species or whether the
abstraction of hydrogen is oxygen assisted or not. It is evident that the nature
and the coverage of adsorbed species depend upon many factors such as pH,
oxygen availability, alcohol concentration and the chemical nature and oxida-
tion state of the metal.

It is very difficult to describe the kinetics of the reaction [236). In many
cases the rate of oxidation was described by Equation 5, where ©, is the surface
coverage of the oxidizing species and the organic adsorbate [237]. The mecha-
nism requires the presence of two surface sites (reduced Pt® and oxidized Pt™).
Equation 5 implies that there is an optimum of oxygen and alcohol coverage of
the caralyst surface, and a too high oxygen coverage (“over-oxidation”) results

in deactivation.

rate of oxidation = k ©5," O, " (5)

The nature of adsorbates and the reaction pathways have been reviewed
recently [238]. /n situ EXAFS studies of Pt-O bonds under reaction conditions
are expected to provide even more insight [239]. The reaction can also be
described by electrochemical concepts: each platinum metal particle functions

as an electrochemical cell [240].
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Side Reactions

In liquid phase oxidation high selectivities (90-99%) can be attained
[237]. However primary alcohols usually produce carboxylic acids in a consec-
utive reaction. In the presence of water geminal diols form by hydration of the
carbonyl compounds. Acids form much faster via dehydrogenation of geminal
diols than via direct oxygen insertion (Figure 1-12) [237]. High aldehyde selec-
tivities are obtained only if the primary hydroxyl group is located next to an
aromatic ring or a C=C double bond in the o-position, thereby stabilizing the
aldehyde. Oxidation obeys the order of reactivity aldehydes > primary hydroxyl
> secondary hydroxyl.

OH
R-CH]
/ OH
fe ©
R—C-OH —w R=C  =----- - R=Q
H H OH

Fig. 1-12:  Oxidation of a primary alcohol.

Ether and ester formation are typical side reactions in non-aqueous solvents. In
some instances alkenes and hydrogen formed under reaction conditions. The
latter poses a potential danger as hydrogen forms explosive mixtures with air
[2306].

Pt also activates C-H bonds (hydrocarbon reforming catalyst). Therefore

Pt may be used only under mild conditions, i.e. in liquid phase.

Modifiers and Promoters
The major drawbacks of this method are the rather high catalyst-alcohol ratios
(20-50 wt%) and the rapid deactivation of the catalyst. Addition of modifiers
and promoters increases the performance of the catalyst and improved selectiv-
ities, rates and catalyst lifetime are obtained.

Typically mt-electron metal promoters such as Bi, Pb and Sn are added to
the catalyst [233, 237, 240]. Little is known about their participation in the

mechanism. Nevertheless, many speculative models can be found in literature,
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and geometric blocking, reduction of the size of the active site (“ensemble
effect”, reducing C-C bond cleavage on the big active sites), creation of a new
active center for oxygen adsorption (bifunctional catalysis), complex formation
and corrosion prevention have been suggested. Unfortunately, these (non-
noble) promoters easily leach out under acidic and oxidizing conditions.

Some amines were also shown to improve the selectivity and rates in partial
oxidation of L-sorbose [241].

Deactivation

Little is known about the causes of deactivation on metallic Pd and Px.
Deactivation is a complex phenomenon which depends on many factors such
as the nature of the catalyst, the solvent and the reaction conditions (233, 242].
Deactivation occurs by poisoning of the metal surface and by corrosion of the
noble metal and the promoters [233, 243]. Also irreversible deactivation of the
catalyst by restructuring and leaching, and by crystallite growth (Ostwald rip-
ening) has been reported [236].

Poisoning by strongly adsorbed organic products and CO usually is revers-
ible. CO can be removed by oxidation with oxygen and carboxylic acids are
removed at higher pH by deprotonation.

“Oxygen poisoning” (“over-oxidation”) is a decrease in catalytic activity
when too much oxygen is adsorbed and dehydrogenation is hindered
(Equation 5) [233, 243, 244]. There is a balance between over-oxidation of the
surface and over-oxidation of the molecule leading to degradation [242]. Over-
oxidation may also lead to metal corrosion.

Regeneration of the catalyst involves washing, treatment with hydrogen
and oxygen, and combinations thereof.

Recently, gold catalysts were shown to have very high stability and little
sensitivity to over-oxidation and self-poisoning, along with higher selectivity in
the partial oxidation of diols than that of Pd or Pt [245, 246]).

Solvents
Partial oxidation has been performed in many different solvent systems. Water
is almost exclusively used, for safety reasons. Water is especially suitable for the

transformation of carbohydrates. Oxygen solubility in water is low
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(12.6 mmol I'! at 25 °C) [229] which conditions also help to minimize over-
oxidation of Pt and Pd. Note that liquid phase oxidations are often mass trans-
port limited [236], which is advantageous to minimize over-oxidation. Organic
solvents offer tenfold higher oxygen solubility and are suitable for the oxidation
of apolar alcohols.

Other systems proposed include the creation of an aqueous emulsion with
apolar alcohols by vigorous stirring, use of surfactants to solubilize apolar alco-
hols in water [247], multiphase systems with organic and aqueous phases
[248], and sc fluids.

Heyns {249, 250], Sneeden et /. [251], Karrer [252], and Dalton [253]
have investigated the oxidation of various alcohols (including steroids) over Pt
and Pt/C in aqueous and organic solvents (n-heptane, acetic acid, benzene,
dioxane, ethyl acetate). Oxidation of non-polar, water insoluble alcohols pro-
ceeds well in organic solvents. Organic solvents reduce the formation of acid
via hydration of the aldehyde. Unfortunately, their application is limited
because organic solvents are flammable under oxidative conditions.

Akihisa and Sakamaki [254, 255] have studied the oxidation of cholesterol
to the corresponding ketone over prereduced Pt in ethyl acetate and ter-buryl
alcohol. The reaction was performed at ambient pressure and also at 20-25 bar
oxygen. It is clear that such harsh conditions are restricted to the laboratory.

In organic solvents the reaction must be run at low concentrations of alco-
hol (<10%) to avoid clumping of the catalyst by the water produced. Higher
aldehyde selectivity can be obtained when the co-product water is removed
continuously by azeotropic distillation {256].

Only a few processes in sc fluids have been established for the oxidation of alco-
hols (methanol (144, 145], ethanol [143]) (“Oxidation” on page 16), and none
of them is designed for the partial oxidation of alcohols over noble metals.

Fulton ez al. [257] have studied the solubility of alcohols in scCO, at 200—
400 bar and 40 °C. Alcohol aggregates in scCO,, via intermolecular hydrogen
bonds.
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1.5 Scope of the Thesis

The scope of this thesis was to extend the application range of sc fluids in het-
erogeneous catalysis. Intrigued by the striking opportunities for sc fluids in
reaction engineering, three classes of reactions have been chosen for investiga-
tion: amination of alcohols, epoxidation of propylene and partial oxidation of
alcohols.

Amination of bifunctional alcohols in ammonia has been shown in our
laboratory to be an efficient method for the one-pot synthesis of diamines.
From those previous results it was not clear whether the higher reactivity of sec-
ondary hydroxyl groups or their position (1,4) caused the excellent diamine
selectivity in amination of cyclohexane-1,4-diol. My study assessed the amina-
tion of pentane-2,4-diol and cyclohexane-1,3-diol, which reactants possess sec-
ondary hydroxyl groups in B-positions.

Until very recently partial oxidation in sc fluids was barely investigated. Sc
fluids, however, meet particularly well the requirements of oxidations [258]:
heat removal is more efficient compared to gas phase operation and mass trans-
fer resistances are reduced compared to the liquid phase. Two substantially dif-
ferent and technically important partial oxidation reactions have been selected
for a detailed investigation of the potential of sc fluids.

Among the various propositions found in literature for epoxidation of pro-
pylene, epoxidation with in situ generated hydrogen peroxide is a promising
method. Our aim was to study the time-on-stream behavior of this reaction in
the continuous high-pressure fixed-bed reactor. The effect of diluants CO, and
N, on the reaction were compared and the effect of scCO, was investigated.

The parrial oxidation of non-polar alcohols has been chosen as a third
model reaction. The feasibility of this process in scCO, instead of the conven-
tional organic solvents was studied. We were particularly interested in the inter-

play of kinetics and the phases present under reaction conditions.
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Experimental

This chapter describes the experimental setup used and reports general features
concerning the analysis methods. Specific descriptions of the experiments are

given in the pertinent chapters.

2.1 Catalytic Reactions

2.1.1 Amination

Amination of alcohols was performed on the same system as previously
used by Fischer [81] (Figure 2-1). This apparatus consists of four units: dosing
of the gases (hydrogen and nitrogen) and liquids (ammonia and alcohol), the
reactor and the separation unit for the separation of liquid and gases.

The system included both a main and a secondary gas feed section. The
main gas feed section allowed accurate control of the hydrogen flow rate in the
range 0—16 NI h™". It consisted of a bulkhead union to refill the connecting line
from a hydrogen cylinder, a stainless steel stop valve, a 7 [tm stainless steel filter,
a manometer (0-250 bar) with insulating valve to measure the pressure
upstream of the flow meter and a high pressure mass flow controller to adjust
the hydrogen flow rate. The second gas feed section was used for nitrogen. It
comprised a 1/8” bulkhead union to refill the unit from a gas cylinder, a stain-
less steel stop valve and a check valve (1 psi).

Alcohol and pressurized liquid ammonia were pumped by two separate

syringe pumps (ISCO 500D) to the reactor. The pump has a capacity of 507
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ml, and provides a flow rate of 1.0-170 ml min™ at a maximum pressure of
259 bar.

The reactor was a high pressure tube (Inconel®-718) of 38 ml volume
manufactured by the in-house engineers. The maximal working pressure of the
reactor was 200 bar at 300 °C. The reactor was protected against overpressure
by a nickel rupture disc with 200 bar release pressure. A more detailed descrip-
tion of the reactor including the layout is given in Fischer [81]. The tempera-
ture in the reaction zone was measured by a thermocouple located in the center
of the tube. The reactor heating was regulated by a PID cascade controller. The
heating system also comprised a preheater upstream of the reactor. The reac-
tion mixture passed through the reactor in a down flow fashion. The catalyst
was situated in the center of the reactor and the remaining free volume was
filled with glass pellets.

The reacror was connected to a cooler section, a 100 cm long 1/8” tube
attached to the inlet of the separator.

Product separation was carried out in a 0.36 ml high pressure gas/liquid
separator with a maximum operating pressure of 200 bar, maximum operating
temperature of 50 °C and a total capacity of 35 ml.

The gas outlet line included a 7 pm filter, and a manual back pressure reg-
ulator (Tescom, 4000 psi). This back pressure regulator set the total pressure in
the system. The liquid outlet contained a 15 um filter, a stop valve and a needle

valve. The liquid phase was collected manually from the needle valve for analy-

sis by GC.

2.1.2 Epoxidation of Propylene

For the epoxidation of propylene (Figure 2-2) and the partial oxidation of
alcohols (Figure 2-3) another high-pressure system was set up. The reactor
design and its heating was the same as in the amination. The peripheral system

was modularly designed.
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In the epoxidation of propylene up to five separate reaction feed streams and
one stream for the inertization by nitrogen were used. Carbon dioxide and pro-
pylene were pressurized by two compressors (PM101, NWA, D-Lorrach). To
alleviate the pressure fluctuations of the compressors, the feed streams were par-
tially depressurized to a set feed pressure. Propylene was then dosed at constant
flowrate by a Gilson M305 piston pump with 5SC pump head (range of flow-
rates 0.010-5 ml min™). Carbon dioxide could be substituted by nitrogen
(max. 200 bar, from the cylinder).

The methanol-water mixture was dosed by another Gilson M305 piston
pump equipped with a 10SC pump head (flowrate range 0.050-10 ml min™).

Hydrogen was pressurized by a compressor (CU 105, NWA). Hydrogen
and oxygen (max. 200 bar, from the cylinder) were fed to the reactor by 6-port-
valves dosing 0.05 ml pulses at constant frequency from the high pressure feed
side to the reactor.

Oxygen and carbon dioxide (or nitrogen) feed were premixed on one side,
and the other feed streams on the other side. Only thereafter the actual reaction
mixture was formed.

The pressures upstream and downstream of the reactor were monitored
and adjusted with a CO,/N, pressure regulator in front of the reactor.

The product stream was depressurized in two stages (PE103, NWA). The
two valves of the PE103 module also served as flow regulator. The liquid efflu-
ent could be sampled or collected in a bottle. The flowrate of the gas was mea-
sured with a flowmeter. The gas was optionally analyzed on-line by GC and
vented off.

For safety reasons several precautionary measures were taken: the system was
equipped with two flame backstrike valves before mixing the two reactant
streams. The system was set to shut down automatically in case of large pres-
sure fluctuations in the reactor (usually + 3 bar). Fluctuations could be caused
by thermal runaway of the reaction (sudden pressure and temperature rise), by
irregularities in the dosing of the feed or in the separation and venting of the
products, or even by blocking of the catalyst bed. This automatic shutdown
prevented possible damage to the system and it also avoided kinetic measure-
ments under non-stable conditions. The system was placed behind a metal

shield to protect the operator in case of an explosion.
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2.1.3 Partial Oxidation of Alcohols

For the partial oxidation of alcohols the system previously employed for
propylene epoxidation was simplified (Figure 2-3). Liquid samples were col-

lected and analyzed by GC.

Gas out

cuiles

flowmeter

[ AW

Liquid samples

Fig. 2-3:  System for the partial oxidation of alcohols
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2.2 Analysis

The catalysts were characterized by chemisorption, physisorption, TA-MS, TA-
FTIR, TEM and XRD.

For the qualitative and quantitative analysis of the reaction products GC-
MS and GC were used. The temperature profiles and corresponding retention

times of components detected in the GC analysis are given in Table 2-1.

2.2.1 Amination

Sampling and analysis were performed analogous to the method described by
Fischer [81]. The same analytical equipment was used: a HP 5890 gas chro-
matograph equipped with an autosampler (HP 7673A), an integrator (HP
33G69) and a FID detector.

A sample amount of 0.5 LI was injected into the purged packed injector at
150 °C. A HP-1701 capillary column (length 30 m, inner diameter 0.53 mm,

film thickness 1.0 um, 1.5 ml min™' He) was used to separate the components.

2.2.2 Epoxidation of Propylene

Liquid and gaseous products formed in the reaction. The gaseous effluent of
the reaction was analyzed on-line on a HP 5890 gas chromatograph. Samples
of 1 ml were injected into the HP SPB-1 fused silica capillary column (60 m).
The separated components were detected with a TCD detector (200 °C).
Products in the liquid phase were identified by GC-MS and by GC with
authentic samples. Samples (0.1 pl) of the liquid product were injected manu-

ally (150 °C) into the GC.

2.2.3 Partial Oxidation of Alcohols

Liquid samples were collected, diluted with propanol and analyzed by GC.
The HP 5890 gas chromatograph was equipped with a cool on-column injec-
tor to prevent further reactions in the injector. An amount of 0.5 pl was

injected into the HP-FFAP column (length 30 m, inner diameter 0.53 mm,
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film thickness 1.0 wm, 20 kPa He). The separated components were detected
with a FID detector.

The reliability of the analysis was verified with an internal standard (penta-

decane/undecane).

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

Reaction Reacrant Temperature Profile Compound Retention
time (min)
Amination Cyclohexane-1,3-diol 80 °C, 10 min; 1,3-diaminocyclohexane 21.2
10 °C min™ to 140 °C; 3-aminoc¢yclohexanol 242
140 °C, 15 min; cyclohexane-1,3-diol 28.5

10 °C min™ to 250 °C;
250 °C, 15 min.

Pentane-2,4-diol 80 °C, 10 min; 2,4-diaminopentane 14.6
10 °C min™ to 140 °C;  4-amino-2-pentanol 19.1
140 °C, 15 min; pentane-2,4-diol 23.5

10 °C min™! to 250 °C;
250 °C, 15 min.

Epoxidation Propylene 40 °C, 2.7 min; Carbon dioxide 4.8
20 °C min™ 10 100 °C; Water 5.4
100 °C, 5 min; Propylene 5.6
20 °C min™ t0 110 °C; Methanol 7.0
110 °C, 10 min; Methyl Formare 8.6
20 °C min™ 10 180 °C. Acrolein 11.0

Propylene Oxide 12.2
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Table 2-1: Temperature profiles and retention times of the GC method used.
Reaction Reactant Temperature Profile Compound Retention
time (min)
Partial Oxidation Octan-2-ol 50 °C; QOctan-2-one 8.5
5°Cmin” to 115 °C;  Octan-2-ol 11.9
40 °C min™! t0 230 °C;
230 °C, 2 min.
1-Phenylethanol 50 °C; Acetophenone 15.3
5°C min™ to 115 °C; 1-Phenylethanol 16.6
40 °C min™! t0 230 °C;
230 °C, 2 min.
Qctan-1-ol 50 °C: Octanal 8.4
5°C min’ to 115 °C; Octan-1-0l 14.5
115°C, 5 min: Octanoic acid 17.7
40 °C min™! to 230 °C: Octyl octanoate 23.0
230 °C, 10 min.
Benzyl alcohol 50 °C; Benzaldehyde 14.2
5°C min'l to 115 °C; Benzyl alcohol 16.9
115 °C, 5 min: Benzoic acid 20.8
40 °C min™! to 230 °C: Benzyl benzoate 23.6
230 °C, 10 min.
p-Anisyl alcohol 50 °C; p-Anisaldehyde 18.0
5°C min! to 115 °C;  p-Anisyl alcohol 19.4
40 °C min™' t0 230 °C;
230 °C, 2 min.
Cinnamy! alcohol 50 °C; Cinnamaldeyde 18.1
5 °C min-l w 1 15 DC; Cinnamyl ﬂlCOhOl 194
115 °C, 5 min;

40 °C min™ to 230 °C;
230 °C, 10 min.
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Amination Reactions

Cobalt-Catalyzed Amination of Cyclohexane-
1,3-diol and Pentane-2,4-diol in Supercritical
Ammonia

3.1 Abstract

The one-step procedure of amination of bifunctional secondary alcohols to
diamines was investigated in a continuous fixed bed reactor. Application of
scNH; as solvent and reactant suppressed the catalyst deactivation and
improved the selectivities to aminoalcohol intermediates, whereas the selectivi-
ties to diamines remained poor (8-10%). The main reason for the poor
diamine selectivity of 1,3-dihydroxy compounds is the hydrogen atom at the
C-atom between the hydroxy bearing carbons. This hydrogen atom enables
water elimination leading to undesired monofunctional products via allylic
alcohol intermediate. This contrasts the behaviour of 1,4-dihydroxy com-
pounds affording high aminol and diamine selectivities under similar condi-
tions. Amination of bifunctional secondary alcohols with ammonia was found

to be faster, but not more selective than that of primary diols.
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3.2 Introduction

Heterogeneously catalyzed amination of alcohols is an economically important
pathway for the manufacture of various aliphatic and aromatic amines [190,
191, 259-262] (Figure 3-1). However, yields and selectivities are rather low in
the synthesis of aliphatic diamines from the corresponding diols and ammonia,
and only alternative routes are applied for the production of these important
intermediates.

Recent studies of our group {80, 83, 84, 263] have shown that scNH; can
advantageously be used as a solvent and reactant in the amination of simple
alkanediols to diamines. The amination selectivity increases remarkably in the
narrow pressure range of subcritical-supercritical transition of the medium.
The selectivity improvement is attributed to the higher concentration of
ammonia on the catalyst surface which favors the amination with ammonia
and suppresses undesired elimination and dimerization type side reactions. For
the amination of a series of diols unsupported Co stabilized with 5 wt% Fe was
found to be an efficient caralyst.

These studies indicated that the structure of diol is crucial for obtaining
good yield. Substitution of the H atoms at the a-C atom by methyl groups in
propane-1,3-diol increases the diamine yield because elimination of water
affording a reactive allylic alcohol intermediate becomes impossible [80, 263].

The highest yield (67%) was achieved in the amination of cyclohexane-
1,4-diol to 1,4-diaminocyclohexane in scNH,, and the amount of by-products
(beside the useful aminoalcohol intermediate) was less than 5% [84]. It is not
clear yet whether the outstanding amination selectivity has to be attributed to
(1) the change from 1,3- to 1,4 positions of the OH functions which allows
only the formation of the homoallylic alcohol by-product, or (ii) the higher
reactivity of secondary alcohols in amination reactions compared to that of pri-
mary alcohols [264, 265]. In order to clarify the role of reactant structure, we
extended our studies to the amination of cyclohexane-1,3-diol and pentane-
2,4-diol in scNHj, using the same Co-Fe catalyst [84] and similar reaction

conditions.
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3.3 Experimental

Cyclohexane-1,3-diol (98%, Aldrich), pentane-2,4-diol {99%, Fluka), ammo-
nia (99.998%, Pan-Gas), hydrogen (99.999%, Pan-Gas) and nitrogen
(99.995%, Pan-Gas) were used without further purification.

The Co-Fe catalyst was prepared by coprecipitation [80]. Aqueous solu-
tions of cobalt nitrate and iron nitrate, and ammonium carbonate were mixed
at room temperature and the pH was set to 7. The precipitate was filtered off,
washed carefully with water, dried at 120 °C in vacuum and calcined at 400 °C
for 4 h. Before the experiments, the catalyst was activated in the reactor in
hydrogen (30 ml min™) for 4 h at 330 °C. Characterization of the catalyst by
N,-physisorption, XRD, XPS, TPR, ICP-AES, NH;-chemisorption and
DRIFT spectroscopic measurements is described elsewhere [80].

Amination experiments were carried out isothermally in a tubular flow
reactor with an inner diameter of 13 mm and 38 ml volume. The reactor was
loaded with crushed and sieved catalyst particles of 150 to 400 pm. The solu-
tion of cyclohexane-1,3-diol in ammonia, or liquid ammonia and pentane-2,4-
diol were dosed to the reactor by ISCO D500 syringe pumps. The pressure in
the reaction system was set by a TESCOM back pressure regulator. Details of
the reaction conditions are indicated in the Figure captions. The liquid product
was separated from the gas and analyzed by an HP5890 gas chromatograph
(HP 1701 column, FID-Detector). The products were identified by GC-MS

analysis.

3.4 Results

Preliminary experiments indicated that even a rather high ammonia:alcohol
molar ratio of 30-60 could not eliminate dimerization and oligomerization of
the intermediate and product amines. Hydrogen in low concentration
(NH;:H, 60:1) was applied to prevent the undesired dehydrogenation reac-
tions (formation of nitriles and carbonaceous deposit). A comparatively short
contact time (5.55 g h mol™") was chosen in order to reduce the contribution of

consecutive side reactions.
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The reactant diols and the product amines are highly soluble in liquid
ammonia at room temperature. It was shown for propane-1,3-diol [80] that the
dilute reaction mixture formed a homogeneous fluid at or above the critical
pressure {114.8 bar) and temperature (132.4 °C) of ammonia.

Amination of pentane-2,4-diol was carried out in the temperature range
165-210 °C and pressure range 53—142 bar. Selectivities to diamine were
around 10% at best (see Table 3-1) but these values decreased further after 34
h time-on-stream. GC analysis indicated the formation of numerous high
molecular weight by-products. It is likely that the unstable performance of the
Co-Fe catalyst is due to oligomer formation and site blocking. For comparison,
no catalyst deactivation was observed with the same catalyst even after several

days in the amination of propane-1,3-diol under otherwise similar conditions

[80].

Table 3-1: Amination of various dihydroxy compounds: the best selectivities achieved at
medium conversions under different conditions. (Molar ratio in the feed: diol:H,:NHj,
1:2:60)

P T Conv. Sﬂminol Sdiaminc Ssum

i a
reactant diol catalyst 1 bar) °C) (B (%) (%) (%)
pentane-2,4-diol Co-Fe 11.1 135 180 353 31 10 41
pentane-2,4-diol Co-Fe 11.1 135 186 85 13 9 22
cyclohexane-1,3-diol Co-Fe 555 135 170 56 39 8 47
cyclohexane-1,3-diol Co-Fe 5.55 106 170 21 12 4 16
cyclohexane-1,3-diol Co-Fe 555 53 170 79 16 5 17
propane-1,3-diol © Ni 11.1 135 18% 39 - - 26
propane-1,3-diol ¢ Co-Fe 166 135 195 84 30 18 48
2,2-dimethylpropane-1,3-diol¢ Ni  11.1 135 195 40 32 53 85
22-dimethylpropane-13-diol® Ni 111 135 210 75 7 70 77
cyclohexane-1,4-diol © Co-Fe 11.1 135 165 76 42 55 97

* space time (gh mol™l)
b cumulacive selectivity
¢ from Ref [83]

4 from Ref [263]

¢ from Ref [84]
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When the amination of cyclohexane-1,3-diol was carried out at 135 bar and in
the temperature range 170-200 °C, lower temperatures led to lower diol con-
version, higher aminol selectivity and less by-products. Accordingly, catalyst
stability and the influence of pressure was investigated at 170 °C. As it is illus-
trated in Figure 3-2, the performance of the 95 wt% Co - 5 wt% Fe catalyst
varied significantly with the total pressure. At medium pressures (e.g. 53 bar,
Figure 3-2a), in the presence of liquid and gas (vapor) phases, the catalyst deac-
tivated rapidly and steady state conditions could not be reached within 8 h.
Besides, the amination selectivity was poor, at best (3.5 h) only 16% to the
aminoalcohol intermediate and 5% to diamine (Table 3-1). Working in scNH,
(e.g. at 135 bar, Figure 3-2b) the performance of the bimetallic catalyst stabi-

lized within a few hours and the selectivity to aminol increased above 30%

(Table 3-1).
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)

80

60

40

204

conversion, selectivity (%)
[
1

1004 T -1 1 T T T 1
2
801
60+
40
204
O-O-0—0—0O0—0—0

0~

0 1 2 3 4 5 6 7 8
time on stream (h)
Fig. 3-2:  Effect of pressure and time-on-stream on the performance of a 95 wt% Co - 5
wt% Fe catalyst in the amination of cyclohexane-1,3-diol. Conditions: 53 bar (a) or
135 bar (b), 170 °C, space time 5.55 g h mol™!, molar ratio of alcohol:H,:NH;, 1:2:60. A
conversion, [ selectivity to aminol, O selectivity to diamine
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Figure 3-1 lists some products of the amination of cyclohexane-1,3-diol identi-
fied by GC-MS. The middle pathway represents the target reaction from the
diol (1) via the aminol (3) to the diamine (5). The intermediate carbonyl com-
pounds (2 and 4) formed by dehydrogenation could not be detected, but it is

assumed that thejr formation represents the rate determining steps [190, 266].
Major side reactions are the dehydration of 1 to an allylic alcohol 6 or the tri-
mer 14. The reactive allylic alcohol is rapidly transferred to cyclohexanol (7)
and an ether (8, 9) via dehydration. Similarly, the key intermediate aminoalco-
hol (3) can afford cyclohexyl- and dicyclohexylamine (11, 12, 13) by dehydra-
tion and hydrogenation reactions. The selectivities to the undesired products 7
and 11 were considerably (by 60 rel.%) smaller under sc conditions (135 bar)
than at medjum pressure (53 bar). Note that dimerization and oligomerization
of the bifunctional reactant and products 1 - 5 are not shown in Figure 3-1.

3.5 Discussion

The diamine selectivities obtained in the amination of pentane-2,4-diol and
cyclohexane-1,3-dio] are very low. This observation corroborates the former
reports that direct amination of dio to diamines is difficult and stepwise ami-
nation is more promising [267-269].

Higher pressures are favorable for the amination of cyclohexane-1,3-dio]
(Figure 3-2). The cumulative selectivity to aminol and diamine is higher, and
stabilization of the catalyst is achieved more readily, likely due to suppressed
blocking of active sites by oligomers. At pressures far below the critical pressure
(P(NH;) = 113.5 bar) the reaction mixture consists of rwo phases: a liquid
phase rich in non-volatile alkanediol and products, and g gas phase containing
predominantly ammonia and hydrogen. S¢NHj is an excellent solyent for
amines and alcohols due to extended hydrogen bonding [270]. In the near crit-
ical and sc region the reaction mixture forms a single homogeneous phase with

significantly enhanced mass transport due to the elimination of phase transfer

resistance, and to the higher diffusion coefficients and lower viscosity, com-

e
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Pared to the situation in the liquid phase. Chemical equilibria and kinetics may
also change substantially with pressure, but this effect on every particular reac-
tion is very complex [12, 18, 20, 64].

We assume that the concentration of ammonia at the catalyst surface in

presence of the homogeneous sc phase is higher than at subcritical conditions,
which favors the desired reactions 1 < 5 and suppresses oligomerization and
elimination (degradation) type side reactions (Figure 3-1).

The best cumulative selectivities to aminol and diamine, achieved in the

amination of the secondary alcohols pentane-2,4-diol and cyclohexane-1,3-
diol, are 41 and 47%, respectively. When neglecting the poor stability of Co-Fe
catalyst in the former reaction, this selectivity range js comparable to the best
value (48%) achieved in the amination of the primary alcohol propane-1,3-
diol, under similar conditions (Table 3-1). The secondary alcohols are signifi-
cantly more reactive, as indicated by the lower reaction temperature required to

achieve comparable conversions. However, this structural difference favors the

about half of that achieved in the amination of Propane-1,3-diol (18%). Con-
sequently, the outstanding selectivities obtained jn the amination of cyclohex-
ane-1,4-diol (Table 3-1) should be attributed to the 1,4-position of the OH
groups, rather than the higher reactivity of secondary alcohols,

3.6 Conclusions

Direct amination of pentane-2,4-diol and cyclohexane-1,3-djo] over a 95% Co
- 5% Fe catalyst revealed that applying scNH; as solvent and reactant can min-
imize catalyst deactivation by suppressing dimerization and oligomerization

aminoalcohol. A comparison of the amination of various linear and cyclic, pri-
mary and secondary dihydroxy compounds in scNH, [80, 82-84] suggests that
good diamine selectivities can be obtained in one step procedure only, when
the formation of a reactive allylic alcohol by-product by elimination of water is

unfavorable or even impossible,

e




Chapter 4

Continuous Epoxidation of Propylene with
Oxygen and Hydrogen on a Pd-Pt/TS-1
Catalyst

4.1 Abstract

Propylene epoxidation over a Pd-Pt/TS-1 catalyst with in situ formed hydrogen
peroxide was carried out in a fixed bed reactor under high pressure conditions.
The continuous operation allowed the study of catalyst deactivation and
changes in product distribution with time-on-stream. The initial propylene
oxide selectivity was very high, 99% at 3.5% conversion, but the catalyst deac-
tivated rapidly with time-on-stream and successively the formation of methyl
formate became the prevalent reaction. Using carbon dioxide, instead of nitro-
gen, had a beneficial effect on the formation of propylene oxide, and even
higher yields were obtained when increasing the pressure from 50-120 bar (sc
fluid phase). Thermal analysis (TA-MS and TA-FTIR) indicated that catalyst
regeneration requires oxidation at elevated temperature; washing with an
organic solvent is less efficient. The serious catalyst deactivation and the strik-
ing shift in the selectivity pattern of the catalyst is traced to competing alcohol

oxidation on platinum metal.

4.2 Introduction

A considerable effort has been made in the past decades to develop heteroge-

neous catalytic processes for the economic production of propylene oxide from
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propylene [193, 212]. The two main commercial epoxidation routes are the
chlorohydrin and the hydroperoxide processes, both in the liquid phase. Exam-
ples on oxidation with hydroperoxides include the Halcon-ARCO and Shell
processes using organic hydroperoxides [205, 206], and the Enichem technol-
ogy based on TS-1 and hydrogen peroxide [208-210]. For the latter process the
best selectivity to propylene oxide (97% at 90% hydrogen peroxide conversion)
was achieved by Clerici er 4/ after hydrophobization of the Ti-substituted
molecular sieve [210].

Direct oxidation in the gas phase with molecular oxygen is catalyzed by sil-
ver supported on carbonates and titanates (ARCO Chemical Technology {197,
198]), and gold on titania [201, 271-275]. The latter catalyst is highly selective
(>99%) and up to 9.6% yield to propylene oxide has been attained [203].

Epoxidation of propylene by Pd-Pt/TS-1 is a particularly interesting
approach as the in situ formation of hydrogen peroxide from a mixture of oxy-
gen and hydrogen over the noble metals and epoxidation of propylene by TS-1
are combined in the same catalyst [207, 212, 216-220, 222, 224, 225]. In a
comparative study TS-1 alone afforded 39% propylene oxide yield (based on
propylene) using hydrogen peroxide as oxidant, while no epoxidation occurred
when a mixture of hydrogen and oxygen was employed [224]. With 1 wt% Pd
- 0.1 wt% PuTS-1 and a hydrogen/oxygen mixture 5.3% vyield has been
obtained under the same conditions.

During reaction hydrogen peroxide, formed on the surface of the noble
metal, has to diffuse to the isolated Ti sites in the TS-1 matrix. Obviously,
proper design and synthesis of the multicomponent catalyst is crucial for effi-
cient cooperation between the redox metal sites and the Lewis acidic Ti sites. A
previous study {225] has shown thar catalyst preparation by simple impregna-
tion of TS-1 and autoreduction of the [Pd(NH,)4](NOs), and [Pt(NH,),]Cl,
precursors in nitrogen at 150 °C is a suitable technique. Reduction with hydro-
gen or calcination at higher temperatures are detrimental leading to agglomera-
tion of Pd on the external surface of TS-1. At best, 11.7% propylene oxide
yield with 46% selectivity has been achieved with a 1 wt% Pd - 0.02 wt% Pt/
TS-1 catalyst [225]. When the autoclave was operated semi-continuously, the
propylene oxide selectivity increased up to 60% due to the lower propylene

concentration in the reactor and the suppressed formation of propane [223].
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The propylene conversion could be further improved by addition of NaBr or
polyfluorinated hydrocarbons in small amounts, bur the selectivity was barely
influenced. Interestingly, higher amount of polyfluorinated hydrocarbons had
the opposite effect and decreased the propylene oxide yield.

The aim of our work was to study the epoxidation of propylene and the
nature of side reactions in a continuous fixed bed reactor under high pressure
conditions. The catalyst chosen corresponds to the best performing material
from Holderich et al. [224, 225], and the feed stream composition was set to

mimic the initial composition in their batch experiments.

4.3 Experimental

4.3.1 Materials

The catalyst 1 wt% Pt - 0.02 wt% Pd/TS-1 was prepared according to a former
procedure {224, 225]. 4 g TS-1 (National Chemical Laboratory, Pune, India,
calcined, Si/Ti: 40) was suspended in 16 ml distilled water. The aqueous solu-
tions (1 ml) of the proper amounts of [Pd(NH,),J(NO,), and [Pt(NH,),ICl,
(both from Alfa Aesar) were added and the slurry was stirred at 50 °C for one
day. The solvent was then evaporated at 50 °C in vacuum and the catalyst dried
at 60 °C for one day. Prior to use the catalyst was autoreduced in argon at
150 °C for 2 h.

Propylene (99.8%), hydrogen (99.999%), oxygen (99.95%), carbon diox-
ide (99.5%), methanol (99.8%) and deionized water were used without further

purification.

4.3.2 Catalytic Epoxidation

Epoxidation experiments were carried out isothermally in a tubular flow reac-
tor with an inner diameter of 13 mm and 38 ml volume. Methanol and water
(3:1 by weight) were dosed by a Gilson 305 piston pump. Propylene was com-
pressed to 30 bar and fed to the system by a pump. Hydrogen and oxygen were
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supplied to the reactor using a 6 port valve dosing 0.05 ml pulses at high pres-
sure and constant frequency. The constant pressure in the system was main-
tained by a back-pressure regulator with nitrogen. The total gas flow was
controlled at the vent.

The feed composition was chosen to be outside the flammable (and explo-
sive) range. The reactor system (Figure 4-1) was specially designed for safety
precautions (robust design, mixing of reactants in correct order, flame stop
valves, pressure switch-off, on-line analysis for monitoring). Carbon dioxide
was used as co-solvent for high pressure experiments due to its high heat capac-

ity and relative inertness.

CO, H,

0, Propylene

N, MeOH/H,0
Gas/Out
Liquid/Out

Fig. 4-1: Apparatus and experimental setup

Standard reaction conditions were 50 bar, 43 °C, and a flow consisting of
nitrogen (33.3 mol%), methanol (23 mol%), propylene (18.7 mol%), water
(13.2 mol%), oxygen (7.2 mol%), and hydrogen (4.6 mol%). In some experi-
ments nitrogen was replaced by carbon dioxide but otherwise the feed compo-
sition remained the same. In all experiments 3.8 g catalyst was used,
corresponding to a space time of 3.09 g h mol™.

The gaseous products were separated from the liquid product and analysed
on-line by an HP 5890 gas chromatograph (HP SPB-1 fused silica capillary
column, TCD detector). All products have been calibrated using mixtures with
known composition. The products in the liquid phase were identified by GC-
MS, and by GC with authentic samples. Propylene oxide yield was calculated
based on the propylene mass flow rate. A black precipitate was found in the lig-
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uid product after starting the feed, likely due to wash-out of the finest catalyst
particles.

4.3.3 Thermal Analysis

One part of the spent catalyst was refluxed in methanol at 80 °C for 3 h and fil-
tered off. This washed spent catalyst and the untreated spent catalyst were ana-
lyzed by the coupled thermoanalytical method (TA-MS), using a Netzsch STA
409 thermonalyzer connected by a heated steel capillary with a quadrupol mass
spectrometer (Balzers, QMG 420). The samples were heated in 20 vol% O, -
80 vol% He mixture. The system was equipped with a gas pulse device
(Netzsch) that enables the injection of a controlled amount of the gas into the
carrier gas stream which is necessary for the quantification of the mass spectro-
metric signals. Details of this procedute have been published elsewhere [276,
277].

The evolution of methyl formate by-product was additionally investigated
by a TA-FTIR system (Netzsch STA 449 connected by heated capillary to a
spectroscope (VECTOR 22, Bruker Optik). In both measurements the heating

rate was 10 °C min’.

4.4 Results

4.4.1 Catalytic Experiments

At first the catalyst stability was studied under standard reaction conditions.
The catalyst was active and highly selective at the beginning of the reaction but
its performance decreased monotonously with time-on-stream (Figure 4-2),
After each period of time-on-stream (ca. 8 h per day) the feed was stopped, and
the catalyst was flushed with nitrogen. At the onset of the reaction the propy-
lene oxide yield was 3.5% with a selectivity higher than 99%. The yield
decreased monotonously with time-on-stream and more by-products formed.

The major by-product, detected by GC analysis, was methyl formate. A possi-
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ble oxidation-esterification route from methanol to methyl formate is shown in
Figure 4-4. At the beginning (<3 h) the ester formed only in traces, but its
amount increased steadily till it became the main product and after 35 h propy-
lene oxide was barely detectable (Figure 4-3). Acetone, acrolein, acrylic acid
and monomethylated glycols have been identified as further by-products origi-
nating from propylene (Figure 4-5). Their time-resolved formation showed a
picture similar to that of methyl formate. For example, acrolein was formed
only in traces at the beginning, but its selectivity based on propylene attained
20% after 20 h time-on-stream (not shown). Some of these products dimerize
and oligomerize easily on the acid sites of the catalyst. During operation the

liquid downstream had usually a yellow to brown colour indicating some oligo-

mer formation.
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Fig. 4-2:  Propylene oxide yicld as a function of time-on-stream (standard conditions, first

day)
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Fig. 4-3:  Long term behaviour of the catalyst, illustrated by the rate of formation of
propylene oxide (O) and methyl formate (A) (standard conditions). Dashed lines indicate
breaking of operation (overnight periods).
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Fig. 4-4: A conceivable reaction scheme for methanol oxidation
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Fig. 4-5:  Products of propylene oxidation detected by GC-MS
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The influence of some reaction parameters has been studied on the partially
deactivated catalyst. The most interesting observation is that the yield of pro-
pylene oxide depends on the diluent nitrogen or carbon dioxide (Table 4-1).
The propylene oxide yield increased significantly after switching from nitrogen
to carbon dioxide and the opposite effect was observed when switching back to
nitrogen. Increasing the total pressure in the system in the presence of carbon
dioxide from 50 to 120 bar also increased the propylene oxide yield by around
20 rel.% (not shown). Unfortunately, these observations are only qualitative as

the continuous catalyst deactivation hindered any quantitarive analysis.

Table 4-1:  Effect of changing the diluent gas on the rate of formation (mmol h™') of some
major products. Note that the continuous catalyst deactivation (Figure 4-3) also contributed
to the observed changes.

Time-on- Propylene Methyl

stream (h) Diluent gas oxide formate Acrolein Acetone

7-8 nitrogen 2.8 0.2 0 0.03
13-15 carbon dioxide 3.5 0.5 0.06 0.09
I7-18 nitrogen 2.0 0.5 0.09 0.07
30 - 32 nitrogen 0.5 0.9 0.3 0.1

An increase in temperature from 43—-63 °C in carbon dioxide at 120 bar low-
ered the propylene oxide yield to one half and enhanced the amount of methyl
formate. This result confirms the earlier observation by Laufer ez 2/ {222) that
higher reaction temperatures are detrimental to the epoxidation reaction, likely
due to enhanced decomposition of hydrogen peroxide.

It was attempted to regenerate the spent catalyst in situ, but the initial
activity of the catalyst could not be restored. In one case the catalyst was heated
to 150 °C for 2 h under nitrogen. In another attempt the catalyst was flushed
with a stream of 5% oxygen in nitrogen at 150 °C for 2 h. Considerable
amounts of carbon dioxide and methyl formate were detected in the effluent

stream, but the reactivation failed.
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4.4.2 Thermal Analysis

The main (volatile) species, detected by MS and FTIR during TPO of spent
and washed catalyst samples, were water, carbon dioxide, methanol and methyl
formate. The results in Figure 4-6 illustrate that evolution of carbon dioxide
(m/z = 44) from the spent catalyst occurred in several steps. The first peak, cen-
tred at 87 °C, is followed by a broad signal berween 125-190 °C and a strong
peak at 211 °C. Further evolution of carbon dioxide is represented by a very
broad signal spread in the range 250-620 °C. After washing the catalyst with
methanol, carbon dioxide evolved in two steps: the first, very strong peak at
92 °C is followed by a broad signal in the range 150-600 °C.
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Fig. 4-6:  Temperature programmed oxidation of the spent catalyst. Full picture: Evolu-

tion of CO, (m/z = 44) from the spent catalyst (bold) and from the spent catalyst washed with

methanol. Inset: evolution of water {(m/z = 18) in the low temperature range of the experi-
ment.
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The mass spectrometric signals of water (m/z = 18) are displayed in the inset of
Figure 4-6. The majority of water is removed during the first step centered at
85 °C. The second broad signal in the range 125-190 °C is followed by a dis-
tinct peak at 213 °C. After washing the spent catalyst with hot methanol, des-
orption of water is finished below 150 °C.

There are two origins of carbon dioxide evolution during TPO measure-
ments. Desorption of adsorbed species, together with adsorbed water, occurs
up to ca. 150 °C. At higher temperatures, carbon dioxide is mainly formed as a
product of the oxidation of organic residue. The amounts of both kinds of car-

bon dioxide are given in Table 4-2.

Table 4-2:  Amount of CO, (in wt.% related to the catalyst) in spent and washed catalysts
as determined by temperature programmed oxidation experiments.

sample adsorbed CO, CO, from combustion
spent catalyst 0.9 2.1
washed catalyst 2.7 1.1

The results in Figure 4-6 and Table 4-2 can be interpreted as follows. Washing
of the spent catalyst with refluxing methanol led to the partial removal of non-
volatile organic residue. The amount of carbon dioxide evolved at higher tem-
peratures decreased considerably after washing. Washing removed also the
organic species resulting in the evolution of carbon dioxide from the spent cat-
alyst in the range 125-250 °C (Figure 4-6). These region of easily oxidizable
species in the spent catalyst should include the evolution of carbon dioxide
originating from decomposition of formic acid (Figure 4-4). During refluxing
the spent catalyst with methanol, formic acid is transformed to methyl formate.
Methyl formate (m/z = 60) was difficult to detect by MS in the spent catalyst
but its evolution from the washed catalyst at low temperatures was clearly
observable (not shown). Partial removal of the high molecular weight organic
residue from the catalyst pores during washing with methanol lead to increased
adsorption of carbon dioxide and water during exposure to air (Table 4-2),

which is a frequently observed phenomenon with microporous materials.




Propylene Epoxidation 73

Evolution of volatile compounds from the catalysts during TPD in nitro-
gen is illustrated in Figure 4-7. The two FTIR spectra in the lower part of
Figure 4-7 were measured at about 110 °C in order to minimize the influence
of water. A comparison with the reference spectra in gas-phase indicates the

desorption of two main organic compounds: methanol and methyl formate.
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Fig.4-7:  Upper part: FTIR gas-phase spectra of methanol and methyl formate (bold).
Lower part: FTIR gas phase spectra of spent (bold) and washed catalysts at 110 °C during
heating in nitrogen.

Quantification of the spectra in the range 1700-1800 cm™ revealed a remark-
ably higher evolution of methy! formate from the washed sample then che
unwashed spent catalyst (by a factor of ca. 3.5).
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4.5 Discussion

4.5.1 Nature of Catalyst Deactivation

Epoxidation of propylene with a mixture of hydrogen and oxygen in a continu-
ous fixed bed reactor demonstrated that the Pd-Pt/TS-1 catalysts lost its epoxi-
dation activity within 35 h on stream (Figure 4-2 and Figure 4-3). During this
period not only the reaction rate decreased monotonously but also the selectiv-
ity pattern changed strikingly. The selectivity to epoxide decreased and succes-
sively methyl formate became the major species, at least among the volatile
products. Non-volatile products (presumably oligomers) could not be analyzed
by GC but their presence was clearly indicated by thermal analysis of spent and
washed catalysts, and by darkening of the colour of the effluent with time-on-
stream. The activity of the catalyst could not be recovered by heating in air or
nitrogen at 150 °C. Thermal analysis demonstrated that washing the spent cat-
alyst with refluxing methanol could not completely remove the organic residue
and their oxidative removal required elevated temperatures (Figure 4-6). This
observation confirms the formation of high molecular weight non-volatile oli-
gomers, as all the volatile products identified by GC and GC-MS (Figure 4-4
and Figure 4-5) are well soluble in methanol.

Most of the by-products, shown in Figure 4-5, are assumed to form from
propylene oxide by acid-catalyzed rearrangement (acetone, acrolein) or acid-
catalyzed nucleophylic addition of methanol (1-methoxypropan-2-ol and 2-
methoxypropan-1-ol). Further oxidation of acrolein on Pd or Pt yields acrylic
acid. Some of these species are prone to dimerize and oligomerize in the pres-
ence of an acid catalyst. The strong Lewis acidity of isolated Ti-sites in TS-1 is
well known and the acidity of the peroxo complex is even higher [207]. But it
is also known that in the presence of an olefin reactant epoxidation is usually
favored by TS-1 compared to the other acid-catalyzed reactions including
epoxide rearrangements.

The key question is, why shifts the selectivity of Pd-Pt/TS-1 cartalyst with
time-on-stream from propylene epoxidation to other undesired acid-catalyzed
reactions? The steadily increasing formation of methyl formate provides the

answer to this dilemma (Figure 4-3). A unique property of platinum metals is
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that they can activate molecular oxygen, hydrogen and alcohols under very
mild conditions. This is the basis of the well known aerobic oxidation of alco-
hols [237]. Facile oxidation of methanol, being present in excess, yields formal-
dehyde (Figure 4-5). Oxidation of aldehydes is slow, but hydration with water
provides the geminal glycol which is readily oxidized (via oxidative dehydroge-
nation) to formic acid. Hydration of aldehydes is acid-base catalyzed [278] and
the product formic acid can accelerate this process. In an equilibrium reaction
formic acid can produce methyl formate, or decompose to carbon oxides,
hydrogen and water. The decomposition is catalyzed by Pt and Pd. Formic acid
is the strongest acid in the system (pK, 3.77 [279]), which seems to be respon-
sible for the acid-catalyzed side reactions, including oligomerization. The high
molecular weight by-products migrate slowly and can block the narrow chan-
nels of TS-1. Blocking of the channels hinders the diffusion of propylene and
H,O, (from the noble metal surface to the Ti-sites), leading to suppressed
epoxidation rate.

Coming back to some other by-products originating from propylene (ace-
tone, acrolein), their formation by direct (allylic) oxidation of propylene on
palladium is unlikely. Under the conditions applied palladium is very selective
to the oxidation of alcohols and aldehydes. For example, unsaturated alcohols
can be oxidised to unsaturated carbonyl compounds without attacking the
C=C double bond [247].

Summarizing this working hypothesis, formation of formic acid on Pt and
Pd is an autocatalytic process, and this by-product seems to be responsible for
acceleration of other undesired acid-catalyzed reactions and suppression of pro-
pylene oxide formation. This detrimental process could be alleviated by replac-
ing methanol with another suitable organic cosolvent such as acetone,
acetonitrile or methyl acetate [209]. Unfortunately, these solvents are not rec-
ommended for propylene epoxidation with hydrogen peroxide due to safety
reasons or too low reaction rates [210]. A more appropriate approach could be
the improvement of the Pd-Pt/TS-1 catalyst by selective poisoning to suppress
methanol oxidation. A third possibility, neutralization of the acid formed in

side reactions, is a demanding task as too high base concentration can deacti-

vate TS-1 [207].
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4.5.2 Epoxidation in Supercritical Carbon Dioxide

At 50 bar the feed most likely consists of three fluid phases: gas (nitrogen, oxy-
gen, hydrogen, propylene), polar liquid (methanol, water) and apolar liquid
(propylene). When nitrogen is replaced by carbon dioxide at the same pressure,
the amount of apolar liquid phase is expected to increase. It is not clear yet
what is the nature of this “solvent effect”: whether the remarkable enhancement
in propylene oxide formation (Table 4-1) should be attributed to a change in
the phase composition in the feed or rather to some specific interaction involv-
ing carbon dioxide (e.g. diminishing the rate of methanol oxidation). For com-
parison, the presence of a considerable amount of apolar solvent
(polyfluorinated hydrocarbon) decreased the epoxide yield over a similar cata-
lyse [223].

Increasing the total pressure to 120 bar, carbon dioxide (T, = 30.9 °C, P =
73.8 bar) forms an apolar sc phase that can dissolve oxygen, hydrogen and pro-
pylene. It is assumed that under these conditions only two phases are present:
the apolar sc phase and the polar liquid phase. We propose that the observed
small but significant increase in propylene oxide yield by 20 relative % should
be attributed to the facilitated mass transport resulting in higher concentrations

of the reactants at the active sites.

4.6 Conclusions

Epoxidation of propylene with noble metal-promoted TS-1 and a hydrogen/
oxygen mixture has been carried out in a continuous high pressure reactor. On
the basis of the time-resolved changes in the product distribution, and thermal
analysis of the spent catalyst, we propose that formation of formic acid from
methanol co-solvent is the key for understanding the remarkable catalyst deac-
tivation. This strongly acidic species catalyzes the formation of several by-prod-
ucts and also its formation from methanol. Reactivation of the catalyst requires

an oxidative treatment at elevated temperatures but treatments at high temper-
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Partial Oxidation of Alcohols in Supercritical
Carbon Dioxide

5.1 Abstract

Oxidation of water-insoluble alcohols in scCO, over a Pd-Pt-Bi/C catalyst in a
continuous fixed bed reactor affords high reaction rates and yields up to 98%
to the corresponding ketones, aromatic and o,p-unsaturated aliphatic alde-

hydes, without the risk of using a flammable organic solvent.

5.2 Introduction

Partial oxidation of alcohols over supported platinum metal catalysts is an
attractive, environmentally friendly process: air or oxygen can be used as oxi-
dant in aqueous medium under mild conditions. The method has been widely
used for the transformation of polyols and carbohydrates {280, 281). Primary
and secondary alcohols are readily oxidized to carboxylic acids and ketones,
respectively, but partial oxidation of primary alcohols to aldehydes is limited to
aromatic and o,B-unsaturated aliphatic alcohols where hydration and further
dehydrogenation of the intermediate aldehyde is minor [237, 247]. Drawbacks
of the method are the frequently observed catalyst deactivation necessitating
high catalyst-substrate ratio (20-50 wt%) [233, 237], and the explosion risk in
case of readily dehydrogenating substrates [236]. Oxidation of water-insoluble
alcohols is rather slow in organic solvents [282] and because of safety reasons

the process is unattractive even on a laboratory scale [233].
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To overcome these restrictions, the organic solvent can be replaced by
scCO, (283, 284] i.e. CO, under conditions above its critical temperature
(T, =31.1°C) and pressure (p, = 73.8 bar}). ScCO, has a number of distinct
advantages over conventional organic liquid solvents, among which adjustable
solvent strength and favorable transport properties are probably the most
important. This medium is especially attractive for the oxidation of weakly
polar, water-insoluble alcohols, due to the low polarity of scCO,. Besides, CO,
is relatively inert, non-flammable under oxidizing conditions, and has a high
heat capacity - an important feature for exothermic reactions. Products and sol-
vent can easily be separated by releasing the pressure of the reaction mixture.

There are only two examples on the partial oxidation of alcohols with a
solid catalyst in scCO, reported in the literature. Oxidation of methanol on
iron oxide containing aerogels [145], and ethanol on Pt/TiO, [143] to the cor-
responding aldehyde affords moderate yields (15-30 %) compared to the con-
ventional gas phase oxidation of small chain aliphatic alcohols [231]. Here we
show that oxidation in scCQO, is an excellent alternative to liquid phase reac-
tions in organic solvents, affording the conversion of water-insoluble alcohols
to (deactivated) carbonyl compounds at high rate and selectivity.

The experiments have been performed in a high-pressure continuous fixed
bed reactor over a promoted noble metal catalyst (4 wt% Pd - 1 wt% Pt -
5 wt% Bi/C). It has been shown before that Bi or Pb promotion can remark-
ably enhance the performance of Pt and Pd [243, 285-287]. For the study of
the influence of reaction parameters, the conditions were chosen to achieve
conversions in the range 2-10% in order to minimize the temperature gradi-
ents in the catalyst bed. In some cases the contact time and temperature were
increased to achieve high conversions, though optimization of the reaction
conditions was not attempted. These results, illustrating the potential of the
method in the synthesis of activated and non-activated aldehydes and ketones,
are collected in Table 5-1.
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Table 5-1:  Sclected examples on the partial oxidation of primary and secondary alcohols to
carbonyl compounds in scCO,. Catalyst: 4 wt% Pd - | wt% Pt - 5 wt% Bi/C (3 g), W/F =
0.61-1.63gh moll.

Alcohol Oxygen Alcohol Butanone p T Residence Yield Sel.
[mol%] [mol%] co-solvent {bar] [°C] time [%] [%]
[mol%] [s]
octan-2-ol 4 2 - 110 140 17 68 >99.5
I-phenylethanol 2.7 27 53 110 140 13 95  >995
1-phenylethanol 5.3 27 53 110 140 13 98 99
octan-1-ol 6 3 - 120 110 9.5 18 34
octan-1-ol 2.5 5 - 95 80 25 11 82
benzyl alcohol 2.5 5 - 95 80 13 26 99
benzyl alcohol 2 2 - 120 100 9.5 65 78
p-anisyl alcohol 2 2 4 120 110 9.5 70 87
cinnamyl alcohol 4 2 4 120 110 9.5 78 98
cinnamyl alcohol 4 2 8 120 110 9.5 o6l 96

5.3 Experimental

The reactions have been performed in a tubular flow reactor with an inner
diameter of 13 mm and 38 ml volume. The alcohols were dosed by a Gilson
305 piston pump. Oxygen was supplied to the reactor using a six-port valve
dosing 0.05 ml pulses at high pressure and constant frequency. The constant
pressure in the system was maintained by a pressure regulator with carbon
dioxide. The total gas flow was controlled at the vent. The 4 wt% Pd -
1 wt% Pt - 5 wt% Bi/C catalyst (CEF 196 RA/W, Degussa, BET surface area
930 m® g'') was reduced iz situ in hydrogen at 100 °C for 2 h prior to the
kinetic measurements. For the parameter study the feed flow consisted of
5 mol% alcohol, 2.5 mol% oxygen and 92.5 mol% CO,. 2 g catalyst was used,
corresponding to a space-time related quantity W/F =0.81 gh mol™
(W = catalyst weight, F = molar feed rate). The liquid products were separated
from carbon dioxide and identified by GC and GC-MS. Yield and selectivities

were determined by GC analysis using the internal standard method.
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5.4 Results and Discussion

Octan-2-ol has been converted to octan-2-one with higher than 99.5% selec-
tivity even at around 70 % conversion. Only traces of oct-2-ene (by dehydra-
tion) and oct-4-ene (by dehydration and subsequent double bond migration)
have been formed. The yield (68 %) could be further increased by applying
higher amount of catalyst or lower mass flow rate. The parameter study indi-
cated that the octan-2-one yield increased exponentially with increasing tem-
perature and approximately linearly with contact time. A bell-shaped curve was
found for the effect of oxygen concentration in the feed (Figure 5-1). The max-
imum in yield is attributed to the so-called over-oxidation of the catalyst, a
phenomenon commonly observed with platinum metal cacalysts [233, 236,
237]. The rate of oxidative dehydrogenation of alcohols is considerably higher
on the reduced metal surface than on the oxygen-covered metal. Though oxy-
gen 1s necessary to shift the alcohol-carbonyl compound equilibrium by oxidiz-
ing the hydrogen abstracted from the substrate, too high surface oxygen
coverage reduces the overall reaction rate. An additional effect is the decreasing
density of scCO, with increasing oxygen concentration, which may reduce the
solubility of reactant and product. Changes in density of scCO, can explain
also the influence of total pressure in the reactor. At constant temperature the

yield reached a maximum at 110-120 bar.

3.5 -
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2.5 —

2.0+

Yield (%)

1.5 —

1.0 —

0.5 —

0.0
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0 2 4 B 8 10
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Fig. 5-1: Effect of oxygen concentration in the feed on the yield to octan-2-one. Condi-
tions: 100 °C, 95 bar, 2 g catalyst, W/F = 0.81 gh mol™, 5 mol% octan-2-ol, rest O, and
COZI
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Oxidation of octan-2-ol was relatively slow compared to the conversion of
other secondary alcohols, such as 1-phenylethanol (Table 5-1). The transfor-
mation of 1-phenyl ethanol to acetophenone was nearly quantitative. Only
traces of di-(1-phenylethyl)-ether were detected. The selectivity decreased to
99% at high temperature and high oxygen excess due to some product degrada-
tion. In these reactions the solid substrate was dissolved in butanone for feed-
ing, because the reactor tubes and valves were not heatable. Comparative
experiments with octan-2-one indicated that the yield decreased with increas-
ing amount of this co-solvent suggesting that its amount should be kept at low
level (Figure 5-2). The change in reaction rate may be connected to H-bonding
between the substrate and co-solvent. Formation of H-bonded species (clus-

ters) can change the phase behavior in scCO,.

Yield (%)
[o4]
l

| | | | |
0 2 4 6 8
Butanone fmol%a)

Fig. 5-2:  Dependence of octan-2-one yield on butanone concentration in the feed. Con-
ditions: 120 °C, 120 bar, 2 g catalyst, W/F=0.61 g h mol™, 2 mol% octan-2-ol, 4 mol% 0,,
rest CO,.

Transformation of primary alcohols to aldehydes under similar conditions was
fast but non-selective (Table 5-1). For example, octan-1-ol was oxidized to a
mixture of octanal, octanoic acid and octyl octanoate. Oct-2-enal and dioctyl

ether were produced in traces. Transient experiments indicated that the acid-
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catalyzed side reactions (ester and ether formation) were accelerated by the
product octanoic acid. In general, the selectivity to octanal decreased rapidly
with increasing conversion, especially at high temperature. Relatively good
selectivity could be achieved by working at 60—80 °C and high contact time
(Table 5-1). Still, the aldehyde yield was always less than 20 %. For compari-
son, partial oxidation of primary aliphatic alcohols, such as dodecanol to dode-
canal, is also non-selective in aqueous medium [247], due to the high reactivity
of aliphatic aldehydes for hydration and subsequent rapid dehydrogenation.
Remarkably better selectivities can be achieved when the product aldehyde is
stabilized by an aromatic ring or a C=C double bond. Benzyl alcohol was oxi-
dized to benzaldehyde, benzoic acid and benzyl benzoate. Dibenzyl ether
formed in traces. Higher than 99 % selectivity for benzaldehyde was obtained
at 60-80 °C (Table 5-1). At 100 °C or higher the selectivity dropped below 80
%. Clearly, good yield can be achieved only at moderate temperature and
longer contact time (higher amount of catalyst and/or lower mass flow rate).
Oxidation of p-anisyl alcohol to p-anisaldehyde afforded even better yields,
presumably due to the electron-releasing methoxy group in para position
(Table 5-1).

The highest aldehyde yield with high selectivity was obtained in the oxida-
tion of the o, B-unsaturated alkylaromatic alcohol, cinnamyl alcohol. The neg-
ative impact of the co-solvent, used for dosing the solid substrate, is confirmed
by the last two entries in Table 5-1. The aldehyde yield dropped from 78% to
61% when the alcohol was diluted with double amount of butanone. Again,

dosing of melted substrate can eliminate this complication.

5.5 Conclusion

From the results presented we can conclude that the aerobic oxidation of alco-
hols to carbonyl compounds in scCO, is a good alternative to the well-known
aqueous phase oxidation on supported platinum metal catalysts. The present
method has obvious advantages for the transformation of water-insoluble alco-

hols, avoiding the application of flammable organic solvents. Aqueous phase
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oxidations are typically performed at 40-90 °C for 3-10 h reaction time [233,
236, 237, 247, 281]. In the present study only 10-25 s residence time was nec-
essary to achieve 65-98 % vyields to ketones, aromatic and o,B-unsaturated
aldehydes. The yields and selectivities may be further improved by applying
longer residence times at relatively low temperature, and by direct dosing of
melted substrates (without co-solvent). No catalyst deactivation or metal leach-
ing was observed with time-on-stream. Generally, steady-state conditions were
reached within 2-3 h. Limitation of the method is similar to that of the aque-
ous phase oxidation on platinum metal catalysts, namely that primary aliphatic

aldehydes cannot be synthesized with good selectivity.
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Palladium-Catalyzed Oxidation of Octyl
Alcohols in Supercritical Carbon Dioxide

6.1 Abstract

Noble metal catalyzed aerobic oxidation of alcohols to carbonyl compounds or
carboxylic acids is an efficient method, but the frequently observed catalyst
deactivation, and flammability of organic solvents in case of water-insoluble
alcohols, limit the application range. We applied supercritical (sc, dense) car-
bon dioxide as solvent, a cheap and non-flammable medium with fair and tun-
able solubility in particular for weakly polar water-insoluble alcohols. The
experiments were carried out in a continuous fixed bed reactor, over 0.5 wt%
Pd/alumina, ac 80-140 °C and 75-125 bar. A comparative study of oxidation
of octan-1-0l and octan-2-ol to carbonyl compounds, chosen as model reac-
tions, demonstrated that the method is well-suited for the partial oxidation of
secondary alcohols with molecular oxygen, whereas for primary alcohols the
selectivity is low. In the oxidation of octan-2-ol the selectivity was excellent
(>99.5%) and independent of conversion. No significant catalyst deactivation
was observed and the rate in CO, was higher by a factor of up to 24, com-
pared to the oxidation in nitrogen. The complex effects of pressure and oxygen
concentration on the reaction rate have been interpreted by studying the phase

behavior in a high pressure view cell under reaction conditions.
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6.2 Introduction

The Pt-catalyzed oxidation of cinnamyl alcoho! to cinnamaldehyde by oxygen
was discovered by Strecker in 1855 [235]. Nowadays supported noble metal
catalysts in aqueous medium are widely used for the oxidation of water-soluble
alcohols and polyols (carbohydrates) in the synthesis of specialty and fine
chemicals possessing carbonyl or carboxylic groups [230, 233, 236, 237, 281].
The method is attractive from both economic and environmental points of
view: molecular oxygen is a cheap and readily available oxidant and water is the
co-product. Oxidations are typically performed with 5-10 wt% Pt or Pd sup-
ported on carbon or alumina, in the temperature range 40-90 °C. Batch reac-
tion time is usually 3-10 h. Catalyst deactivation is frequently observed and a
relatively high catalyst/reactant mass ratio (0.2—0.5) is necessary even after pro-
motion by lead or bismuth [233, 247].

Undesired formation of hydrogen by fast dehydrogenation of some alco-
hols and carbohydrates [236] is a major obstacle for safe operation. The explo-
sion risk is even higher when flammable organic solvents (e.g. heptane [249])
are used for water-insoluble alcohols. Good knowledge of the reaction and
strict control of the reaction conditions (oxygen concentration, temperature,
heat and mass transport) is necessary, even when working in a laboratory reac-
tor.

An alternative solution may be to carry out the reaction in sc carbon diox-
ide (scCO,; T, = 30.9 °C, p, = 73.8 bar). ScCO, has several distinct advantages
over conventional liquid solvents. Its solvent strength can be tuned by varying
the density (pressure). This medium is especially suited for weakly polar, water-
insoluble alcohols due to its low polarity. CO, is relatively inert, non-flamma-
ble, and it has a comparatively high heat capacity - an important feature for
exothermic reactions. S¢CQO, is a fairly good solvent for many organic reactants
and oxygen, and transport limitations typical for liquid solvents may com-
pletely vanish due to the high (gas-like) diffusivities. Products and solvent sepa-
rate simply by releasing the pressure after reaction.

Sc solvents have found numerous applications in heterogeneous [5, 12, 20]
and homogeneous catalysis [62, 288], but reports on partial oxidation in sc flu-

ids are scarce. Oxidation of sc isobutane with air has gained importance
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because of the use of its oxidation products fer-butyl hydroperoxide and zer-
butyl alcohol in the manufacture of propylene oxide and methyl zert-butyl
ether, respectively [94, 140, 141, 289, 290]. ScCO, was used as solvent in the
conversion of toluene to benzaldehyde over CoO [183], and for the transfor-
mation of propylene to propylene glycol over copper iodide and copper oxide
[184]. Other interesting applications are the partial oxidation of cumene [291]
and olefins [142], catalyzed by the steel reactor wall.

There are only a few examples on the partial oxidation of alcohols in
scCO,. In the oxidation of methanol over iron oxide based acrogels the tem-
perature and catalyst loading were the crucial parameters governing the selec-
tivities to formaldehyde, methyl formate and dimethyl ether [144, 145]. At
temperatures above 200 °C total oxidation dominated. Compared to conven-
tional gas phase oxidation, application of scCO, provided a 3—5 fold increase
in the rate of partial oxidation, and the onset of total oxidation shifted to
higher temperatures. Ethanol oxidation over Pt/TiO, was carried out at 90 bar
in the temperature range 150-300 °C [143]. Interestingly, the rate of partial
oxidation to acetaldehyde was independent of O, concentration, though high
O, concentration favored the consecutive reactions to CO and CO,,.

We have recently reported that scCO, is an excellent solvent for the partial
oxidation of higher molecular weight, water-insoluble alcohols with oxygen
[187]. The aim of the present work is to get a deeper insight into the Pt-metal
catalyzed oxidation reaction by combining the catalytic study with phase
behavior measurements in a high pressure view cell. The catalytic experiments
have been carried out in a continuous fixed bed reactor. Partial oxidation of
octan-1-ol and octan-2-ol has been chosen as model reactions, representing the
transformation of water-insoluble primary and secondary alcohols. Octanols

and octanals are major components of synthetic citrus oils in perfumery (292].
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6.3 Experimental

6.3.1 Catalytic Tests

The reactions were performed isothermally in a tubular flow reactor with an
inner diameter of 13 mm and 38 ml volume. The reactor set-up has been pub-
lished recently [189]). Temperature was measured in the catalyst bed by a ther-
mocouple well placed in the center of the bed. Octan-1-ol and octan-2-ol were
dosed by a Gilson 305 piston pump. Oxygen was supplied to the reactor using
a six-port valve dosing 0.05 ml pulses at high pressure and constant frequency.
The constant pressure in the system was maintained by a pressure regulator
with CO, or nitrogen. The total gas flow was controlled at the vent. Standard
conditions for the parameter study were 95 bar, 120 °C and the feed flow con-
sisted of 5 mol% octan-2-ol, 2.5 mol% oxygen and 92.5 mol% carbon dioxide.
This molar composition remained the same at all different pressures. 5 g of cat-
alyst was used, corresponding to a catalyst bed length of 5 cm. The space time
related quantity W/F was 1.02 g h mol™! (W = weight of catalyst, F = molar )
feed rate). Glass beads (2 mm diameter, bed lenght of 5 cm) were filled above
the cartalyst bed. The catalyst was a 0.5% Pd/alumina (Engelhard N° 4586,
cylindric tablets with 3.2 mm height and diameter; egg-shell type, BET sur-
face: 96 m® ¢!, metal dispersion: 0.29 determined by hydrogen chemisorp-
tion). The catalyst was reduced in situ in hydrogen at 100 °C for 2 h prior to
use, and its performance usually reached steady-state within 2 h time-on-
stream. Under the conditions applied in this study catalyst deactivation was
minor. For the parameter study conversion was kept below 10% to minimize
temperature gradients in the catalyst bed.

The liquid products were separated from CO, and analyzed by GC (HP-
FFAP column) and identified by GC-MS. The selectivity and yield take into

account all products formed.

6.3.2 Phase behavior

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

a computer controlled high pressure view cell, equipped with on-line digital
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video imaging and recording. The magnetically stirred cell consisted of a hori-
zontal cylinder equipped with a sapphire window covering the entire diameter
and an opposite, horizontally moving piston equipped with another sapphire
window for illumination of the system. This setup allowed the observation of
even minor volumes of gaseous and liquid phases. The basic setup of the video
imaging is described in detail elsewhere [15].

Due to limitations of the view cell in handling oxygen, the phase behavior
experiments were carried out with a mixture of air and nitrogen instead of oxy-
gen. Oxygen and nitrogen are similar in polarity and molecular mass, and the
critical points of both gases (O,: -119 °C, 50 bar; N,: -147 °C, 34 bar) are far
from that of CO, (31 °C, 74 bar). We therefore assume that dilute mixcures of
oxygen or nitrogen in CO, behave similarly. 5 mol% octan-2-ol, 2.5 mol% of
O,-N, mixture (30% air, 70% N,) and 92.5 mol% carbon dioxide were sup-
plied to the view cell. Changes in the phase behavior, induced by variation of

temperature and pressure, were monitored.

6.4 Results

6.4.1 Oxidation of Octan-2-ol

Preliminary screening of various supported Pt, Ru and Pd catalysts revealed
that 0.5 wt% Pd/alumina afforded the best activity combined with good stabil-
ity. Accordingly, all experiments discussed below were carried out with this cat-
alyst.

Oxidation of octan-2-ol yielded almost exclusively octan-2-one
(Figure 6-1). Even at high temperatures (140 °C) and high conversion the side-
products oct-2-ene and oct-4-ene formed only in traces. Formation of olefins is
ateributed to dehydration of octan-2-ol at the acidic sites of the alumina sup-
port, and to subsequent isomerisation on Pd. No oxidative product degrada-

tion and acid formation were observed.
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Fig. 6-1:  Products formed in the oxidation of octan-2-ol.

The octan-2-one yield went up exponentially by increasing the temperature

(Figure 6-2) and varied almost linearly with the space time related parameter

W/F (Figure 6-3).
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Fig. 6-2:  Effect of temperature on the yield to octan-2-one. Conditions: 95 bar, 5 g 0.5%
Pd/alumina, W/F = 1.02 g h mol"!, 5 mol% octan-2-ol, 2.5 mol% O,, 92.5 mol% CO,.
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Fig. 6-3:  Effect of space time related parameter W/F on the yield to octan-2-one. Condi-
tions: 120 °C, 95 bar, 5 g 0.5% Pd/alumina, 5 mol% octan-2-ol, 2.5 mol% O,, 92.5 mol%
CO,.

The effect of pressure on the octan-2-one yield was rather complex and
strongly depended on the set of other parameters (Figure 6-4). Under standard
conditions, at 120 °C, the yield showed a maximum at around 100-110 bar
(curve a). The maximum was less pronounced when the temperature was low-
ered to 100 °C (curve b). When the reaction was carried out at 120 °C with
double the amount of oxygen in the feed, the yield rose monotonously with
increasing pressure with only a weak “shoulder” at around 100 bar (curve c).
The latter experiment was repeated at half space time (W/F = 0.51 g h mol)

and a similar linear dependence was found though the yields were lower.
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Fig. 6-4:  Dependence of octan-2-one yield on the total pressure. (a) ® 120 °C, W/F =
1.02 g h mol™, 2.5 mol% O,, (b) O 100 °C, 2.03 g h mol, 2.5 mol% O,, (¢} A 120 °C,
1.02 g h mol™, 5.0 mol% O,. Other conditions: 5 g 0.5% Pd/alumina, 5 mol% octan-2-ol,
rest CO,.

Variation of oxygen concentration in the feed resulted in a bell-shaped curve of
the octan-2-one yield, as shown in Figure 6-5. The maximum at 7.5-10 mol%
oxygen corresponds to a 200-300 mol% excess related to the stoichiometric
ratio (octanol + % O,). Interestingly, at low oxygen concentration the ketone
yield dropped to zero and the reaction did not proceed by anaerobic dehydro-
genation at 120 °C. It has been shown earlier that the best catalysts for anaero-
bic dehydrogenation of octan-2-ol are Raney Ni [230] and copper chromite
[293], and the necessary reaction temperatures are considerably higher (174
and 300 °C, respectively).
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Fig. 6-5:  Dependence of octan-2-one yield on oxygen concentration in the feed. Condi-

tions: 120 °C, 95 bar, 5 g 0.5% Pd/alumina, W/F = 1.02 g h mol™, 5 mol% octan-2-ol, rest
O, and CO,.

When CO, was replaced by nitrogen, the octan-2-one yield dropped by a fac-
tor of 2 w 4. In nitrogen no optimum pressure was found and the yield
increased steadily with increasing total pressure. Some examples are listed in

Table 6-1 to illustrate the solvent effect of dense CO.,,.

Table 6-1: Oxidation of octan-2-ol in nitrogen or carbon dioxide. Conditions: 5 g 0.5 wt%
Pd/alumina, 5 mol% octan-2-ol, 2.5 mol% O,, 92.5 mol% CO,

Solvent p T W/F Conv.
(Diluent) bar °C gh mol™! %
Nitrogen 85 100 2.03 1.5
Carbon dioxide 85 100 2.03 3.1
Nitrogen 95 120 1.02 1.2
Carbon dioxide 95 120 1.02 4.3

Variation of the reaction parameters revealed that the octan-2-one yield could
be increased without any loss in selectivity. For example, 46% yield was
obtained at 140 °C by applying a relatively high space time (W/F) (Table 6-2).
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However, under these conditions there was a significant temperature gradient
(10 °C) in the catalyst bed. The only limit to further increasing the yield of the
strongly exothermic reaction was the insufficient rate of heat transport in the

reactor set-up used.

Table 6-2:  Some examples of the oxidation of octan-2-ol at higher conversion. Conditions:
5 g 0.5 wt% Pd/alumina, solvent scCO,

Octan-2-0l Oxygen p T W/E Conv.  Sel.

mol% mol%  bar °C gh mol! % %
6 3 110 140 2.71 46 >99.5
6 3 110 140 1.02 21 >99.5
10 2.5 95 120 1.02 11.6 995

6.4.2 Oxidation of Octan-1-ol

Oxidation of octan-1-ol resulted in a mixture of octanal, octanoic acid and
octyl octanoate as major products (Figure 6-6). Traces of octyl ether were also
found among the products. A parameter study revealed that reasonably good
octanal selectivity can be achieved only at low conversions (Table 6-3). The
influence of reaction conditions on the rate and octanal selectivity is illustrated
by two typical examples in Figure 6-7 and Figure 6-8. Increasing the tempera-
ture from 80 to 140 °C reduced the octanal selectivity to about one-half,
though the octan-1-ol conversion was only 12% at 140 °C (Figure 6-7). Above
120 °C the major product was the acid, not the aldehyde. Similar, but less pro-
nounced effects on the conversion rate and selectivity were observed, when the
space time or the oxygen concentration in the feed were increased (not shown
here). The only exception was the variation of the total pressure in the system
(Figure 6-8). Though the alcohol conversion increased with increasing pres-

sure, the aldehyde selectivity slightly increased.
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Fig. 6-6:  Products formed in the oxidation of octan-1-ol.

Table 6-3: Oxidation of octan-1-ol to octanal. Conditions: 5 g 0.5 wt% Pd/alumina,
3 mol% octan-1-ol, 6 mol% O,, 91 mol% CO,, 110 bar

T W/F Conv.  Sel.
°C gh mol! % %
80 1.02 3.3 73
140 1.02 10.5 38
140 2.71 22.0 27




98 Chapter 6

2
S
2 o
= =
o D
2 Q2
g
[1+]
S §
O S
Q
0 — 0
| ' | ! [ ' |
80 100 120 140
Temperature / °C
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Fig. 6-8:  Dependence of octan-1-ol conversion and octanal selectivity on the total pres-

sure, Conditions: 100 °C, 6 mol% O,, 3 mol% octan-1-ol, 91 mol% CO,, 5 g 0.5% Pd/alu-

mina, W/F=1.02gh mol™t.

It seems that in this reaction the selectivity to the aldehyde intermediate is pri-

marily determined by the alcohol conversion. This correlation is illustrated in

Figure 6-9 by all data obtained in a broad range of reaction conditions. The
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dashed hyperbolic curve reflects the limited potential of the catalyst (Pd/alu-
mina) and solvent (scCO,) for the partial oxidation of octan-1-ol.
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Fig. 6-9:  Dependence of octanal selectivity on octan-1-ol conversion. Conditions: 80—

140 °C, 75-125 bar, 5 g 0.5% Pd/alumina, W/F = 0.68-2.71 g h mol!, 3-10 mol% octan-
1-ol, 1.5-10 mol% O,, rest CO,.

6.4.3 Phase behavior

The phase behavior of the system under reaction conditions was investigated in
a magnetically stirred high pressure view cell. Measurements were carried out
along the bubble-point phase boundary of the gas-liquid equilibrium in the
temperature region of the catalytic experiments. Figure 6-10 shows typical
interlaced video images in the view cell under reaction conditions: a small alco-
hol-rich liquid phase at the bottom of the reactor is topped by a CO,-rich sc
phase.
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T
100°C
180 bar

Fig. 6-10: Interlaced video images of the view cell under reaction conditions (5 mol% oc-
tan-2-ol, 2.5 mol% O,-N, mixture, 92.5 mol% CO,), showing a two-phase equilibrium of
a liquid octan-2-ol-rich phase and a “sc” CO,-rich phase at 100 °C. The amount of liquid
phase decreases with increasing pressure. The vertical line is the thermocouple and at the bot-
tom of the reactor the liquid phase is clearly visible. The round bright spot at the opposite
end of the cell is the sapphire window used for illumination. In the middle of the reactor at

the bottom lies the magnetic stirrer.

The results of the phase behavior experiments are shown in Figure 6-11. The
phase behavior of the reaction system under conditions of the oxidation reac-
tion was found to be parallel to that of the octanol - CO, system [294]. This
binary mixture shows a type II behavior [22], according to the classification of
Scott and van Konynenburg [295]. That is, the liquid-liquid immiscibility is
limited to low temperatures, not interfering with the gas-liquid critical line of
the mixcure. Addition of 2.5 mol% nitrogen-oxygen mixture to the octanol -
CO, system resulted in a shift of the gas-liquid phase boundary to higher pres-
sures by about 20 bar.
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Fig. 6-11:  Isoplethic bubble-point gas-liquid phase boundary of the ternary mixture CO,/
octan-2-ol/air (®)compared with the isoplethic phase boundaries of the CO,/octan-2-ol bi-
nary mixture (O) (6.3 mol% octan-2-ol in CO,, data taken from Ref. [294]). L: one liquid
region; LL: two partially miscible liquid phases; LV: liquid-vapor coexistence region; LLV:
line of coexistence of two partially miscible liquid phases with a common vapor phase. Note
that the region of liquid-vapor coexistence is limited by the dew-point gas-liquid phase-
boundary at low pressures (not drawn).

6.5 Discussion

6.5.1 Oxidation of Alcohols in scCO, - Scope and Limitation

The model studies with octan-1-ol and octan-2-ol demonstrate that the Pd-cat-
alyzed acrobic oxidation in scCO, is limited to the transformation of secondary
alcohols to ketones. This type of reaction is fast and highly selective. For exam-
ple, 46% octan-2-one yield was obtained at only 40 s residence time and the

selectivity was almost 100% (Table 6-2). No catalyst deactivation or metal
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leaching was observed over a time-on-stream period of 110 h. Optimization of
the reaction conditions and catalyst has not been attempted yet, still, the stud-
ies indicate that the selectivity to ketone is very high and independent of alco-
hol conversion. A comparison with the literature data in Table 6-4 indicates

that the selectivity in scCO, is outstanding.

Table 6-4: Oxidation of octyl alcohols to carbonyl compounds (octanal, octan-2-one and

octan-3-one) at atmospheric pressure

T React.  Yield Sel.

Alcohol  Oxidant o Catalyst Solvent Operation ime/h % % Ref,
octan-1-ol air 340 Au - continuous - 83 92 [296]
octan-1-ol % 265-300 Cu/MgO - continuous - 58 99 [297]
octan-1-ol  oxygen 20 Pt ethyl acetate batch 20 21 - [251)
octan-1-ol o2 250-300 CuO - continuous - 98 - [298]
octan-l-ol  o? 450 Cu-Zn-Bi - continuous - 94 95 [299)
octan-2-0l o2 300-325 Cu chromite  no solvent batch 3.8 37 - [293]
octan-2-0l  oxygen 20 Pt n-heptane batch 96 80 92 [249)
octan-2-0l  oxygen 60 Ru-Co-hydrotalcite toluene batch 2 97 97 [300]
octan-3-ol no? 174 Raney Ni  no solvent batch i5 83 92 [230]

* dehydrogenation withour oxidant

Unfortunately, no fair comparison of the reaction rates is possible due to the
strikingly different reaction conditions applied (temperature, reactor operation
mode). On the basis of the comparative experiments in nitrogen and CQ,
(Table 6-1) we can conclude that dense CO, has a remarkable positive solvent
effect on the oxidation rate.

Aecrobic oxidation of primary alcohols to aldehydes in scCO, is non-selec-
tive. At low conversion the aldehyde is the major product, but with increasing
conversion the corresponding acid and ester (formed from the reactant and
product} become the dominant products (Figure 6-7 and 7; Table 6-3). Inter-
estingly, a similar behavior was observed in the Pt-catalyzed aerobic oxidation
of 1-dodecanol in water {237, 247]. The initial high selectivity to aldehyde was
diminished with increasing conversion due to rapid hydration of the aldehyde,

followed by dehydrogenation of the geminal diol to the corresponding carbox-
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ylic acid. The similar selectivity patterns obtained in the oxidation of primary
aliphatic alcohols in water and in scCO, indicate that - at least in this respect -
the solvent has no significant influence on the reactions occurring on the metal
surface. Apparently, the presence of co-product water on the metal surface is
sufficient for the rapid hydration of aldehyde intermediate, as shown in
Figure 6-12. Water regenerates after dehydrogenation to acid, and ester forma-
tion with the reactant alcohol increases further the amount of water on the cat-
alyst surface available for hydration. Note that deactivated carbonyl
compounds, e.g. aromatic aldehydes and particularly ketones, hydrate only to a

negligible extent.

& bd c H,0
R"OH 120, R S0 7 7
H,O
OH Pd O

C. + | H,O
R'CH‘OH 1/2 O, R “OH 2~

H,
PO
R” ~OH
Q
C. |
R” O 4 H.0
H,C.

Fig. 6-12: Formation of acid and ester byproducts during oxidation of octan-1-ol.

Table 6-4 lists the characteristic features of various heterogeneous octanol oxi-
dations with oxygen reported in the literature. The data show that the highest
yields (up to 98%) to octanal could be achieved by copper-catalyzed anaerobic
dehydrogenation at elevated temperatures [298]. Under these conditions water

is absent and further oxidation is minor.
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6.5.2 Oxidation of Octan-2-ol - Role of Phase Composition and Over-
Oxidation of Pd

For the interpretation of the rate of octan-2-ol oxidation, two important points
have to be discussed: the role of density and phase composition of the reaction
mixture, and the effect of surface oxygen concentration.

The phase behavior studies have revealed that the reaction mixture consists
of two phases over the whole temperature and pressure range investigated: a
octan-2-ol-rich liquid phase and a CO-rich sc phase. Changes in the composi-
tion of these phases can be interpreted as follows:

(i} The solubility of octan-2-ol in CO, depends on the density of the mix-
ture [47]. Because at standard reaction conditions (120 °C and 95 bar) the
density of CO, (0.16 g ml"') is three times lower than the critical density of
CO, (0.47 g ml™"), the alcohol solubility is relatively low, which explains the
presence of a octan-2-ol-rich liquid phase in the whole range of conditions
applied. Parallel to the effect of temperature and pressure on the density of the
COy-rich phase, the solubility of octan-2-ol increases with increasing total
pressure and decreasing temperature. Isobaric addition of oxygen results in a
decrease of density of the CO,-rich phase, and thus diminishes the solubility of
octan-2-ol.

(ii) The solubility of oxygen in the octanol-rich phase increases with
increasing total pressure and oxygen partial pressure, and with decreasing tem-
perature.

The phase behavior of the ternary system containing oxygen (nitrogen)
shows a similar characteristic along the isoplethic gas/liquid bubble-point phase
boundary compared to the binary system octan-2-0l:CO,. Addition of oxygen
(and nitrogen) results in a shift of the mentioned line to higher pressures. The
change of composition of the two phases influences the reaction. Increasing
oxygen concentration in the liquid phase leads to higher surface oxygen cover-
age and thus higher rates (yields). These effects can be clearly observed when
increasing the total pressure (Figure 6-4) or the oxygen feed concentration at
constant pressure (Figure 6-5), but only at low values up to the maxima. The
combination of these two effects indicates that it is the liquid phase which is in

contact with the catalyst and controls the reaction over the metal surface.
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The decline of octan-2-one yield at high oxygen concentrations in the feed
(Figure 6-5) is attributed mainly to “over-oxidation” of the metal surface.
Over-oxidation is a thoroughly investigated phenomenon in the aerobic oxida-
tion of alcohols over platinum metal catalysts [236, 244, 280, 301]. The basis
of this unusual behavior is that the activity of the reduced metal for alcohol oxi-
dation is remarkably higher than that of the oxygen-covered surface. Though
oxygen is necessary for the reaction, too high oxygen coverage leads to a drop in
the number of reduced surface metal sites available for alcohol adsorption and
oxidation, and thus lowers the reaction rate. The correlation presented in
Figure 6-5 may formally be described by the following rate Equation 6, where

©, represent corresponding surface coverages [237]:

r=k- (GOXYgEn)m ) ((,Balcoho])n : (6)

Note that changing only one parameter at a time (pressure or oxygen concen-
tration) still does not allow a clear separation of the effects of phase composi-
tion and surface oxygen concentration, due to the mutual dependence of the
parameters varied. Increasing the total pressure at constant oxygen feed concen-
tration enhances oxygen solubility in the alcohol-rich phase which is in contact
with the catalyst surface, and this change can also lead to too high surface oxy-
gen coverage and thus over-oxidation (Figure 6-4). The strikingly different
effects of increasing total pressure on the octanone yield when the set of other
parameters was varied are also attributed to strong interactions between the
parameters, i.e. their complex influence on the density and solubilizing power

of the liquid phase, and on the oxygen coverage on Pd.

6.6 Conclusions

Partial oxidation of secondary alcohols to ketones in scCO, with molecular
oxygen has distinct advantages compared to conventional processes. The selec-
tivity of the reaction in dense CO, is outstanding, and the rate of conversion is

remarkably higher than that of vapor phase oxidation under similar conditions,
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in the presence of a nitrogen diluent. Beside the higher rate, the absence of any
significant catalyst deactivation is also attributed to the presence of scCO, as
solvent. Furthermore, application of the non-flammable CO, is safer and pro-
vides easier product separation compared to liquid phase oxidations in organic
solvents.

Our study also demonstrates that interpretation of the catalytic perfor-
mance in dense (sc) CO, requires a careful analysis of the phase behavior of the
system under reaction conditions, a matter which is often ignored in the perti-

nent literature.
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Continuous Oxidation of Benzyl Alcohol in
Supercritical Carbon Dioxide

7.1 Abstract

Supercritical (sc, dense) carbon dioxide has been applied as solvent for the par-
tial oxidation of benzyl alcohol with molecular oxygen in a fixed-bed reactor.
High rate and good selectivity to benzaldehyde (93-97%) has been achieved
with 0.5 wt% Pd/alumina or 0.5 wt% Pd/C, at around 100 °C and 100 bar,
using only moderate excess of oxygen. The byproduct benzoic acid has an auto-
catalytic effect on the hydration of benzaldehyde, and the subsequent oxidative
dehydrogenation leads to benzoic acid, and benzyl benzoate by esterification.
Promotion of Pd by Pb improves the selectivity. No catalyst deactivation or
metal leaching have been observed. The method provides reasonable yields at
much lower temperature than that applied in conventional gas phase oxidation,

showing a potential for the synthesis of thermolabile, water-insoluble aromatic

aldehydes.

7.2 Introduction

Aerobic oxidation of alcohols to carbonyl compounds or carboxylic acids over
Pt metals or Au has been thoroughly investigated in the past decades [233, 236,
237, 281, 302]. The reactions are generally carried out batchwise below
100 °C. The mild conditions and the aqueous medium are particularly well

suited for the transformation of polyols and carbohydrates. Oxidation of water-
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insoluble alcohols may be carried out in the presence of a detergent [247],
which additive, however, raises difficulties during work-up. Application of an
organic solvent has also been proposed [249] but the explosion risk may hinder
any practical application.

We have recently reported the application of scCO, (T, = 31.1 °C, p, =
73.8 bar) as a substitute for organic solvents in liquid phase oxidation of alco-
hols [187]. Dense, scCO, has a fair and tunable solubility for weakly polar,
water-insoluble alcohols as well as for oxygen. It is a relatively inert and non-
flammable solvent with high heat capacity. Despite of these and some other
advantages, the potential of scCO, as solvent in partial oxidations is barely
explored [5, 12, 20, 62, 288]. Partial oxidation of ethanol [143] in scCO, over
Pt/TiO,, as an alternative to gas phase oxidation, has already been attempted
though the selectivity to acetaldehyde did not exceed 30%. We have also found
that the Pt-metal catalyzed aerobic oxidation of primary alcohols to (activated)
aldehydes in scCO, is non-selective, similarly to the oxidation in aqueous
phase [187].

Here we report the oxidation of an aromatic alcohol with molecular oxy-
gen in scCO, in a continuous fixed-bed reactor. The oxidation of benzyl alco-
hol to benzaldehyde has been chosen as a model reaction for the synthesis of
(deactivated) aromatic aldehydes important in the field of fine and specialty

chemicals.

7.3 Methods

The reactions have been performed isothermally in a tubular down-stream flow
reactor with an inner diameter of 13 mm and 38 ml volume. Benzyl alcohol
was dosed by a Gilson 305 piston pump. Oxygen was supplied to the reactor
using a six-port valve dosing 0.05 ml pulses at high pressure and constant fre-
quency. The constant pressure in the system was maintained by a pressure reg-
ulator with CO,. The total gas flow was controlled at the vent.

The various supported Pd, Pt and Ru catalysts and their characteristics are

listed in Table 7-1. The reactions under standard conditions have been carried
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out with 5 g 0.5 wt% Pd/alumina (Engelhard 4586; cylindrical, 3.2 mm length
and diameter), corresponding to a catalyst bed length of 5 cm and a space time
related quantity W/F of 1.02 g h mol™, where W is caralyst weight and F the
total molar flowrate. Glass beads (0.2 cm, 5 cm bed length) have been placed
above the catalyst. The catalyst was reduced iz sizu by hydrogen at 100 °C for 2
h prior to the measurements. Standard conditions for the parameter study were
95 bar, 80 °C and the feed flow consisted of 5 mol% benzyl alcohol, 2.5 mol%
oxygen and 92.5 mol% CO,. This molar composition remained the same at all

pressures. The liquid products were separated from CO, and analyzed by GC
and GC-MS.

Table 7-1:  Comparison of structural and catalytic properties Pd, Pt and Ru catalysts (D =

metal dispersion, Sypy = surface area). Conditions: 5 g catalyst, standard conditions

S .S S.g S

Cavalys o a ke Ve
0.5 wt% Pd/alumina, Engelhard 5077 89 242 135 956 0.1 438
0.5 wt% Pd/alumina, Engelhard 4586 96 292 86 93.0 15 55
0.5 wt% Pd/alumina, 0.05 wt% Pb promoted - - 7.9 955 0.7 3.8
0.5 wt% Pd/carbon, Engelhard 5156 1220 176 74 971 03 2.6
0.5 wt% Pt/alumina, Engelhard 1679 81 362 03 j100° - -
0.5 wit% Pt/alumina, Aldrich 20,601-6 103 432 0.4 100¢ - -
0.5 wt% Ru/alumina, Engelhard 4871 9 72 04 (00° - -

* determined by H,-chemisorption
b determined by XRD line broadening

¢ aldehyde is the only detectable product at this low conversion

Promotion of the 0.5 wt% Pd/alumina catalyst by lead was carried out by
impregnation with an aqueous lead acetate solution, resulting in 0.05 wt% Pb
content after drying in vacuo at room temperature and iz situ reduction with
gaseous H,.

BET surface areas (Sypp) were obtained by physisorption of N, at 77 K
using a Micromeritics ASAP 2000 instrument. Prior to measurement, the sam-

ples were outgassed to 0.1 Pa at 150 °C. Metal dispersion was determined by
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hydrogen chemisorption at 35 °C on a Micromeritics ASAP 2010C instru-
ment. The samples were prereduced in H, at 350 °C and then evacuated at 0.1
Pa. The metal dispersion of a 0.5 wt% Pd/C (Engelhard 5156) was determined

from X-ray line-broadening on a D-5000 Siemens diffractometer.

7.4 Results and Discussion

7.4.1 General Features

Oxidation of benzyl alcohol over the 0.5 wt% Pd/alumina catalyst afforded
benzaldehyde as the major product with over 90% selectivity. Conversion and
selectivities reached steady-state within 3 h time-on-stream as illustrated in
Figure 7-1. The two byproducts benzoic acid and benzyl benzoate formed by
further oxidation, and subsequent esterification with the reactant alcohol,
respectively (Figure 7-2). It is assumed that direct oxidation of the relatively
stable (deactivated) benzaldehyde is slow and barely contributes to the forma-
tion of benzoic acid. The main route is the acid (or base) catalyzed hydration
with the co-product water, followed by the oxidative dehydrogenation of the
hydrate [303]. The autocatalytic effect of the byproduct benzoic acid (pK, =
4.2) resulted in a loss of the overall selectivity with time-on-stream as seen in

Figure 7-1.
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Fig. 7-1:  Inivial transient behavior during oxidation of benzyl alcohol; 5 g 0.5 wt% Pd/alu-
mina promoted by 0.05 wt% Pb, otherwise standard conditions.

Y2 Oo, Pd 1/2 O, Pd
Ph-CH,OH ———— > Ph-CHO ——— > Ph-COCH
- HO slow
H* i H,O
Ph-CH(OH),
¥ Oy, Pd
-H,0] fast
Ph-CH,OH
Ph-COOH ——— > Ph-COOH,CPh
- H20
Fig. 7-2:  Products formed in the oxidation of benzyl alcohol.

The Pt- or Pd-catalyzed aerobic oxidation of alcohols in aqueous medium is
frequently accompanied by catalyst deactivation, and even leaching of the
active component may be important [233, 236, 237, 281]. Working in scCO,
we did not observe any significant deactivation or metal leaching. For example,
the performance of the 0.5 wt% Pd/alumina catalyst was monitored for a

period of 75 h time-on-stream (net working time). The parameters were varied
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in a broad range and the catalyst performance was tested repeatedly at 60 °C,
95 bar and W/F = 1.02 g h mol"'. Under these conditions the conversion of

benzyl alcohol remained in the range 4.8 + 0.4% and no loss of activity was
observed.

7.4.2 Influence of Reaction Parameters

The influence of some reaction parameters was investigated at relatively low
conversions in order to minimize the temperature gradient in the catalyst bed.
Raising temperature increased the conversion but lowered the aldehyde selec-
tivity (Figure 7-3). Further oxidation was especially important at temperatures
above 100 °C. For example, 35% conversion was obtained at 130 °C under
otherwise standard conditions, and the selectivities to aldehyde, acid and ester
were 87.6%, 2.4% and 10%, respectively

& 25+ - 100 _
2 2
s — 98 &
@ — 96 @
g 15+ — 94 J
8 4 |, 2
g 10+ S
- -9 2
& 5 &
c — 88 §
B v__g:-—v————'v—_v 3
2 | I | | |

8 60 70 80 90 100

Temperature (°C)

Fig. 7-3:  Effect of temperature on the reaction rate and product distribution; conversion
(®), selectivities to aldehyde (), acid (), and ester (A); standard conditions.

The conversion of benzyl alcohol was linearly dependent on the space time
related quantity W/F and the influence of this parameter on aldehyde selectiv-

ity was minor (Figure 7-4).
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Fig. 7-4:  Conversion and benzaldehyde selectivity as a function of the space time related

parameter W/F; 60 °C, otherwise standard conditions.

The effect of oxygen concentration in the feed on the reaction rate is character-
ized by saturation-type curves (Figure 7-5). At low oxygen concentration the
rate drops to zero, indicating that the contribution of anaerobic oxidation of
benzyl alcohol is negligible at this temperature. For comparison, dehydrogena-
tion of benzyl alcohol over CuO required at least 250 °C to achieve good yields
to benzaldehyde [298]. The decrease of benzaldehyde selectivity with increas-
ing amount of oxygen in the feed was pronounced only at temperatures around
80 °C or higher. No catalyst over-oxidation (i.e. a drop in rate due to too high
oxygen coverage on the metal surface [280, 301]) was observed even at 7.5%
O, in the feed, corresponding to 300% of the stoichiometric ratio for quantita-
tive transformation of benzyl alcohol to benzaldehyde. The likely explanation
is the facile oxidation of benzyl alcohol, and the absence of strongly adsorbing
byproducts. As concerns the latter point, the good solubilizing power of scCO,

may be crucial in removing byproducts from the metal surface.
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erwise standard conditions.

The influence of total pressure on the rate and selectivity of oxidation is rather
complex and strongly depends on the set of other parameters, such as the tem-
perature (Figure 7-6). The highest conversion was achieved at 100-115 bar
and the aldehyde selectivity was cither constant or even increased with raising
pressure. An explanation of these effects would require the knowledge of the

phase behavior under reaction conditions but no data are available in the litera-

Oxygen in feed (mol%o)

Selectivity to benzaldehyde (%)

Effect of oxygen concentration in the feed. Top: at 80 °C, bottom: at 60 °C; oth-

ture on the CO, - O, - benzyl alcohol - benzaldehyde system.
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at 60 °C; otherwise standard conditions.

7.4.3 Comparison of Pt Group Metal Catalysts and the Influence of

Promotion

115

Influence of total pressure on the catalyst performance. Top: at 80 °C, bottom:

A comparison of some supported Pd, Pt and Ru catalysts revealed that Pd is far
the best catalyst for benzyl alcohol oxidation in scCO, (Table 7-1). The nature

of support (alumina or carbon) and the Pd dispersion (17-29%) are of second-

ary importance: the aldehyde selectivity was always in the range 93-97% and

the highest difference in conversion was less than a factor of 2.

It was attempted to improve the performance of palladium by promotion
with lead. When using a 0.05 wt% Pb - 0.5 wt% Pd/alumina catalyst the selec-

tivity to byproducts decreased from 7 to 4.5%, with only a small drop in activ-
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ity (Table 7-1). The assumption that 1 adsorbed Pb atom occupies 2 surface Pd
atoms [304], and all promoter atoms are located on the Pd surface, leads to an
upper limit of 27% surface coverage of Pd by the lead promoter.

We have carried out some non-isothermal experiments involving a signifi-
cant temperature gradient in the catalyst bed. These experiments confirmed
that conversion of benzyl alcohol can be increased without any loss in aldehyde
selectivity. For example, 96% benzaldehyde selectivity was achieved at 56%
conversion with the 0.5 wt% Pd/alumina catalyst at around 100-120 °C
(other conditions: 120 bar, W/F = 3.79 g h mol™,10 moi% O,, 5 mol% alco-
hol). The limit to further increasing the conversion in this highly exothermic
reaction was the insufficient rate of heat transport in the reactor used.

To our knowledge, continuous vapour phase oxidation of benzyl alcohol
on a broad range of different catalysts afforded at best 96% selectivity to ben-
zaldehyde. Perovskite oxides [305-307] and Au [296] provided this selectivity
at 48-50% conversion, at atmospheric pressure and ca. 350-450 °C. Obvi-
ously, the Pd-catalyzed oxidation in scCO,, at high pressure but relatively low
temperature, has a potential in the synthesis of non-volatile or thermally labile
aromatic aldehydes important in fine chemistry. The major advantage of oxida-
tion in dense CO,, compared to liquid phase oxidation in acetic acid [251] or

n-heptane [249], is the elimination of the explosion risk.

7.5 Conclusions

We have shown that only Pd has good activity and selectivity in the aerobic oxi-
dation of benzyl alcohol to benzaldehyde in scCO,. A 0.5 wt% Pd/alumina
catalyst has been stable without any sign of metal leaching or deactivation
within 75 h time-on-stream. Though the conditions have not yet been opti-
mized, the method offers clear advantages compared to liquid phase, or high

temperature gas phase, oxidation processes in the synthesis of aromatic alde-

hydes.



[11]

Chapter 8

Literature

B. Subramaniam and M.A. McHugh, Ind. Eng. Chem. Proc. Des. Deyv.
25 (1986) 1.

H. Tiltscher and H. Hofmann, Chem. Eng. Sci. 42 (1987) 959.

J.E. Brennecke, in Supercritical Fluid Engineering Science: Fundamentals
and Applications, Vol. 11, eds. E. Kiran and ]J.E Brennecke, ACS, Wash-
ington (1993) p. 201.

B.C. Wu, S.C. Paspek, M.T. Klein and C. LaMarca, in Supercritical Fluid
Technology: Reviews in Modern Theory and Applications, Vol. 7, eds. T.].
Bruno and J.E Ely, CRC Press, London (1991) p. 511.

S. Saito, J. Supercrit. Fluids 8 (1995) 177.

T. Clifford and K. Bartle, Chemistry and Industry 17 (1996) 449.

Z.Y. Ding, M A. Frisch, L. Li and E.E Gloyna, Ind. Eng. Chem. Res. 35
(1996) 3257.

M. Poliakoff, M.W. George and S.M. Howdle, in Chemistry Under
Extreme or Non-Classical Conditions, eds. R. van Eldik and C.D. Hub-
bard, Wiley, New York (1997) p. 189.

E. Dinjus, R. Fornika and M. Scholz, in Chemistry Under Extreme or Non-
Classical Conditions, eds. R. van Eldik and C.D. Hubbard, Wiley, New
York (1997) p. 219.

K.W. Hutchenson and N.R. Foster, in Innovations in Supercritical Fluids:
Science and Technology, Vol. 608, eds. K.W. Hutchenson and N.R. Foster,
ACS, Washington (1995) p. 1.

P.E. Savage, in Handbook of Heterogeneous Catalysis, Vol. 3, eds. G. Ertl,
H. Knézinger and J. Weitkamp, Wiley-VCH, Weinheim (1997) p. 1339.




118 Chapter 8

[12] PE. Savage, S. Gopalan, T.I. Mizan, C.J. Martino and E.E. Brock,
AICHE]. 41 (1995) 1723.

(13] Chem. Rev. 99 (1999) 353.

(14] R. Dohrn and V. Haverkamp, in the Proceedings of The 4th International
Symposium on Supercritical Fluids, eds. S. Saito and K. Arai, Interna-
tional Society for the Advancement of Supercritical Fluids, Sendai, Japan
(1997), p. 811.

[15] R. Wandeler and A. Baiker, Chimia 53 (1999) 566.

[16] A. Martin, S. Mothes and G. Mannsfield, Fresenius J. Anal. Chem. 364
(1999) 638.

[17] Y. Suehiro and M. Uematsu, in the Proceedings of The 4th International
Symposium on Supercritical Fluids, eds. S. Saito and K. Arai, Interna-
tional Society for the Advancement of Supercritical Fluids, Sendai, Japan
(1997), p. 807.

(18] J.M.H.L. Sengers, in Supercritical Fluids - Fundamentals for Application,
Vol. 273, eds. E. Kiran and J.M.H.L. Sengers, Kluwer Academic Publish-
ers, Dordrecht (1994) p. 3.

[19] J.A. Darr and M. Poliakoff, Chem. Rev. 99 (1999) 495.

(20] A. Baiker, Chem. Rev. 99 (1999) 453.

[21] M.B. King, Phase Equilibrium in Mixtures, Pergamon Press, 1969.

[22] ].S. Rowlinson and EL. Swinton, Liquids and Liquid Mixtures, 3rd ed.,
Butterworth Scientific, London, 1982.

[23] M.A. McHugh and V]. Krukonis, in Supercritical Fluid Extraction - Prin-
ciples and Practice, ed. H. Brenner, Butterworth, Boston (1994) p. 27.

[24] J.J. McKetta, in Encyclopedia of Chemical Processing and Design, Vol. 56,
ed. J.J. McKetta, Marcel Dekker, New York (1996) p. 1.

[25] T.W. De Loos, in Supercritical Fluids: Fundamentals for Application, Vol.
273, ed. S. Kiran, Kluwer Academic Publisher (1994) p. 65.

[26] PH. van Konynenburg and R.L. Scott, Phil. Trans. of the Royal Society
(London) 298 (1980) 495.

[27] R.L. Scott and PH. van Konynenburg, Discuss. Faraday Soc. 49 (1970)
87.



Literature 119

[28] TJ. Bruno, in Supercritical Fluid Technology: Reviews in Modern Theory
and Applications, eds. T.]. Bruno and J.E Ely, CRC Press, London (1991)
p- 293.

[29] V. Vesovic and W.A. Wakeham, in Supercritical Fluid Technology, (1991)
p. 245.

[30] R.C. Reid, ].M. Prausnitz and B.E. Poling, The Properties of Gases and
Liquids, 4th ed., Chemical Engineering Series, MacGraw-Hill, New York,
1988.

[31] J.M.H.L. Sengers, in Supercritical Fluid Technology: Reviews in Modern
Theory and Applications, Vol. 7th, eds. T.J. Bruno and ].E Ely, CRC Press,
London (1991) p. 1.

[32] J.M.H.L. Sengers, in Supercritical Fluids: Fundamentals for Application,
Vol. 273, ed. S. Kiran, Johanna M. H., Kluwer Academic Publishers
(1994) p. 231.

[33] A.A. Clifford and K.D. Bartle, international labmate (1994) 19.

[34] PG. Debenedetti and R.C. Reid, AICHE J. 32 (1986) 2034.

[35] C.A. Eckert, Chandler, K., in the Proceedings of The 4th International
Symposium on Supercritical Fluids, eds. S. Saito and K. Arai, Interna-
tional Society for the Advancement of Supercritical Fluids, Sendai, Japan
(1997), p. 799.

[36] L.T. Taylor, Supercritical Fluid Extraction, Wiley, New York, 1996.

[37] B. Kerler and A. Martin, Catal. Today 61 (2000} 9.

[38] G.B. Lim, G.D. Holder and Y.T. Shah, in Supercritical Fluid Science and
Technology, eds. K.P. Johnston and J.M.L. Penninger, ACS, Washington
(1989) p. 379.

[39] R.W. Shaw, T.B. Brill, R.A. Clifford, C.A. Eckert and E.U. Franck,
Chem. Eng. News 69 (1991) 26.

[40] T. Walisch, M. Miiller, W. Dérfler and C. Trepp, in the Proceedings of
High Pressure Chemical Engineering, eds. R. von Rohr and C. Trepp,
Elsevier, Ziirich, Switzerland (1996), p. 199.

{41] C.A. Eckert and B.L. Knutson, Fluid Phase Equilibria 83 (1993) 93.

[42] S.C. Tucker, Chem. Rev. 99 (1999) 391.

[43] O. Kajimoto, Chem. Rev. 99 (1999) 355.

[44] ]J.E Brennecke and C.A. Eckert, AICHE ]. 35 (1989) 1409.



120 Chapter 8

[45] C.J. Peters, in Supercritical Fluids: Fundamentals and Application, Vol.
273, eds. E. Kiran and J.M.H.L. Sengers, Kluwer Academic, Dordrecht
(1994) p. 117.

[46] G.M. Schneider, in Supercritical Fluids: Fundamentals and Application,
Vol. 273, eds. E. Kiran and J.M.H.L. Sengers, Kluwer Academic, Dor-
drecht (1994) p. 91.

[47) J. Chrastil, J. Phys. Chem. 86 (1982) 3016.

(48] R. Dohrn and G. Brunner, Fluid Phase Equilibria 106 (1995) 213.

[49] M.P. Ekart, K.L. Bennett, S.M. Ekart, G.S. Gurdial, C.L. Liotta and C.A.
Eckert, AICHE J. 39 (1993) 235.

[50] E. Reverchon, in the Proceedings of The 5th Meeting on Supercritical
Fluids - Materials and Natural Products Processing, eds. M. Perrut and P
Subra, International Society for the Advancement of Supercritical Fluids,
Nice, France (1998), p. 221.

[51] K.P. Johnston, D.G. Peck and S. Kim, Ind. Eng. Chem. Res. 28 (1989)
1115.

[52] E. Kiran and J.M.H.L. Sengers, in Supercritical Fluids: Fundamentals for
Application, Vol. 273, eds. E. Kiran and J.M.H.L. Sengers, Kluwer Aca-
demic Publishers, Dordrecht (1994) p. 761.

[53] C.A. Eckert, D.L. Bergmann, D.L. Tomasko and M.P. Ekart, Accounts of
Chemical Research 26 (1993) 621.

(54] M.A. McHugh and V.J. Krukonis, in Supercritical Fluid Extraction - Prin-
ciples and Practice, ed. H. Brenner, Butterworth, Boston (1994) p. 311.

(55] K.P. Johnston, K.L. Harrison, M.]. Clarke, S.M. Howdle, M.P. Heitz, EV.
Bright, C. Carlier and T.W. Randolph, Science 271 (1996) 624.

[56] T.A. Hoefling, R.M. Enick and E.J. Beckman, J. Phys. Chem. 95 (1991)
7127.

[57] M.A. Kane, G.A. Baker, S. Pandey and EV. Bright, Langmuir 16 (2000)
4901.

[58] V. Vesovic and W.A. Wakeham, Journal of Physical Chemistry Reference
Darta 19 (1990) 763.

[59] P. Moller, in the Proceedings of Fourth Italian Conference on Supercriti-
cal Fluids and their Applications, ed. E. Reverchon, Capri, Italy (1997), p.
315.



Literature 121

[60] A.A. Clifford, in Supercritical Fluids: Fundamentals and Applications, Vol.
273, eds. E. Kiran and J.M.H.L. Sengers, Kluwer Academic Publishers,
London (1994) p. 449.

[61] G.E. Bennet and K.P. Johnston, J. Phys. Chem. 98 (1994) 441.

[62] PE. Savage, Chem. Rev. 99 (1999) 603.

[63] D. Ambrose, Handbook of Chemistry and Physiscs, 72nd ed., ed. D.R.
Lide, CRC Press, Boca Raton, 1991.

[64] K.P. Johnston and C. Haynes, AICHE ]. 33 (1987) 2017.

[65] K.J. Laidler, Chemical Kinetics, 3rd ed., Harper Collins, New York,
1987.

[66] R. van Eldik, T. Asano and W.J. Le Noble, Chem. Rev. 89 (1989) 549.

[67] M.A. McHugh and V]. Krukonis, Supercritical Fluid Extraction — Princi-
ples and Practice, 2nd ed., Butterworth—Heinemann Series in Chemical
Engineering, ed. H. Brenner, Butterworth, Boston, 1994.

[68] R. Marr and T. Gamse, Chem. Eng. Process. 39 (2000) 19.

[(69] H. Tiltscher, H. Wolf, J. Schelchshorn and K. Dialer, US Patent 4605811
(1986).

[70] B. Subramaniam and B.]. McCoy, Ind. Eng. Chem. Res. 33 (1994) 504.

[71] E Trabelsi, F. Stuber, K. Abaroudi, M.A. Larrayoz, E Recasens and J.E.
Sueiras, Ind. Eng. Chem. Res. 39 (2000) 3666.

[72] M.G. Siier, Z. Dardas, Y.P. Lu, W.R. Moser and Y.H. Ma, AICHE J. 43
(1997) 1717.

[73] M.G. Siier, Z. Dardas, Y. Lu, W.R. Moser and Y.H. Ma, AICHE ]J. 44
(1998) 768.

[74] Roche Nachrichten, 9.10.1995, p. 1.

[75] K.-H. Pickel and K. Steiner, in the Proceedings of 3rd International Sym-
posium on Supercritical Fluids, eds. G.H. Brunner and M. Perrut, Insti-
tut National Polytechnique de Lorraine, Strasbourg, France (1994), p. 7.

[76] PE. Savage, Catal. Today 62 (2000) 167.

[77] N. Ajzenberg, E Trabelsi and F Recasens, Chem. Eng. Technol. 23
(2000) 829.

[78] P. Reardon, S. Metts, C. Crittendon, P. Daugherity and E.J. Parsons,
Organometallics 14 (1995) 3810.



122 Chapter 8

[79] W.K. Gray, ER. Smail, M.G. Hitzler, S.K. Ross and M. Poliakoff, J. Am.
Chem. Soc. 121 (1999} 10711.

[80] A. Fischer, M. Maciejewski, T. Burgi, T. Mallat and A. Baiker, J. Catal.
183 (1999) 373.

[81] A. Fischer, Heterogeneous Transition Metal Catalyzed Amination of Ali-
phatic Diols, Thesis No 12978, ETH Ziirich, Ziirich, 1998.

[82] A. Fischer, T. Mallat and A. Baiker, Angew. Chem.-Int. Edit. 38 (1999)
351.

[83] A. Fischer, T. Mallat and A. Baiker, J. Mol. Catal. A-Chem. 149 (1999)
197.

[84] A. Fischer, T. Mallat and A. Baiker, J. Catal. 182 (1999) 289.

[85] Z. Dardas, M.G. Siier, YYH. Ma and W.R. Moser, J. Catal. 159 (1996)
204.

[86] W.R. Moser, M. Siier, Z. Dardas and Y.H. Ma, Abstr. Pap. Am. Chem.
Soc. 216 (1998) 070-PETR.

[87] Z. Dardas, W.R. Moser, L.J. Spadaccini and D.R. Sobel, Abstr. Pap. Am.
Chem. Soc. 218 (1999) 128.

{88] Z.A. Dardas, L.J. Spadaccini and W.R. Moser, Abstr. Pap. Am. Chem.
Soc. 218 (1999) 13.

[89] M.L. Myrick, J. Kolis, E. Parsons, K. Chike, M. Lovelace, W. Scrivens, R.
Holliday and M. Williams, ]J. Raman. Spectrosc. 25 (1994) 59.

[90] C. Vieville, Z. Mouloungui and A. Gaset, in the Proceedings of 3rd Inter-
national Symposium on Supercritical Fluids, eds. G.H. Brunner and M.
Perrut, Institut National Polytechnique de Lorraine, Strasbourg, France
(1994), p. 19.

[91] C. Vieville, Z. Mouloungui and A. Gaset, Ind. Eng. Chem. Res. 32
(1993) 2065.

[92] C. Vieville, ].W. Yoo, S. Pelet and Z. Mouloungui, Catal. Lett. 56 (1998)
245.

[93] L. Fan, Yokota, K., Fujimoto, K., AICHE ]. 38 (1992) 1639.

[94] L. Fan, Y. Nakayama and K. Fujimoto, Chem. Commun. (1997) 1179.

[95] L. Fan, S. Yan and K. Fujimoto, J. Chem. Eng. Jpn. 30 (1997) 557.

(96} L. Fan, K. Yoshii, S. Yan, J. Zhou and K. Fujimoto, Catal. Today 36
(1997) 295.



Literature 123

[97] K. Yokota and K. Fujimoto, Ind. Eng. Chem. Res. 30 (1991} 95.

[98] K. Yokota, Y. Hanakata and K. Fujimoto, Chem. Eng. Sci. 45 (1990)
2743.

[99] S.R. Yan, L. Fan, Z.X. Zhang, ].L. Zhou and K. Fujimoto, Sekiyu Gak-
kaishi 41 (1998) 271.

[100]S.R. Yan, L. Fan, ZX. Zhang, J.L. Zhou and K. Fujimoto, Appl. Catal.
A-Gen. 171 (1998) 247.

[101]K. Snavely and B. Subramaniam, Ind. Eng. Chem. Res. 36 (1997) 4413.

[102]D.]. Bochniak and B. Subramaniam, AICHE J. 44 (1998) 1889.

[103]A. Ermakova, V.I. Anikeev and G.E Froment, Theor. Found. Chem. Eng.
34 (2000) 180.

[104]M. Hirrod, M.B. Macher, J. Hégberg and P Meller, in the Proceedings
of 4th Italian Conference on Supercritical Fluids and their Applications,
eds. E. Reverchon, A.A. Barba, G. Della Porta and G. Lamberti, Capri,
Italy (1997), p. 319.

[105]M. Hirréd and P. Meller, in the Proceedings of 3rd International Sympo-
sium on High Pressure Chemical Engineering, eds. R. von Rohr and C.
Trepp, Elsevier, Ziirich, Switzerland (1996}, p. 43.

[106]S. van den Hark, M. Hirréd and P. Moller, J. Am. Oil Chem. Soc. 76
(1999) 1363.

[107]M.B. Macher, J. Hogberg, P Moller and M. Harrod, Fett-Lipid 101
(1999) 301.

[108]M.B.O. Andersson, J.W. King and L.G. Blomberg, Green Chem. 2
(2000) 230.

[109]M. Jansen and C. Rehren, EU Patent 0841314 A1 (1997), to Hoffmann-
La Roche.

[110]A. Bertucco, Canu, P, Devetta, L., Zwahlen, A. G., Ind. Eng. Chem. Res.
36 (1997) 2626.

[111]JA.G. Zwahlen and A. Bertucco, in the Proceedings of 3rd International
Symposium on High Pressure Chemical Engineering, eds. R.P. von Rohr
and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 37.

[112]L. Devetta, P. Canu, A. Bertucco and K. Steiner, in the Proceedings of
Chem. Eng. Sci., eds. K. Yoshida and S. Morooka, Pergamon, Shonan
Japan (1997), p. 4163.



124 Chapter 8

[113]L. Devetta, A. Giovanzana, P. Canu, A. Bertucco and B.]. Minder, Catal.
Today 48 (1999) 337.

[114]T. Adschiri, T. Suzuki and K. Arai, Fuel 70 (1991) 1483.

[115]T. Adschiri, K. Nakada, S. Ogasawara and K. Arai, Kag. Kog. Ronbunshu
20 (1994) 965.

[116]T. Adschiri, R. Shibata, T. Sato, M. Watanabe and K. Arai, Ind. Eng.
Chem. Res. 37 (1998) 2634.

[117]K. Arai, T. Adschiri and M. Watanabe, Ind. Eng. Chem. Res. 39 (2000)
4697.

[118]O. Krscher, R.A. Képpel and A. Baiker, Swiss Patent 3103/96 (1996), to
ETH Ziirich.

[119]O. Krécher, R.A. Képpel and A. Baiker, Chem. Commun. (1996) 1497.

[120]O. Krécher, RA. Képpel and A. Baiker, in the Proceedings of 3rd Inter-
national Symposium on High Pressure Chemical Engineering, eds. R.P.
von Rohr and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 91.

(121]O. Krécher, R.A. Képpel and A. Baiker, Chem. Commun. (1997) 453.

[122]O. Krocher, R.A. Képpel and A. Baiker, Chimia 51 (1997) 48.

[123]O. Krocher, R.A. Képpel, M. Froba and A. Baiker, J. Catal. 178 (1998)
284,

[124]O. Krocher, R.A. Koppel and A. Baiker, J. Mol. Catal. A-Chem. 140
(1999) 185.

[125]L. Schmid, O. Krocher, R.A. Képpel and A. Baiker, Microporous Meso-
porous Mat. 35 (2000) 181.

[126]B. Subramaniam and S. Saim, US Patent 5725756 (1998), to Center for
Research, Inc.

[127]B. Subramaniam, S. Saim and M.C. Clark, US Patent 5690809 (1997),
to Center for Research, Inc.

[128]B. Subramaniam and D. Ginosar, in the Proceedings of 3rd International
Symposium on High Pressure Chemical Engineering, eds. R.P. von Rohr
and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 3.

[129]M.C. Clark and B. Subramaniam, Chem. Eng,. Sci. 51 (1996) 2369.

[130]B.]. McCoy and B. Subramaniam, AICHE J. 41 (1995) 317.

[131]D.K. Ginosar and B. Subramaniam, in Cazalyst Deactivation, Vol. 88, eds.
B. Delmon and G.E Froment, Elsevier (1994).



Literature 125

[{132]D.M. Ginosar and B. Subramaniam, J. Catal. 152 (1995) 31.

[133]S. Baptist-Nguyen and B. Subramaniam, AICHE J. 38 (1992) 1027.

[134]S. Saim and B. Subramaniam, J. Catal. 131 (1991) 445.

[135]S. Saim and B. Subramaniam, J. Supercrit. Fluids 3 (1990) 214.

[136]S. Saim and B. Subramaniam, Chem. Eng. Sci. 43 (1988).

[137]S. Saim, D.M. Ginosar and B. Subramaniam, in Supercritical Fluid Sci-
ence and Technology, eds. K.P. Johnston and J.M.L. Penninger, ACS,
Washington (1989) p. 301.

[138]M.C. Clark and B. Subramaniam, AICHE J. 45 (1999) 1559.

[139]V. Arunajatesan, M.C. Clark and B. Subramaniam, Abstr. Pap. Am.
Chem. Soc. 218 (1999) 11.

[140}L. Fan, T. Watanabe and K. Fujimoto, Appl. Catal. A. 158 (1997) L41.

(141]L. Fan, T. Watanabe and K. Fujimoto, in Natural Gas Conversion V; Vol.
119, Elsevier, Amsterdam (1998) p. 581.

[142]F Loeker and W. Leitner, Chem.-Eur. ]. 6 (2000) 2011.

[143]L.B. Zhou and A. Akgerman, Ind. Eng. Chem. Res. 34 (1995) 8.

[144]C.T. Wang and R.J. Willey, J. Non-Cryst. Solids 225 (1998) 5.

[145]C.T. Wang and R.J. Willey, Catal. Today 52 (1999) 7.

[146]R.S. Oakes, A.A. Clifford, K.D. Bartle, M.T. Petti and C.M. Rayner,
Chem. Commun. (1999) 247.

[147]R.C. Crittendon and E.J. Parsons, Organometallics 13 (1994) 2587.

[148]S. Aki and M.A. Abraham, J. Supercrit. Fluids 7 (1994) 259.

[149]C.N. Dixon and M.A. Abraham, J. Supercrit. Fluids 5 (1992) 269.

[150]S. Aki, Z.-Y. Ding and M.A. Abraham, AICHE ]. 42 (1996) 1995.

[151]A. Martin and B. Kerler, Chem. Ing. Tech. 72 (2000) 382.

[152]M.A. Abraham and G. Snyder, Abstr. Pap. Am. Chem. Soc. 219 (2000)
18.

[153]S. Dharmidhikari and M.A. Abraham, J. Supercrit. Fluids 18 (2000) 1.

[154)D.]. Cole-Hamilton and M.E Sellin, Abstr. Pap. Am. Chem. Soc. 218
(1999) 344.

[155]M.E Sellin and D.]J. Cole-Hamilton, J. Chem. Soc.-Dalton Trans. 11
(2000) 1681.

[156]R.]. Sowden, M.E Sellin, N. De Blasio and D.]. Cole-Hamilton, Chem.
Commun. (1999) 2511.



126 Chapter 8

[157]N.]J. Meehan, A.J. Sandee, J.N.H. Reck, PC.]. Kamer, P. van Leeuwen
and M. Poliakoff, Chem. Commun. (2000) 1497.

[158]L. Fan, I. Nakamura, S. Ishida and K. Fujimoto, J. Chem. Eng. Jpn. 31
(1998) 585.

[159]Y. Gao, H.-Z. Liu, Y.-E Shi and W.-K. Yuan, in the Proceedings of The
4th International Symposium on Supercritical Fluids, eds. S. Saito and K.
Arai, International Society for the Advancement of Supercritical Fluids,
Sendai, Japan (1997), p. 531.

[160]Y. Gao, Y.-E. Shi, Z.-N. Zhu and W.-K. Yuan, in the Proceedings of 3rd
International Symposium on High Pressure Chemical Engineering, eds.
R. von Rohr and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 151.

[161]L. Fan, I. Nakamura, S. Ishida and K. Fujimoto, Ind. Eng. Chem. Res.
37 (1998) 298.

[162]L.E Albright, Ind. Eng. Chem. Res. 37 (1998) 296.

[163]L. Fan, I. Nakamura, S. Ishida and K. Fujimoto, Ind. Eng. Chem. Res.
36 (1997) 1458.

[164]M.C. Clatk and B. Subramaniam, Ind. Eng. Chem. Res. 37 (1998) 1243.

[165]M.G. Hitzler, ER. Smail, S.K. Ross and M. Poliakoff, Chem. Commun.
(1998) 359.

[166]G. Jenzer, T. Mallat and A. Baiker, Catal. Lett. 61 (1999) 111.

[167]NL.A. Collins, PG. Debenedetti and S. Sundaresan, AICHE ]. 34 (1988)
1211.

[168]E Niu and H. Hofmann, in the Proceedings of 3rd International Sympo-
siumn on High Pressure Chemical Engineering, eds. R.P. von Rohr and C.
Trepp, Elsevier, Ziirich, Switzerland (1996), p. 145.

[169]H. Tiltscher, H. Wolf and J. Schelchshorn, Ber. Bunsenges. Phys. Chem.
(1984) 897.

[170]H. Tilescher, J. Schelchshorn, E Westphal and K. Dialer, Chem.-Ing.
Tech. 56 (1984) 42.

[171]E Niu and H. Hofmann, Can. J. Chem. Eng. 75 (1997) 346.

[172]E Niu and H. Hofmann, Appl. Catal. A. 158 (1997) 273.

[173]L. Fan, K. Yokota and K. Fujimoto, AICHE ]. 38 (1992) 1639.

[174]D.B. Bukur, A. Akgerman, X. Lang and Z. Feng, in the Proceedings of

Fourth Italian Conference on Supercritical Fluids and Their Applications,



Literature 127

eds. E. Reverchon, A.A. Barba, G. Della Porta and G. Lamberti, Capri,
Italy (1997), p. 291.

[175]D.B. Bukur, X. Lang, A. Akgerman and Z. Feng, Ind. Eng. Chem. Res.
36 (1997) 2580.

[176]T. Tacke, cav (1995) 19.

[177]T. Tacke, S. Wieland and P. Panster, in the Proceedings of 3rd Interna-
tional Symposium on High Pressure Chemical Engineering, eds. R. von
Rohr and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 17.

[178]T. Tacke, C. Rehren, S. Wieland, P. Panster, S.K. Ross, J. Toyler, M.G.
Hitzler, E. Smail and M. Poliakoff, in the Proceedings of Catalysis of
Organic Reactions, ed. EE. Herkes, New Otleans (1998), p. 27.

[179IM.G. Hitzler and M. Poliakoff, Chem. Commun. (1997) 1667.

(180]B. Minder, T. Mallat and A. Baiker, in the Proceedings of 3rd Interna-
tional Symposium on High Pressure Chemical Engineering, eds. R. von
Rohr and C. Trepp, Elsevier, Ziirich, Switzerland (1996), p. 139.

[181]B. Minder, T. Mallat, K.H. Pickel, K. Steiner and A. Baiker, Catal. Lett.
34 (1995) 19.

[182]].A. Amelse and N.A. Kutz, US Patent 5030788 (1991), to Amoco Cor-
poration.

[183]K.M. Dooley and EC. Knopf, Ind. Eng. Chem. Res. 26 (1987) 1910.

[184]A.M. Gaffney and J.A. Sofranko, Abstr. Pap. Am. Chem. Soc. 204 (1992)
67.

[185]A.M. Gaffney and J.A. Sofranko, US Patent (1993), to ARCO Chemical
Technology.

[186]G. Jenzer, T. Mallat and A. Baiker, Catal. Lett. (in press).

[187]G. Jenzer, D. Sueur, T. Mallat and A. Baiker, Chem. Commun. (2000)
2247.

(188]G. Jenzer, M. Schneider, R. Wandeler, T. Mallar and A. Baiker, J. Caral.
(in press).

[189]G. Jenzer, T. Mallat, M. Maciejewski, E Eigenmann and A. Baiker, Appl.
Cartal. A. 208 (2001) 125.

[190}T. Mallat and A. Baiker, in Handbook of Heterogeneous Catalysis, Vol. 5,
eds. G. Ertl, H. Knézinger and ]J. Weitkamp, VCH Verlagsgescllschaft,
Weinheim (1997) p. 2334.



128 Chaprer 8

[191]A. Fischer, T. Mallat and A. Baiker, Caral. Today 37 (1997) 167.

(192]C.M. Barnes and H.E Rase, Ind. Eng. Chem. Res. Dev. 20 (1981) 399.

[193]D. Kahlich, U. Wiechern and L. Joérg, in Ullmann’s Encyclopedia of Indus-
trial Chemistry, Vol. A 22, eds. B. Elvers, S. Hawkins, W. Russey and G.
Schulz, VCH, Weinheim (1993) p. 239.

[194]M.G. Clerici and P. Ingallina, in the Proceedings of Green Chem., eds.
P’T. Anastas and T.C. Williamson, ACS, Washington (1996), p. 10.
[195]T.A. Nijhuis, Towards a new propene epoxidation process, Thesis, TU

Delft, Delft NL, 1998.

[196]R.A. van Santen, in Handbook of Heterogeneous Catalysis, Vol. 5, eds. G.
Ertl, H. Knézinger and J. Weitkamp, VCH Verlagsgesellschaft, Weinheim
(1997) p. 2244.

[197]A.M. Gaffney, World Patent 9845280 (1998), to Arco Chemical Tech-
nology.

[198]B. Cooker, A.M. Gaftney, ].D. Jewson and A.P. Kahn, US Patent
5856534 (1999), to Arco Chemical Technology.

[199]B.T. Pennington and M.C. Fullington, US Patent 4943643 (1990), to
Olin.

[200]B.T. Pennington, US Patent 4785123 (1988), to Olin.

[201]M. Haruta, B.S. Uphade, S. Tsubota and A. Miyamoto, Res. Chem.
Intermed. 24 (1998) 329.

(202]M. Haruta, B.S. Uphade, K. Ruth and S. Tsubota, Abstr. Pap. Am.
Chem. Soc. 219 (2000) 61.

[203]T. Hayashi, M. Wada, M. Haruta and S. Tsubota, US Patent 5932750
(1997), to Agency of Industrial Science and Technology, and Nippon
Shokubai, Japan.

[204]R.A. Sheldon, J. Mol. Catal. A-Chem. 7 (1980) 107.

[205]R.O. Kirk and T.J. Dempsey, in Kirk-Othmer Encyclopedia of Chemical
Technology, Vol. 19, eds. M. Grayson, D. Eckroth, H.E Mark, D.E Oth-
mer, C.G. Overberger and G.T. Seaborg, Wiley, New York (1982) p. 246.

[206]H.P. Wulff and E Wattimenu, USA Patent 4021454 (1977), to Shell.

[207]B. Notari, Adv. in Catal. 41 (1996) 253.

(208]M. Taramasso, G. Perego and B. Notari, US Patent 4410501 (1983}, to
SNAM Progetti.



Literature 129

[209]M.G. Clerici and U. Romano, US Patent 4824976 (1989), to Eniricerche
and Enichem Sintesi.

[210]M.G. Clerici, G. Belussi and U. Romano, J. Catal. 129 (1991) 159.

[211]G. Bellussi and M.S. Rigutto, Adv. Zeolite Sci. Appl. 85 (1994) 177.

[212]M.G. Clerici and P. Ingallina, Catal. Today 41 (1998) 14.

[213]M.G. Clerici and P Ingallina, US Patent 5221795 (1992), to Eniricerche.

[214]M.G. Clerici and P. Ingallina, US Patent 5252758 (1993).

[215]P. Ingallina, M.G. Clerici, L. Rossi and G. Bellussi, 92 (1995) 31.

[216]A. Sato, M. Oguri, S. Tokumaru and T. Miyake, Japan Patent
08269029A (1996), to Tosoh.

[217]A. Sato and T. Miyake, Japan Patent 04352771A (1992), to Tosoh.

[218]A. Sato, M. Oguri, S. Tokumaru and T. Miyake, Japan Patent
08269030A (1996), to Tosoh.

(219]U. Miiller, P. Lingelbach, P. Bassler, W. Harder, K. Eller, V. Kohl, J. Dem-
bowski, N. Rieber and M. Fischer, EU Patent 772491A1 (1995), to
BASF.

[220]G. Grosch, U. Miiller, M. Schulz, N. Rieber and H. Wiirz, World Patent
97/47386 (1997), to BASE.

[221]G. Grosch, U. Miiller, M. Schulz, N. Rieber and H. Wiirz, European
Patent 0904151 (1999), to BASF AG.

[222]W. Laufer, R. Meiers and W. Hélderich, J. Mol. Catal. A-Chem. 141
(1999) 215.

(223]W. Laufer, R. Meiers and W.E Holderich, in the Proceedings of Interna-
tional Zeolite Conference (12th), eds. M.M.]. Treacy, B.K. Marcus, M.E.
Bisher and ].B. Higgins, Materials Research Society, Baltimore (1998), p.
1351.

[224]R. Meiers and W.E. Hélderich, Catal. Lett. 59 (1999) 161.

[225]R. Meiers, U. Dingerdissen and W.E. Hélderich, J. Catal. 176 (1998)
376.

[226]M. Mubhler, in Handbook of Heterogeneous Catalysis, Vol. 4, eds. G. Ertl,
H. Knozinger and J. Weitkamp, VCH, Weinheim (1997) p. 2274.

[2271E Maspero and U. Romano, J. Catal. 146 (1994) 7.

[228]G. Centi and M. Misono, Catal. Today 41 (1998) 287.



130 Chaprer 8

[229]S. Arts, E.J.M. Mombarg, H. van Bekkum and R.A. Sheldon, Synthesis
(1997) 597.

[230]D. Kramer, in Methoden der organischen Chemie, Vol. 7/2a, eds. Houben
and Weyl, Georg Thieme, Stuttgare (1983) p. 699.

{231]M. Kraus, in Handbook of Heterogeneous Catalysis, Vol. 5, eds. G. Ertl, H.
Knézinger and J. Weitkamp, VCH, Weinheim (1997) p. 2159.

[232]P. Mars and D.W. van Krevelen, Chem. Eng. Sci. Suppl. 3 (1954) 41.

[233]M. Besson and P. Gallezot, Catal. Today 57 (2000) 127.

[234]].W. Doebereiner, Ann. Chem. Pharm. 53 (1845) 155.

[235]A. Strecker, Liebigs Ann. Chem. 93 (1855) 370.

[236]].H.]J. Kluytmans, A.P. Markusse, B.EM. Kuster, G.B. Marin and ].C.
Schouten, Catal. Today 57 (2000) 143.

[237]T. Mallat and A. Baiker, Catal. Today 19 (1994) 247.

[238]M. Mavrikakis and M.A. Barteau, J. Mol. Catal. A-Chem. 131 (1998)
135.

[239]A.P. Markusse, B.EM. Kuster, D.C. Koningsberger and G.B. Marin,
Catal. Lett. 55 (1998) 141.

[240]T. Mallat, Z. Bodnar, A. Baiker, O. Greis, H. Strubig and A. Reller, J.
Caral. 142 (1993) 17.

[241]C. Brénnimann, Z. Bodnar, R. Aeschimann, T. Mallat and A. Baiker, J.
Catal. 161 (1996) 720.

[242]P. Gallezot, Catal. Today 37 (1997) 405.

[243])T. Mallat, Z. Bodnar, C. Brénnimann and A. Baiker, Stud. Surf. Sci.
Catal. 88 (1994) 385.

[244)T. Mallat and A. Baiker, Catal. Today 24 (1995) 8.

[245]L. Prati and M. Rossi, J. Catal. 176 (1998) 552.

[246]L. Prati and M. Rossi, Stud. Surf. Sci. Catal. 110 (1997) 509.

[247]T. Mallat, Z. Bodnar, P Hug and A. Baiker, ]. Catal. 153 (1995) 131.

[248]A.B. Crozon, M. Besson and P. Gallezot, New J. Chem. 22 (1998) 5.

[249]K. Heyns and L. Blazejewicz, Tetrahedron 9 (1960) 67.

[250]K. Heyns and H. Paulsen, Angew. Chem. 69 (1957) 600.

[251]R.PA. Sneeden and R.B. Turner, J. Am. Chem. Soc. 77 (1955) 190.

{252]P. Karrer and W. Hess, Helvetica Chimica Acta 40 (1957) 265.

[253]A.1. Dalton, US Patent 4049706 (1975), to Air Products and Chemicals.



Literature 131

(254]T. Akihisa, T. Matsumoto, H. Sakamaki, M. Take and Y. Ichinohe, Bull.
Chem. Soc. Jpn. 59 (1986) 680.

[255]H. Sakamaki, M. Take, T. Akihisa, T. Matsumoto and Y. Ichinohe, Bull.
Chem. Soc. Jpn. 61 (1988) 3023.

[256]M. Costantini and L. Krumenacker, France Patent 8220808 (1982), to
Rhone-Poulenc.

[2571].L. Fulton, G.G. Yee and R.D. Smith, in Supercritical Fluid Engineering
Science, Vol. 514, eds. E. Kiran and J.E Brennecke, ACS (1993) p. 175.

[258]F Loeker and W. Leitner, in the Proceedings of Selective Oxidation in
Petrochemistry, eds. G. Emig, C. Kohlpainter and B. Liicke, DGMK Ger-
man Society for Petroleum and Coal Science and Technology, Hamburg
(1998), p. 209.

[259]PE Vogt and J.J. Gerulis, in Ullmann’s Encycl. Ind. Chem., Vol. A 2, ed.
B. Elvers, VHC, Weinheim (1989) p. 37.

[260]M. Deeba, M.E. Ford and T.A. Johnson, in Catalysis of Organic Reactions,
ed. D.W. Blackburn, Dekker, New York (1990) p. 241.

[261]D.M. Roundhill, Chem. Rev. 92 (1992).

[262]V. Zamlynny, L. Kubelkovd, E. Baburek, K. Jirditovd and ]. Novdkovi,
Appl. Catal. A. 169 (1998) 119.

[263]A. Fischer, T. Mallat and A. Baiker, Angew. Chem., Int. Ed. Eng. 38
(1999) 351.

[264]L. Watts Jr. and H.G. Waddill, US Patent 4181682 (1980), to Texaco
Development.

[265]Y. Ichikawa, E. Yoshisato and K. Nakagawa, US Patent 4151204 (1979),
to Teijin.

[266]A. Baiker and W. Richarz, Ind. Eng. Chem. Prod. Res. Dev. 16 (1977)
261.

[267]C.A. Gibson and J.R. Winters, US Patent 4400539 (1983), to Union
Carbide.

[268]].W. Labadie and D.D. Dixon, ]J. Mol. Catal. 42 (1987) 367.

[269]1G. Sirokmin, A. Molnér and M. Barték, J. Mol. Catal. A-Chem. 19
(1983) 35.

[270]].C. Giddings, M.N. Myers, L. McLaren and R.A. Keller, Science 162
(1968).



132 Chapter 8

{271]T. Hayashi, K. Tanaka and M. Haruta, J. Catal. 178 (1998) 566.

[272] T.A. Nijhuis, B.J. Huizinga, M. Makkee and J.A. Mouljin, Ind. Eng.
Chem. Res. 38 (1999) 884.

[273]].-D. Grunwaldt and A. Baiker, J. Phys. Chem. B 103 (1999) 1002.

[274]E.E. Stangland, K.B. Stavens, R.P. Andres and W.N. Delgass, in the Pro-
ceedings of the 16th North American Catalysis Society, Boston (1999), p.
212.

(275]G.E. Hartwell, R.G. Bowman, C.H. Clark, J.J. Maj and ].L. Womack,
World Patent 9800413 (1998), to Dow Chemical.

[276]M. Maciejewski, C.A. Miiller, R. Tschan, W.-D. Emmerich and A.
Baiker, Thermochim. Acta 295 (1997) 167.

[277]M. Maciejewski and A. Baiker, Thermochim. Acta 295 (1997) 95.

[278]R.P. Bell, in Advances in Physical Organic Chemistry, Vol. 4, ed. V. Gold,
Acad. Press, London (1966) p. 1.

[279]]. March, Advanced Organic Chemistry, 4th ed., Wiley, New York, 1992,

[280]H. van Bekkum, in Carbohydrates as Organic Raw Materials, ed. EW.
Lichtenthaler, VCH, Weinheim (1990) p. 289.

[281]P. Vinke, D. de Wit, A T.].W. de Goede and H. van Bekkum, Stud. Surf.
Sci. Catal. 72 (1992) 1.

[282]T. Mallat, L. Seyler, M.M. Alai and A. Baiker, in Supported Reagents and
Catalysts in Chemistry, eds. B.K. Hodnett, A.P. Kybett, J.H. Clark and K.
Smith, Royal Soc. Chem., Cambridge (1998) p. 66.

[283]P.G. Jessop and W. Leitner, Chemical Synthesis Using Supercritical Flu-
ids, Wiley-VCH, Weinheim, 1999.

[284]A. Baiker, Chem. Rev. 99 (1999) 453 and references therein.

[285]M. Wenkin, C. Renard, P. Ruiz, B. Delmon and M. Devillers, Stud. Surf.
Sci. Catal. 110 (1997) 517.

[286]A. Abbadi, K.E Gotlieb, ].B.M. Meiberg and H. van Bekkum, Appl.
Catal. A. 156 (1997) 105.

[287TH.H.C.M. Pinxt, B.EM. Kuster and G.B. Marin, Appl. Catal. A-Gen.
191 (2000) 45.

[288]P.G. Jessop, T. Ikariya and R. Noyori, Chem. Rev. 99 (1999) 475.

[289]U. Shah, $.M. Mahajani, M.M. Sharma and T. Sridhar, Chem. Eng. Sci.
55 (2000) 25.



Literature 133

[290]A K. Suresh, J. Supercrit. Fluids 12 (1998) 165.

[291]G.J. Suppes, R.N. Occhiogrosso and M.A. McHugh, Ind. Eng, Chem.
Res. 28 (1989) 1152.

[292]]. Falbe, P. Lappe and J. Weber, in Ullmann’s Encyclopedia of Industrial
Chemistry, Vol. Al, eds. T. Kellersohn and J.E. Bailey, VCH, Weinheim
(1985) p. 321.

[293]R.E. Dunbar and M.R. Arnold, J. Org. Chem. 10 (1945) 501.

[294]Z. Alwani and G.M. Schneider, Ber. Bunsenges. Phys. Chem. 80 (1976)
1310.

[295]R. Scott and P. van Konynenburg, Discuss. Faraday Soc. 49 (1970) 87.

[296]1. Huang, L.M. Polinski and K.K. Rao, US Patent 4154762 (1979), to
Givaudan.

[297]T.ED. Graaf and H.]. Delahaye, EU Patent 0037149 (1981), to Stami-
carbon.

[298]M.Y. Sheik and G. Eadon, Tetrahedron Lett. 4 (1972) 257.

[299]British Patent 739263 (1951).

[300]T. Matsushita, K. Ebitani and K. Kaneda, Chem. Commun. 3 (1999)
265.

[301]].M.H. Dirkx, H.S. van der Baan and J.M.A.].]. van der Broek, Carbo-
hydr. Res. 59 (1977) 63.

[302]C. Bianchi, E Porta, L. Prati and M. Rossi, Top. Catal. 13 (2000) 231.

[303]P. Vinke, H.E. van Dam and H. van Bekkum, Stud. Surf. Sci. Catal. 55
(1990) 147.

[304]S.A.S. Machado, A.A. Tanaka and E.R. Gonzalez, Electrochim. Acta 39
(1994) 2591.

[305]R. Sumathi, K. Johnson, B. Viswanathan and T.K. Varadarajan, Indian J.
Chem. Sect. A 36 (1997) 5.

[306]R. Sumathi, B. Viswanathan and T.K. Varadarajan, in Recent Advances in
Basic and Applied Aspects of Industrial Catalysis, Vol. 113, eds. T.S.R. Pras-
ada Rao and G. Murali Dhar, Elsevier, New York (1998) p. 937.

[307]R. Sumathi, K. Johnson, B. Viswanathan and T.K. Varadarajan, Indian J.
Chem. Sect. A 38 (1999) 9.




Final Remarks

Sc fluids are a real alternative for conventional organic solvents and afford
improved reaction performance in the three heterogeneously catalyzed systems
studied.

Amination of diols in scNH; is an efficient method for the production of
diamines though the yield is strongly controlled by the chemical structure of
the reactant. High selectivities of diamines with the functional groups in -
and Y-positions can only be obtained if dehydration is not possible. ScNH,
suppresses dimerization and oligomerization type side reactions and reduces
mass transfer resistances within the heterogeneous catalytic system. The poten-
tial of the method has not been investigated yet in the simpler amination of
monofunctional alcohols and in the amination of the more reactive carbonyl
compounds (reductive alkylation). The efficiency of the system which requires
quite long times to reach steady-state conditions and allows only a few mea-
surements per day could be increased. A further improvement is expected by
optimizing the catalyst composition and the preparation procedure.

Continuous epoxidation of propylene with 77 situ generated hydrogen per-
oxide has revealed the selective deactivation of the catalyst and the accompany-
ing shift in activity from olefin epoxidation to alcohol oxidation. Reaction rates
are higher in presence of scCO, than with nitrogen as diluant, probably due to
the reduction of mass transfer resistances. The initial epoxide selectivity is
excellent, but the catalyst is not stable. The presence of hydrogen and oxygen in
the reaction mixture is a severe restriction to any practical application. The pro-
spective of this widely investigated method is, therefore, questionable. Many
other promising processes for this very important reaction are currently under
investigation. Among them, the gold catalyzed epoxidation in the gas phase has
been improved steadily. That method is limited by the deactivation of the cata-
lyst by formation of carbonaceous deposits. Sc fluids have the potential to solu-

bilize and extract (in situ) the coke precursors. The low reaction temperature

(40 °C) of this method would be ideal for scCO,: At this low temperature,
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scCO, is very dense and it solubilizes high quantities of the non-polar propy-
lene and the gases hydrogen and oxygen.

Platinum metal catalyzed aerobic oxidation of alcohols in scCO, is an effi-
cient method for water-insoluble non-polar alcohols. Ketones and deactivated
aldehydes can be prepared with high yield and selectivity. The reaction rate is
higher than in vapor phase oxidation and the caralyst exhibits better stability.
Various reaction parameters have been studied though the reaction has not
been optimized yet. Reasonable catalytic activity already at low temperature
(30-40 °C) would allow higher concentrations of alcohols and oxygen in
scCQ,, and - approaching the critical point of CO, - tunability would become
a valuable instrument. It is hoped that future development of more efficient
noble metal based bimetallic catalysts can afford high oxidation rates at close to

ambient temperature, and helps utilize the advantages of scCO, as a solvent.
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