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ABSTRACT

SOLID BASE CATALYSIS: FINE CHEMICAL SYNTHESIS FROM

ALCOHOLS

A study of solid base catalysis was conducted in three main categories,
namely condensation reactions of primary alcohols, alkylation reactions of

dihydroxybenzene and hydrogenation reactions of phenol.

Ethanol was converted into 1-butanol over alkali earth metal oxides and
modified MgO catalysts (1-20 % vyield). The MgO catalyst exhibits the
highest reaction activity and 1-butanol selectivity amongst the catalysts
studied. Reaction of various possible intermediates (acetaldehyde,
crotonaldehyde, crotylalcohol, butanal) and ethanol over MgO (1 bar, 450
°C) revealed that the dimerisation reaction does not proceed primarily
through the aldol condensation reaction. The reaction is proposed to
proceed through a mechanism, previously proposed by Yang and Meng, in
which a C-H bond in the -position in ethanol is activated by the basic
metal oxide, and condenses with another molecule of ethanol, by

dehydration to form 1-butanol.



A self-condensation reaction of propanol was carried out at atmospheric
pressure over MgO as catalyst. The reaction gave 2-methylpentanol and
propionaldehyde as the major products. The introduction of hydrogen
before and during the reaction enhanced the catalyst selectivity to 2-
methylpentanol. The effect of possible reaction intermediates on the
catalyst selectivity and the mechanism of the reaction were investigated
over MgO and indicated the important role of hydrogen transfer in the
reaction. The highest selectivity (69 %) was achieved in the presence of

hydrogen at 450 °C with propanol conversion of 24 %.

Condensation reactions of ethanol with butanol or propanol to higher
alcohols were carried out at atmospheric pressure over various solid-base
catalysts. The ability of ethanol to be activated at either the CH, or CHj3
units played a significant role in the formation of a wide range of long chain
alcohols. The major products observed during the reaction between
ethanol and butanol were 2-ethylbutanol, 1-hexanol and to a lesser extent
2-ethyhexanol. The main products in the reaction of ethanol and propanol
were 2-methylbutanol, 1-pentanol and butanol. Trace amounts of 2-

methylpentanol were also observed.

The vapour phase alkylation of catechol over supported cesium catalysts

gave good selectivity to guaiacol formation. The TPD studies of the



catalysts used indicated that the results can be correlated with the

presence of weak basic sites on the catalyst.

The gas phase selective hydrogenation of phenol to cyclohexanone was
investigated over palladium supported catalysts in order to clarify the
influence of the support on products distribution. High selectivities towards
cyclohexanone (about 86 %) were observed on palladium supported on
high surface area titanium oxide supports. On the basis of the TPD studies,
it has been suggested that the basic properties of the support strongly
influence the adsorption-desorption of phenol and products, and are

therefore responsible for the selectivity towards the reaction products.
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Chapter 1

INTRODUCTION

Solid base catalysts have been actively studied for many decades and this
interest has gone on unabated in the 21% century. Many reviews have
appeared on the topic over the years [1-5]. A variety of organic reactions
are catalyzed in a very selective manner by base catalysts. In particular,
solid bases offer convenient and environmentally benign routes for organic
synthesis. A major objective in the modern chemical industry is to avert the
production of noxious and environmentally undesirable effluents including
salts and organic solvents [6-8]. Indeed the replacement of liquid acid
catalysts with solid acid catalysts has led to more than 100 industrial
processes operated that are currently operated in the world [4]. However,
to date less success has been achieved with solid base catalysts and only

a few processes are in operation using solid base materials [4].



Base catalyzed processes such as aldolisation, alkylation, Knoevenagel,
Michael condensations and Wadsworth—-Emmons additions are commonly
used for the manufacture of fine chemicals. In the industrial practice the
amount of base is nearly stoichiometric and the neutralization of the
reaction medium, post-reaction, produces large amounts of salts. A better
preservation of the environment would require substituting the liquid bases
(and organometallics) used in these processes by solid catalysts. Indeed,
solid catalysts show many advantages from a technical point of view. They
present fewer disposal problems; they allow easier separation and
recovery of the products, catalysts and solvent, if any; they are non-
corrosive, and they offer environmentally benign and more economical

pathways for the synthesis of fine chemicals.

Several solid bases have been proposed for the industrial synthesis of
chemicals such as alkali ion-exchanged zeolites [9,10], sepiolites [11],
alkaline oxides supported on microporous [12] and mesoporous solids [13],
sodium metal clusters in zeolites [14], alkali metals supported on alumina
[15,16], alkaline earth solids such as magnesium [17-19] and barium oxide
[20], aluminium magnesium mixed oxides derived from hydrotalcites [21—
23] and nitrides [24,25]. Alkali ion-exchanged zeolites and sepiolites

possess only mild basic strength, while alkali metals and alkaline oxides



loaded on supports are considered as super bases that can catalyze a
wide range of reactions [26]. These super bases present interesting
catalytic properties for substrates of very low reactivity like olefins, but the
large majority of base catalyzed reactions involve functionalized substrates

which do not need such high basicity.

In this thesis attempts have been made to use solid base catalysts for a

range of chemical reactions.

1.1 Scope and Aims of Thesis

Scheme 1.1 below shows an overview of the types of reaction investigated
in this thesis. The three main reaction categories studied in this work were
alkylation, aldol condensation and hydrogenation. The primary starting

chemical class used in the study was the alcohols.



Alcohols
Catechol C2-C4 Phenol
Dihydroxy benzene Primary Alcohols

Alkylation Hydrogenation

O-methylated Higher Aliphatic Cyclic Alcohols
Aromatics Alcohols and Ketones

Scheme 1.1 Overview of Thesis

Although there are three different types of reaction investigated, they are
all influenced by the basicity of the catalysts used. The thesis is thus
concerned with the use of solid base catalysts in the synthesis of valuable
compounds from alcohols and an understanding of the reaction

mechanism.

The following is a brief description of the reaction processes within the

categories mentioned above:



1.1.1 Alkylation of 1,2-dihydroxybenzene (catechol)

The vapour phase alkylation of catechol was studied over supported
cesium catalysts. The reaction gave good selectivity to guaiacol formation.
Small amounts of veratrole were also observed during the reaction. The
TPD studies indicate that good selectivity towards guaiacol can be

correlated with the presence of weak basic sites on the catalyst.

* V. Vishwanathan, S. Ndou, L. Sikhwivhilu, N. Plint, K.V. Rghavan, N.J. Coville, Chem.

Commun. (2001) 893.

1.1.2. Condensation of primary alcohols to highera  Icohols ~
In this category, four reactions were investigated. Dimerization of ethanol
to butanol was studied over several solid base catalysts. The mechanism

of the reaction was studied over magnesium oxide catalyst.

Self condensation of propanol to 2-methylpentanol was also studied over
solid base catalysts. Several parameters were investigated and the data

obtained was used to propose a mechanism for the reaction.

In the light of the information obtained from the above experiments, mixed

alcohols reactions were studied to understand the interaction of two



different alcohols over solid base catalysts. This led to the investigation of

ethanol/butanol and ethanol/propanol reactions over solid base catalysts.

* A.S. Ndou, N. Plint, N.J. Coville, Appl. Catal. A: General, 251 (2003) 337.

* A.S. Ndou, N.J. Coville, Appl. Catal. A: General, 275 (2004) 103.

1.1.3. Hydrogenation of phenol

Phenol hydrogenation was carried out over palladium supported on high
surface area titanates. The reaction focused on the influence of support
preparation method on the basicity of the support and the way in which the

basicity of the support affects the reaction.
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CHAPTER 2

Literature Review

2.1 Introduction

A variety of organic reactions are catalyzed in a very selective manner by
solid base catalysts since solid bases offer a convenient and
environmentally benign pathway in organic synthesis. The use of solid
base catalysts in organic synthesis has been reviewed by Hattori et al. [1]

and most recently by Yoshio Ono [2].

The first study of heterogeneous basic catalysts was reported by Pines et
al [3]. In this reaction, sodium metal dispersed on alumina was used as an

effective catalyst for the double bond migration of alkenes. Considering the



strong tendency of Na to donate electrons, it seems natural that Na

dispersed on alumina acts as a heterogeneous basic catalyst.

Following the report by Pines et al. [3], certain metal oxides with a single
component were found to act as heterogeneous basic catalysts in the
absence of such alkali metals as Na and K. In the 1970s, Kokes et al.
reported that hydrogen molecules were adsorbed on zinc oxide by acid-
base interaction to form proton and hydride species on the surface [4,5].
They proved that the heterolytically dissociated hydrogen atoms act as
intermediates for alkene hydrogenation. In the same period, Hattori et al.
reported that calcium oxide and magnesium oxide exhibited high activities
for 1-butene isomerization if the catalysts were pre-treated under proper
conditions such as high temperature and high vacuum [6]. The 1-butene
isomerization over calcium oxide and magnesium oxide was recognized as
a base catalyzed reaction in which the reaction was initiated by abstraction

of a proton from 1-butene by the basic site on the catalyst surfaces.

The catalytic activities of basic zeolites were also reported in early 1970s.
Yashima et al. reported that side chain alkylation of toluene was catalyzed

by alkali ion-exchanged X and Y type zeolites [7]. The reaction is a typical



base-catalyzed reaction, and the activity varied with the type of exchanged
alkali cation and with type of zeolite, suggesting that the basic properties
can be controlled by selecting the exchanged cation and the type of

zeolite.

In addition to the above mentioned catalysts, a number of materials have
been reported to act as heterogeneous basic catalysts. Except for non-
oxide catalysts, the basic sites are believed to be surface oxygen atoms.
Oxygen atoms existing on any materials may act as basic sites because of

their ability to interact with protons.

There are four criteria that can be used to recognise certain materials as

heterogeneous basic catalysts [1].

(a) Characterization of the surfaces indicates the existence of basic sites:
Characterizations of the surfaces by various methods such as colour
change of acid-base indicators adsorbed, surface reactions, adsorption of
acidic molecules, and spectroscopy (UV, IR, XPS, ESR, etc.) indicate that

basic sites exist on the surfaces.



(b) A parallel relation between catalytic activity and the amount and/or
strength of the basic sites: The catalytic activities correlate well with the
amount of basic sites or with the strength of the basic sites measured by
various methods. Also, the active sites are poisoned by acidic molecules

such as HCI, H»0, and CO..

(c) Similarities in activity to materials for homogeneous basic catalysts for
“base-catalyzed reactions” well-known in homogeneous systems: There
are a number of reactions known as base-catalyzed reactions in
homogeneous systems. Certain solid materials also catalyze these
reactions to give the same products. The reaction mechanisms occurring
on the surfaces are suggested to be essentially the same as those

occurring in homogeneous basic solutions.

(d) Indications of anionic intermediates participating in the reactions:
Mechanistic studies of the reactions, product distributions, and
spectroscopic observations of the species adsorbed on certain materials

indicate that anionic intermediates are involved in the reactions.

To place this thesis in perspective a brief overview of aspects of base
catalysts will be given. This literature review chapter will focus on the

generation of basic sites, characterization of basic sites and application of



solid base catalysts. The chapter will also highlight different types of

heterogeneous basic catalysts.

2.2 Generation of Basic Sites

On exposure to the atmosphere, alkaline earth oxides adsorb carbon
dioxide, water, and oxygen to form carbonates, hydroxides, and
peroxides. Removal of the adsorbed species from the surfaces is
essential to expose the oxide surfaces. Therefore, high temperature pre-
treatment is required to obtain the metal oxide surfaces. For a example,
Hattori et al. have reported that on evacuation of magnesium hydroxide (a
catalyst precursor), water and carbon dioxide begin to evolve at about
700 K (Fig. 2.1) [8,9]. At this temperature, the catalytic activities for
different types of reactions increase, and with correct pre-treatment
temperature maximum activity can be achieved. The activities even start
to decrease after a certain temperature range had been exceeded.
Evolution of carbon dioxide, water, and oxygen results in generation of
basic sites on the surfaces which act as catalytically active sites for

several reaction types.
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Figure 2.1 Evolutions of H ,0 and CO, from Mg(OH) » [8,9].

The nature of the basic sites generated by removal of molecules covering
the surface depends on the severity of the pre-treatment. Changes in the
nature of basic sites are reflected in the variations of the catalytic
activities as a function of pre-treatment temperature. An example is
shown in Fig. 2.2 for the case of MgO [1,9,10]. The temperatures to give
the maximum activities vary with the type of reactions. For MgO, the

temperatures giving maximum activiies are 800 K for 1-butene



isomerization, 973 K for methane-D2 exchange and amination of 1,3-

butadiene, and 1300 K for hydrogenation of 1,3-butadiene [9].

Activity
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Figure 2.2 Variations of activity of MgO for different types of reactions as
a function of pre-treatment temperature: (0), 1-butene isomerization at
303 K; (), CHs—D; exchange at 673 K; ( ), amination of 1,3-butadiene

with dimethylamine at 273 K, ( ), 1,3-butadiene hydrogenation at 273 K

[1,9,10].



As the pre-treatment temperature increases, molecules covering the
surface are consecutively desorbed according to the strength of
interaction with the surface sites. Molecules that are weakly interacting
with the surface are desorbed at lower pre-treatment temperatures, and
those strongly interacting with the surface are desorbed at higher
temperatures. The sites that appear on the surface by pre-treatment at
low temperatures are suggested to be different from those appearing at
high temperatures. If simple desorption of molecules occurs during pre-
treatment, the basic sites that appear at high temperatures should be
strong. However, rearrangement of surface and bulk atoms also occurs
during pre-treatment, which may change the number and nature of the

surface basic sites with increasing the pre-treatment temperature.

According to the proposal by Coluccia and Tench, several Mg—O ion pairs
of different coordination numbers exist on the surface of MgO catalyst
[11]. lon pairs of low coordination numbers exist at corners, edges, and
high Miller index surfaces. Different basic sites generated by increasing
the pre-treatment temperature appear to correspond to the ion pairs of
different coordination numbers. Among the ion pairs of different

coordination numbers, the most reactive adsorbs carbon dioxide most



strongly. To reveal the most reactive ion pair, the highest pre-treatment

temperature is required.

The nature of basic sites varies with the severity of the pre-treatment
conditions for most solid base catalysts. The surface sites generated on
rare earth oxides, however, behave differently from those of the other
solid base catalysts. The sites of rare earth oxides do not seem to vary in
nature with pre-treatment temperature. The pre-treatment of La,O3 at 923
K results in the maximum activity for 1-butene isomerization, 1,3-
butadiene hydrogenation, and methane-D, exchange reactions [12-14].
The surface sites generated by removal of water and carbon dioxide
seem to be rather homogeneous since the same surface sites are

relevant to all the reactions mentioned above.

It is essential to remove the adsorbed carbon dioxide, water, and, in
some cases, oxygen from the surfaces to generate basic sites, though
proper pre-treatment temperatures vary with the types of catalysts and

reactions.



2.3 Characterization of Solid Base Catalysts

The surface properties of the heterogeneous basic catalysts have been
studied by various methods. Different characterization methods give
different pieces of information about the surface properties. All the
properties of basic sites cannot be measured by any single method.
Integration of the results obtained by different characterization
procedures leads to the understanding of structures, reactivity, strengths,
and amounts of the basic sites on the surface. In this section, some of the
representative methods for characterization of the surface basic sites are
described. The aspects of basic sites disclosed by each characterization

method are emphasized.

2.3.1 Indicator Methods

Acid-base indicators change their colours according to the strength of the
surface sites and pKgy values of the indicators. The strength of the
surface sites are expressed by an acidity function (H.) proposed by Paul

and Long. The H. function is defined by the following equation [15,16]:



H.= pKBH + Iog [B]/[BH]

where [BH] and [B] are, respectively, the concentration of the indicator
BH and its conjugated base, and pKgy is the logarithm of the dissociation
constant of BH. The reaction of the indicator BH with the basic site (E) is

shown below.

BH+E=B +EH"

The amount of basic sites of different strengths can be measured by
titration with benzoic acid. A sample is suspended in a nonpolar solvent
and an indicator is adsorbed on the sample in its conjugated base form.
The amount of benzoic acid used is a measure of the amount of basic
sites having a basic strength corresponding to the pKgy value of the
indicator used. Using this method, Take et al. measured outgassed
samples of MgO, CaO, and SrO [17]. The results show that magnesium

oxide and CaO possess basic sites stronger than H. = 26.

The indicator method can express the strength of basic sites in a definite
scale of H-, but this has disadvantages too. Although the colour change is

assumed to be the result of an acid-base reaction, an indicator may



change its colour by reactions different from an acid-base reaction. In
addition, it requires a long time for benzoic acid to reach adsorption
equilibrium when titration is carried out in a solution. In some cases, the
surface of heterogeneous basic catalysts may dissolve into a titration
solution. If this happens, the number of basic sites would be
overestimated. Therefore, special care should be taken with the indicator

method.

2.3.2 Temperature Programmed Desorption (TPD) of Ca rbon Dioxide

This method is mostly used to measure the number and strength of basic
sites. The strength and amount of basic sites are reflected in the
desorption temperature and peak area, respectively, in a TPD plot.
However, it is difficult to express the strength in a definite scale and to
count the number of sites quantitatively. Relative strengths and relative
numbers of basic sites on the different catalysts can be estimated by
carrying out the TPD experiments under the same conditions. If the TPD

plot gives a sharp peak, the heat of adsorption can be estimated.



Zhang et al. has reported a comparative TPD-CO, desorption study for
alkaline earth oxides under the same conditions [18]. In this study, the
strength of basic sites was found to be MgO < CaO < SrO < BaO. The
number of basic sites per unit weight that could retain carbon dioxide
under the adsorption conditions increased in the order BaO < SrO < MgO

< CaO.

Tsuji et al. have also reported an enhancement of basic strength by
addition of alkali ions to X-zeolite in excess of the ion exchange capacity
demonstrated by TPD plots of carbon dioxide [19]. The peak areas are
reported to be larger for the alkali ion-added zeolites than for the ion-
exchanged zeolites. In particular, desorption of carbon dioxide still
continues at the desorption temperature of 673 K for alkali ion-added

zeolites.

2.3.3 Temperature Programmed Desorption of Hydrogen

This method gives information about the coordination state of the surface

ion pairs when combined with the other methods such as UV absorption



and luminescence spectroscopy. The number of each ion pair can be
counted if TPD is accurately measured with a proper calibration method.

This method has been applied only to the MgO surface [20,21].

Hydrogen is heterolytically dissociated on the surface of MgO to form H*
and H’, which are adsorbed on the surface of the O% ion and Mg?" ion,
respectively. TPD plots of hydrogen adsorbed on MgO pre-treated at
different temperatures are shown in Figure 2.3 [20,21]. Seven desorption
peaks appear in the temperature range 200-650 K, and appearance of
the peaks varies with the pre-treatment temperature. Appearance of the
peaks at different temperatures indicates that several types of ion pairs
with different coordination numbers exist on the surface of MgO. The
adsorption sites on MgO pre-treated at different temperatures and the
coordination numbers of each ion pair have been assigned. The
assignment of the surface ion pairs are based on the surface structure
model of MgO proposed by Coluccia and Tench [11]. TPD of hydrogen

supports the surface model of MgO illustrated.
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Figure 2.3 TPD plots for hydrogen adsorbed on MgO at various pre-

treatment temperatures: (a) 1123 K, (b) 973 K, (c) 823 K, (d) 673 K

[20,21]

Heterolytic dissociation of hydrogen on the MgO surface is also

demonstrated by IR spectroscopy. The IR bands for O-H and Mg-H

stretching vibration were observed [11].



2.3.4 X-ray Photoelectron Spectroscopy (XPS)

The XPS binding energy (BE) for oxygen reflects the basic strength of the
oxygen. As the Ois BE decreases, electron pair donation becomes
stronger. Okamoto et al. studied the effects of zeolite composition and the
type of cation on the BE of the constituent elements for X- and Y-zeolites
ion-exchanged with a series of alkali cations as well as H-forms of A, X,
Y, and mordenite [22]. The BE values of O;s decreases as the Al content

increases.

The effect of an ion-exchanged cation on the O35 BE as a function of the
electronegativity of the cation has been reported by Okamoto et al [22].
The O;5 BE increases with increasing electronegativity of the cation. The
O1ls BE of zeolite is directly related to the electron density of the
framework oxygen. On the basis of XPS features of zeolites, Okamoto et
al. proposed a bonding model of zeolites as shown in Figure 2.4 [22].
Configurations (1) and (Il) are in resonance. In configuration (1), extra
framework cations form covalent bonds with framework oxygen, while in
configuration (ll), the cations form fully ionic bonding with the negatively

charged zeolite lattice. As the electronegativity of the cation increases



and approaches that of oxygen, the contribution of configuration (1)
increases to reduce the net charge on the lattice. This explains the

dependences of the O;5 BE on the electronegativity of the cation.

M\ M
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SN N N /\ /\ /\

() (D)

Figure 2.4 Schematic bonding model of zeolite [22].

Although the relationship between electron density and the basic strength
of O% is not theoretically established, a good correlation between the BE
of the Nis band and basicity is well established for a wide variety of
organic compounds containing N. It may be acceptable that the BE of the
O1s band changes monotonously with the basic strength of O* when

comparison is made within a same series of exchanged cations.



XPS measurement of the probe molecule adsorbed on basic sites gives
information about the strength of the basic sites. Huang et al. measured
the Nis BE of the pyrrole adsorbed on alkali cation-exchanged X- and Y-
zeolites [23]. The Nis envelopes were deconvoluted into three peaks.
One of the peaks was assigned to pyrrole adsorbed on the framework
oxygen adjacent to the alkali cations other than the sodium cation. The
BE of the peak varies with the exchanged cation in such a way that the
Nis BE decreases as the basic strength of the zeolite increases as Li <
Na < K < Rb < Cs. The deconvolution of XPS Nis peaks into three peaks
indicates that the basic strength of the framework oxygen is
inhomogeneous in the zeolite cage and that the cation exerts an influence
only on the adjacent framework atoms. These results suggest that

electrons are localized significantly on M*(AIO)™ units.

In a proposed model for pyrrole chemisorbed on a basic site of alkali
cation-exchanged zeolite, the basic strength is reflected in the N-H
stretching vibration frequency of pyrrole in the IR spectrum [24]. The Nis
BE in XPS correlates linearly with the N-H vibration frequencies of
chemisorbed pyrrole. As the exchanged cation changes in the sequence
Li, Na, K, Rb, and Cs, both the N;s BE and the frequency of the N-H

stretching vibration decrease for X- and Y-zeolites [23].



2.3.5 IR Spectra of Carbon Dioxide

This method gives information about the adsorbed state of CO, on the
surface. Carbon dioxide interacts strongly with a basic site and the
surface structures including basic sites are estimated from the adsorbed

state of CO, [25].

Carbon dioxide is adsorbed on solid base catalysts in different forms:
bidentate carbonate, unidentate carbonate, and bicarbonate. On the MgO
surface, the adsorbed form varies with the coverage of the adsorbed
carbon dioxide. Bidentate carbonate dominates at low coverage, and
unidentate carbonate at high coverage [25]. Evans and Whately reported
the adsorption of carbon dioxide on MgO [26]. In addition to unidentate
and bidentate carbonates, bicarbonate species were also detected on
MgO. For CaO, carbon dioxide is adsorbed in the form of bidentate

carbonate regardless of the coverage.

In the adsorption state of unidentate carbonate, only surface oxygen

atoms participate, while the metal ion should participate in the adsorption



state of bidentate. In other words, the existence of only a basic site is
sufficient for unidentate carbonate formation, but the existence of both a

basic site and a metal cation is required for bidentate carbonate.

2.4 Types of Solid Base Catalysts

The catalytic properties of solid base catalysts are closely associated with
the amount and strength of the basic sites existing on the surface of the
solid base. However, the amount and strength of the basic sites are not
the only measures available to determine the catalytic properties. It
appears that there are also characteristic features commonly observed
for a certain type of solid base catalysts. In this section, catalytic features

of different types of solid base catalysts are described.

2.4.1 Single Component Catalysts (Metal Oxides)

Alkaline earth oxides such as MgO, CaO, SrO, and BaO are most
extensively studied [1,9]. They possess strong basic sites. The order of the

basic strength is BaO > SrO > CaO > MgO. As described in the earlier



section, the surfaces are covered with CO, and H,O before pre-treatment.
To be active catalysts, they need pre-treatment at a high temperature to
remove adsorbed CO, and H,O. In addition, the active sites are easily
poisoned by even small amounts of impurities like CO, and H,O contained
in the reactants. To measure the full capabilities of alkaline earth oxides,
the reaction system should be kept free of the impurities, which makes the
industrial uses of the alkaline earth oxides difficult, especially at low
reaction temperatures. At high reaction temperatures, the poisoning effects
are reduced, and certain alkaline earth oxides show catalytic activities for

the reactions from which poisons like H,O are liberated.

One of the features of alkaline earth oxides is a high ability to abstract an
H* from an allylic position. This feature is revealed in the double bond
migration of olefinic compounds. Butene, for instance, undergoes double

bond migration even at 223 K [27].

Rare earth oxides have been studied to a lesser extent as compared to
alkaline earth oxides. The reactions for which basic sites of rare earth
oxides are relevant are the hydrogenation of olefins, double bond migration

of olefins, aldol condensation of ketones, and dehydration of alcohols. The



activity sequences of a series of rare earth oxides have been studied for 1-
butene isomerization, 1,3-butadiene hydrogenation, and acetone aldol
condensation [28]. The activity sequence was reported to be the same for
1-butene isomerization and 1,3-butadiene hydrogenation, which is different
from that of aldol condensation. For the isomerization and the
hydrogenation, the oxides of sesquioxide stoichiometry showed activity
while the oxides with metal cations of higher oxidation states were entirely
inactive. The situation was different in the acetone aldol condensation
reaction. The oxides with high oxidation state, CeO,, Th4O7, and PrgO11,
showed considerable activity. The oxides with metal cations of oxidation
state higher than three possessed weak basic sites sufficient to catalyze
the aldol condensation, but not strong enough to catalyze hydrogenation

and isomerization [28].

Rare earth oxides show characteristic selectivity in the dehydration of
alcohols [29-31]. 2-Alcohols undergo dehydration to form 1-olefins. The
formation of thermodynamically unstable 1-olefins contrasts with the

formation of stable 2-olefins in the dehydration over acidic catalysts.

Zirconium oxide is a unique solid base catalyst in the sense that two

industrial processes have been established that use ZrO, as a catalyst.



One is reduction of aromatic carboxylic acids with hydrogen to produce
aldehydes [32]. The other is dehydration of 1-cyclohexylethanol to vinyl-
cylohexane [33]. In addition, the production of diisobutyl ketone from
isobutyraldehyde has been preferred industrially for more than 30 years

[34].

One of the difficulties associated with most of the heterogeneous basic
catalysts used in industries arises from rapid poisoning of the catalyst by
CO; and H,O. This is not the case with ZrO,. Zirconium oxide retains its
activity in the presence of water, which is one of the products for the

reactions of carboxylic acid and 1-cyclohexylethanol.

The catalytic features of ZrO, are understood in terms of bifunctional acid-
base properties [35-37]. Although the strengths of the basic and acid sites
are low, a cooperative effect makes ZrO, function as an efficient catalyst.
Because of weakly acidic and basic sites, the active sites are not poisoned

by CO, and water.



2.4.2 Zeolites

The characteristic features of zeolites result from their ion-exchange ability
and specific pore structure. The acid-base properties are controlled by
selecting the types of ion-exchanged cations and by the Si/Al ratio of the
zeolite framework. Wide variation of acid-base properties can be achieved
by ion-exchange and ion-addition, while relatively small changes in acid-

base properties are achieved by changing the Si/Al ratio.

To prepare basic zeolites, two approaches have been undertaken. One
approach is to ion-exchange the zeolite with alkali metal ions, and the
other is to impregnate the zeolite pores with fine particles that can act as
bases themselves. The former produces relatively weak basic sites, while

the latter results in the strong basic sites.

In alkali ion-exchanged zeolites, the type of alkali ions used affects the
basic strength of the resulting zeolites. The effect of the alkali ions on the
basic strength follows the order: Cs* > Rb" > K" > Na* > Li* [23,24]. The

basic sites are framework oxygen. The bonding of the framework oxygen is



rather covalent in nature. This causes the basic sites of ion-exchanged
zeolites to be relatively weak as compared to those of alkaline earth

oxides.

Besides alkali metal oxides, the fine particles of MgO have been placed in
the zeolite cavities [38]. The resulting zeolite also showed strong basic
properties, though the basic sites on the fine particles of MgO are not as
strong as those of bulk MgO. The ionic nature of the Mg-O bond is reduced
for a fine particle of MgO as compared to bulk MgO, and therefore, the
basic strength of the O ion is reduced. The dependence of the particle
size on the strength of basic site was studied for ultra fine MgO patrticles by
Itoh et al [39]. It was also concluded that smaller particles exhibited weaker

basicity.

2.4.3 Solid Base Catalysts of the Non-Oxide Type

Most solid base catalysts are in the form of oxides. The basic sites are 0%
ions with different environments depending on their type. If the basic sites
are constituted by elements other than O%, the catalysts are expected to
show catalytic properties different than those of the catalysts of the oxide

form. Some examples are given below.



Potassium fluoride supported on alumina (KF/Al,O3) was introduced by
Clark [40] and by Ando and Yamawaki [41,42] as a fluorinating reagent
and a base catalyst. As a base catalyst, KF/Al,O3 has been applied to a
number of organic reactions. The reactions for which KF/Al,O3 acts as a
catalyst include Michael addition [43-46], Wittig-Honner reactions [47,48],
Knoevenagel condensations [47,48], Darzen condensations [47,49]
condensation of phenyl acetylene with benzaldehyde [50], alkylations at C,
O, N, and S with aldehydes and dimethylsulfate [41,51-53], and

disproportionation of alkylsilanes [54].

An example of another catalyst of the non-oxide type, prepared by Baba et
al. was a low-valent lanthanide species introduced into zeolite cavities
[55,56]. They impregnated K-Y zeolite with Yb and Eu dissolved into liquid

ammonia followed by thermal activation.

The chemical states of Yb were studied by TPD, IR, XAFS, and XPS as a
function of evacuation temperature. The states of Yb changed from Yb(ll,

[11) amides, to Yb(lIl) nitride as follows:



Yb(NH2)3 — YbNH + NH3z + 1/2N, + H,

YB(NH2)2 —» YDBNH + NHs

and

2YbNH » 2YDN + H,

It was concluded that the Yb(ll) imide species catalyze 1-butene
isomerization and the Michael addition and that the Yb(lll) nitride species

catalyzed ethylene hydrogenation.

2.4.4 Solid Super basic Catalysts

To activate a reactant under mild conditions, a catalyst possessing very
strong basic sites is desired. There have been some attempts to prepare

super basic catalysts.



Suzukamo et al. prepared a super basic catalyst by addition of alkali
hydroxides to alumina followed by further addition of alkali metals [57].
Sodium hydroxide was added to a calcined alumina at 583-593 K with
stirring under a nitrogen stream. Sodium metal was added after 3 h and the
mixture was stirred for another 1 h at the same temperature to give a pale
blue solid. The resulting catalyst possessed basic sites stronger than H. =
37 that catalyzed various reactions such as double bond migrations of 5-
vinylbicyclo[2.2.1]Ihept-2-ene to 5-ethylidenebicyclo[2.2.1]hept-2-ene at the
reaction temperature 243-373 K, 2,3-dimethylbut-l-ene to 2,3-dimethylbut-
2-ene at 293 K, safrol to isosafrol at 293 K and side chain alkylations of
alkylbenzenes at the reaction temperature of 293-433 K. The former two
reactions are initiated by abstraction of an H* from the tertiary carbon in the
molecules to form tertiary carbanions. Because tertiary carbanions are
unstable, the abstraction of an H* from a tertiary carbon requires a strong

basic site.

Ushikubo et al. prepared a super basic catalyst by addition of metallic
sodium to MgO [58]. Magnesium oxide was pre-treated at a high
temperature and mixed with NaN3;. The mixture was heated at 623 K to
decompose NaNj3; to evolve metallic sodium vapour to which MgO was

exposed. The resulting catalyst acted as an efficient catalyst for



decomposition of methyl formate to CO and methanol. The activity was
much higher than that of MgO. Although the basic strength of Na-added
MgO was not compared with that of MgO, the high activity of Na-added
MgO for the decomposition of methyl formate appears to be due to the

enhancement of basic strength caused by the addition of Na to MgO.

2.5 Application of Solid Base Catalysts

In this section, selected examples of solid base-catalyzed reactions are
described. Some of the studies were originally undertaken to elucidate the
mechanism of the reaction. Other examples reveal the role of solid base

catalysts in synthetic organic chemistry.

2.5.1 Alkylation

In general, alkylation of alkylaromatics occurs at the ring position over an
acidic catalyst, while side chain alkylation takes place over a basic catalyst.
Toluene undergoes side chain alkylation with methanol to produce

ethylbenzene and styrene over Cs” ion-exchanged X-zeolite [7].



CHs CH,CH; HC=CH,

+ CHOH ——> © © H20, H,
[7

The first step in this reaction is dehydrogenation of methanol to

]

formaldehyde, which undergoes an aldol type reaction with toluene to form
styrene. Ethylbenzene is formed by hydrogenation of styrene. The basic
sites in the zeolite catalyst used participate in both the dehydrogenation of

methanol and the aldol type reaction.

Alkylation of toluene was studied by computer graphics on the basis of
guantum chemical calculation [59,60]. The calculations also suggested that
the high activity results from the presence of both acidic and basic sites in

a zeolite cavity.

The zeolites having alkali ions in excess of their ion-exchange capacity
exhibit higher activities than the simple ion-exchanged zeolites [61]. The
high activities are caused by the generation of strong basic sites by
addition of alkali ions which are located in the zeolite cavities in the form of

alkali oxides.



K/KOH/AILO3 is an efficient catalyst for alkylation of isopropylbenzene with
olefins such as ethylene and propylene [57]. The reaction occurs at 300 K.
In this reaction, alkylation occurs selectively at the side chain. The
selective occurrence of the side chain alkylation is due to an anionic
mechanism as proposed by Suzukamo et al [57]. The basic sites of
K/IKOH/ALLO3; are sufficiently strong to abstract an H* from

isopropylbenzene to form an unstable tertiary anion at a low temperature.

2.5.2 Aldol Addition and Condensation Reactions

Aldol addition of acetone to form diacetone alcohol is well known to be
catalyzed by Ba(OH),. Alkaline earth oxides, La,O3 and ZrO, are also
active for the reaction in the following order: BaO > SrO > CaO > MgO >
La,O3 > ZrO, [62]. With MgO, addition of a small amount of water
increases the activity, indicating that the basic OH" ions either retained on
the surface or formed by dehydration of diacetone alcohol are active sites
for the aldol addition of acetone. By the use of tracer experiments in which
a mixture containing equal amount of acetone-do and —ds was allowed to

react, the slow step was elucidated to be step B in Scheme 2.1 [63].



When the catalysts possessing both acid and base sites are used, the
product diacetone alcohol undergoes dehydration to mesityl oxide. If the
hydrogenation ability is further added to the catalyst, mesityl oxide is

hydrogenated to methyl isobutyl ketone (MIBK).

Q
Step A CH3—|C|3—CH3 + B—> CH3—|C|:—CI—|2 + H'B

o) o)
CH
o HaC_ [
StepB CHy-C—Ch, + ~c=0— CHg—l(ll—CHz—(lJ—O@
o} HsC o} CHs
g o
Step C CH3—|(|3—CH2~(|:—O@ +H'B —» CHyC—CH C—OH 1B
CHs O CHs

Scheme 2.1 Aldol addition of acetone [63].

When the aldol condensation of acetone is performed over A-, X-, Y-, or L-
zeolites containing alkali metal clusters at 623 K, mesityl oxide and
isophorone are produced as the main products [64]. The ratio of the two

products is dependent on the types of zeolites used. A-type zeolites favour



the formation of the smaller molecule of mesityl oxide. With X- or Y-zeolite,
isophorone is preferentially produced. For the smaller pore sized L-zeolite,
the formation of mesityl oxide is about twice as great as that of isophorone
[65]. These catalysts possess acidic sites in addition to basic sites. Each
product can be selectively obtained by controlling the acid-base properties

and the pore size of the zeolite.

Aldol condensation of formaldehyde with methyl propionate to form methyl
methacrylate is catalyzed by X- and Y-zeolites having a basic property.
The highest conversion was obtained with the zeolite ion-exchanged with K

followed by being impregnated with potassium hydroxide [66].

Hydrotalcite (MgeAlo(OH)16C03.4H,0) and chrysotile (Mgs(OH)4Si>0s) act
as efficient catalysts for the production of methyl vinyl ketone (MVK)
through aldol condensation between acetone and formaldehyde at 673 K
[67]. Synthetic Co** ion-exchange chrysotile, CoMgs.(OH)4Si,Os,
produces methyl vinyl ketone from acetone and methanol. By addition of
Co?*, dehydrogenation sites are generated. Methanol is dehydrogenated to
formaldehyde which undergoes aldol condensation with acetone to

produce MVK.
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2.5.3 The Tishchenko Reaction

The Tishchenko reaction entails the dimerization of aldehydes to form
esters. Since the reaction mechanisms are similar to those of the
Cannizzaro reaction, the Tischenko reaction is thought to be a base-

catalyzed reaction.

Benzaldehyde converts to benzylbenzoate over alkaline earth oxides [68].
This reaction proceeds by a Tishchenko type reaction as shown in

Scheme 2.2.

In this reaction, both basic (O% ion) and acidic sites (metal cation)
participate. The slow step is H™ transfer from (lll) to (IV). The activities of

the alkaline earth oxides were reported to be in the order MgO < CaO <



SrO < BaO, indicating that basic strength is important among alkaline

earth oxides.
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Scheme 2.2 Esterification of benzaldehyde [68].

For the aldehydes with/without -hydrogen, such as benzaldehyde and
pivalaldehyde, Tishchenko reactions take place selectively to produce

corresponding esters.

In the self-condensation of butyraldehyde, the dimers resulting from aldol

condensation and the trimers resulting from Tishchenko reaction of the



dimer with butyraldehyde were formed by use of alkaline earth oxides as
catalysts, as shown in Scheme 2.3. When alumina modified with alkali ions
was used as catalyst, the reaction was selective for the formation of dimer
by aldol condensation, and the Tishchenko reaction hardly occurred. For
the aldol condensation, the presence of only basic sites is sufficient, but for
the Tishchenko reaction, the presence of both basic and acidic sites is
required. By modification of alumina with alkali ions, basic sites are
generated and the acidic sites are suppressed. Hence, only the aldol
condensation takes place. On the other hand, a considerable amount of
trimer was formed on alkaline earth oxides. It was suggested that both
basic and acidic sites participated in the reaction taking place on alkaline

earth oxides.
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Scheme 2.3 Self condensation of butyraldehyde [1].



2.5.4 Michael Addition

Michael addition is a reaction which involves a nucleophilic addition of a
carbanion to , -unsaturated carbonyl compound. The reaction is
essential for the formation of carbon-carbon bonds. However, only limited
types of solid base catalysts have been applied to Michael additions. In
solid base catalysis, the basic sites are responsible for forming the
carbanion by abstraction of an H" from the molecule having an -

hydrogen.

Partially dehydrogenated Ba(OH), catalyzes Michael addition of chalcones
with active methylene compounds such as ethyl malonate, ethyl

acetoacetate, acetylacetone, nitromethane, and acetophenone [69].

Potassium fluoride supported on alumina (KF/Al,O3) and KOH/AIL,O3; are
active for the Michael addition of nitromethane with , -unsaturated

carbonyl compounds, while MgO and CaO showed low activities [70].



Dimerization of methyl crotonate proceeds by self-Michael addition to form
methyl diesters of (2)- and (E)-2-ethylidene-3-methylglutalic acid (Z-MEG

and E-MEG) [71].
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CH3—CH:CH—ﬁ:—O—CH3 — > CHs O
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CHg O

Among the types of basic catalysts used, MgO showed high activity. The
reason for high MgO activity is not clear. The other base catalysts such as
CaO, Lay03, ZrO,, KOH/AI,O3, and KF/Al,O3; showed negligible activities
as compared to MgO. The reaction is initiated by abstraction of allylic H of
methyl crotonate by the basic site to form an allyl carbanion. The carbanion
attacks a second methyl crotonate at the -position to form the methyl
diester of 3-methyl-2-vinylglutalic acid, which undergoes double bond

migration to form the final product.



Mesoporous silica having N,N-dimethyl-3-aminopropyl groups prepared by
the sol—gel method using a template have shown to be a good catalyst for
Michael addition reactions of nitroalkanes to but-3-en-2-one and 2-
cyclohaxen-1-one. No leaching of the catalytic component was observed

[72].

Reconstructed hydrotalcite having OH ions selectively catalyzes Michael
additions of methyl vinyl ketone, methyl acrylate, and simple and
substituted chalcones by donors such as nitroalkane, malononitrile,

diethylmalonate, cyanoacetamide, and thiols [73].

2.5.5 The Wittig-Horner Reaction and Knoevenagel Co  ndensation

Knoevenagel condensation is the reaction between a ketone and an active
methylene compounds and proceeds over a variety of weakly basic
catalysts, such as alkali-ion-exchanged zeolites, alkali-ion-exchanged

sepiolite, oxynitrides, and t-BuOK supported on xonotlite [74,75].

Reconstructed hydrotalcite is reported to give quantitative yields for a
variety of Knoevenagel condensations [76]. Mesoporous silica modified

with amino groups was also effective [77—79]. AIPON is effective for the



synthesis of -phenylsulfonylcinnamonitrile by the condensation of

phenylsulfonylacetonitrile with benzaldehyde [80].

The two-step synthesis of dicyanomethylene derivative dyes was
performed using different solid bases [81]. The first step is the
Knoevenagel condensation of acetophenone and malononitrile to give the
corresponding -methylbenzylidenemalononitrile  (VIII).  Subsequent
condensation of (I) with benzaldehyde gives the 1,1-dicyano-1,3-butadiene

dye (IX).
NC CN

N CH
* - > 4+ HO

CN
(VI )
CN NC. _CN

" N
o= G-
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The first step, the Knoevenagel condensation, was catalyzed by a variety
of solid bases such as MgO, calcined hydrotalcites, and AIPONs. Only
AIPONs are able to efficiently catalyze the second step. The two-step

reaction could also be performed in a “one-pot” system.

The reaction of salicylaldehyde with diethylmalonate in the presence of

montmorillonite gave ethyl coumarine-3-carboxylate [82].

Aldehydes react with nitriles over basic catalysts such as MgO, ZnO, and
Ba(OH), to vyield the Wittig-Horner reaction and the Knoevenagel

condensation as shown below [83].
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For the Knoevenagel condensation of benzaldehyde with the compounds
possessing a methylene group, hydrotalcite and alkali ion-exchange zeolite
[84] and alkali ion-exchange sepiolites [85] act as catalysts. For the
zeolites and sepiolites, the aldol condensation which would occur as a side
reaction is suppressed due to weak basic properties, and Michael addition
producing bulky products is also suppressed due to the small space of the
cavities where the basic sites are located. The activities of the zeolite are
enhanced by replacing framework Si by Ge, which causes a change in the

basic properties [86].



2.5.6 Nitroaldol Condensations

The nitroaldol condensation of aldehydes with nitroalkanes proceeds in the
presence of bases. The reactions often proceed further to give

nitroalkenes.

R!CHO + R®CH,NO,  R'CH(OH)CH(NO,)R?

R'HC=C(NO,)R?

Mg-Al mixed oxides prepared by calcination of hydrotalcite catalyze the
nitroaldol condensation to nitroalcohols. The reaction is diastereoselective.
For example, when 3-nitrobenzaldehyde and nitroethane was refluxed in
THF, 1-(3-nitrophenyl)-2-nitropropan-1-ol was obtained in a 95% yield with

a threolerythro ratio of 12.5 [87].

The nitroaldol reaction of propionaldehyde and nitromethane gives the
addition product, 1-nitro-2-hydroxybutane, in the presence of different solid

bases at 313 K [9].



Among the solid bases studied, MgO was the most active. The activity was
not as strongly dependent on the pre-treatment temperature and was

hardly retarded by exposure to air.

The condensation of aromatic aldehydes with nitroalkanes over alkaline
ion-exchanged zeolites gives nitroalkenes directly. Consequently, in the
reaction of benzaldehyde and chlorobenzene with nitromethane, CsNaX
gave the corresponding nitroalkenes in 68 and 80 % yields, respectively, at

413 K [88].

2.5.7 Conjugate Addition of Alcohols

Cyanoethylation of alcohols such as methanol, ethanol, and 2-propanol
with acrylonitrile occurs at 273 K over alkaline earth oxides and
hydroxides, KF/Al,O3 and KOH/AI,O3. The reaction was not poisoned by

adsorption of carbon dioxide at room temperature [89].

ROH + H,C=CHCN ROCH,CH,CN

Hydrotalcite reconstituted by rehydration after calcination was also found to

be also a highly active catalyst for cyanoethylation of alcohols with



acrylonitrile. The catalyst was reusable without a significant loss in activity

and was air stable [90].

Conjugate addition of methanol to 3-buten-2-one proceeds to form 4-
methoxybutan-2-one over the solid bases such as alkaline earth oxides,
strontium hydroxide, barium hydroxide, and KF/Al,O3;, KOH/AI,O3 at a
reaction temperature of 273 K [91]. MgO treated at 673 K gave the highest
activity. The catalytic activities of MgO, CaO, and KF/Al,O; were not

affected by exposure of the catalysts to carbon dioxide or air.

2.5.8 Hydrogenation

Kokes and his co-workers studied the interaction of olefins with hydrogen
on ZnO, and reported heterolytic cleavage of H, and C-H bond [4,5]. The
negatively charged -allyl anions are intermediate for propylene
hydrogenation. Participation of heterolytically dissociated H* and H in the
hydrogenation is generally applicable in base-catalyzed hydrogenation
reaction. The observation that MgO pre-treated at 1273 K exhibited olefin
hydrogenation activities was a clear demonstration of heterogeneous base-
catalyzed hydrogenation [92]. The hydrogenation occurring on

heterogeneous basic catalysts has characteristic features which distinguish



heterogeneous basic catalysts from conventional hydrogenation catalysts

such as transition metals and transition metal oxides.

The characteristic features of base-catalyzed hydrogenation reaction are

as follows [1].

(1) There is a large difference in the hydrogenation rate between
monoenes and conjugated dienes: Conjugated dienes undergo
hydrogenation much faster than monoenes. For example, 1,3-butadiene
undergoes hydrogenation at 273 K over alkaline earth oxides, while
butenes need a reaction temperature above 473 K. The products of diene
hydrogenation consist exclusively of monoenes, with no alkanes being

formed at 273 K.

(2) There is a predominant occurrence of 1,4-addition of H atoms in
contrast to 1,2-addition which is commonly observed for conventional
hydrogenation catalysts: In 1,3-butadiene hydrogenation, 2-butenes are
preferentially formed over heterogeneous basic catalysts, while 1-butene is

the main product over conventional hydrogenation catalysts.

(3) There is retention of the molecular identity of H atoms during reaction:

While a hydrogen molecule dissociates on the catalyst surface, two H



atoms used for hydrogenation of one reactant molecule originate from one

hydrogen molecule.

Features 1 and 2 are characteristic of hydrogenation in which anionic
intermediates are involved [93]. The reaction (Scheme 2.4) of 1,3-
butadiene hydrogenation is shown below, where H is replaced by D for
clarity. The products contain two D atoms at the terminal C atoms if D, is

used instead of Ho.

,CHz _CHyD CHyD
,/CH—CH — > /CHTCH - > /CH:CH
CHy (:H{TL CH,D
D2—> D~ D /CH_CH _— /CH:CL_I

—Mg—O0— ;56" “cH,D CH,D  "CHpD

Scheme 2.4 Hydrogenation of 1,3-Butadiene [93].

A large difference in the reactivity between dienes and monoenes is
caused by the difficulty of alkyl anion formation compared to allyl anion

formation. Alkyl anions are less stable than allyl anions, hence the



reactions of monoenes with H to form alkyl anions require high

temperature.

Feature 3 arose from the location of the active sites. Both D* and D" on one
set of active sites are assumed not to migrate to other sites, and each set
of active sites is isolated from the others. This happens when the basic

hydrogenation catalysts are metal oxides.

The active sites for hydrogenation on alkaline earth oxides are believed to
be metal cation -O% ion pairs of low coordination. In the surface model
structure of MgO, it is possible that the Mg®'s. -O%3 pairs act as

hydrogenation sites [11].

1,3-Butadiene undergoes transfer hydrogenation with 1,3-cyclohexadiene
over La,0O3, CaO, ThO,, and ZrO, [94,95]. The product distributions are
similar to those for hydrogenation with H, except for ZrO,, on which a

relatively large amount of 1-butene is formed.

Hydrogenation (or reduction) of aromatic carboxylic acids to corresponding
aldehydes using ZrO, has been industrialized [32,96]. Although the
reaction mechanism is not clear at present, the hydrogenation and

dehydration abilities, which are associated with the basic properties of



ZrO,, seem to be important for promoting the reaction. The catalytic
properties are improved by modification with the metal ions such as Cr**
and Mn** ions. Crystallization of ZrO, is suppressed and coke formation is

avoided by addition of the metal ions.

ArCOOH + H, —— > ArCHO + HO

2.5.9 Other Reactions

2.5.9.1 Amination

Amines undergo an addition reaction with conjugated dienes over
heterogeneous basic catalyst [97]. Primary and secondary amines add to
conjugated dienes to form unsaturated secondary and tertiary amines,
respectively. Amination with monoenes hardly proceeds over basic
catalysts. The reaction mechanisms for amination with conjugated dienes
are essentially the same as those for the hydrogenation reactions in the
sense that heterolytic dissociation of hydrogen (H, << H" + H) and amine
(RNH, << H" + RNH) are involved in the reaction. The sequence in which
the anion and H* successively add to the 1,4 position of conjugated dienes

is common to hydrogenation and amination. As an example, the reaction



mechanisms for addition of dimethylamine to 1,3-butadiene is shown in

Scheme 2.5. The reaction occurs over CaO at 273 K.
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(CH;),NCH,-CH=CH-CH, + Ca®*Q¥

Scheme 2.5 Amination of 1,3-Butadiene [97].

2.5.9.2 Isomerization

1-Butene isomerization to 2-butenes has been extensively studied over
many solid base catalysts to elucidate the reaction mechanisms and to
characterize the surface basic properties. The reaction proceeds at room
temperature or below over most of heterogeneous basic catalysts. Over
MgO, for example, the reaction occurs even at 223 K if the catalyst is

properly activated.



The reaction mechanisms for 1-butene isomerization are shown in Scheme
2.6 [27]. The reaction is initiated by abstraction of allylic H by basic sites to
form cis or trans forms of the allyl anion. In the form of the allyl anion, the
cis form is more stable than the trans form. Therefore, cis-2-butene is
predominantly formed at the initial stage of the reaction. A high cis/trans
ratio observed for the base-catalyzed isomerization is in contrast to the

value close to unity found for acid-catalyzed isomerization.

The cis to trans ratio in 2-butenes produced could be used to judge
whether the reaction is a base catalyzed or acid-catalyzed one. Tsuchiya
measured the ratio cis/trans in 1-butene isomerization, and found a high

value for Rb,O [98].

/CH3 +H /CH3
/C gCH = /CHZ CH
_H* ; -
H/+/H*CH2 CHs trans-2-butene
CH,=CHCH,CH3 L

+H*

CH=CH
CH; & “CHs -H" CH; “CHj

cis-2-butene

Scheme 2.6 1-Butene Isomerization [27].



Simultaneous isomerization of butene-dy and —dg is a useful method to
determine the reaction mechanism [99]. In the co-isomerization reaction, a
mixture containing equal amounts of non-deuteriobutene (do) and per-
deuteriobutene (ds) is allowed to react, and the isotopic distributions in the
products and reactant are analyzed. If the reaction proceeds by hydrogen
addition-abstraction mechanisms, an intermolecular H (or D) transfer is
involved and the products will be composed of do, d;, d7, and dg isotopic
species. On the other hand, if the reaction proceeds by hydrogen
abstraction-addition mechanisms, an intramolecular H (or D) transfer is
involved, and then the products will be composed of dy and dg isotopic

species.

Since an H" is abstracted first for base-catalyzed isomerization to form allyl
anions to which the H” returns at a different C atom, an intramolecular H
(or D) transfer is expected. Therefore, an intramolecular H (or D) transfer
and a high cis/trans ratio are characteristic features for 1-butene double

bond isomerization over heterogeneous basic catalyst [100,101].

The fundamental studies of 1-butene double bond isomerization over
heterogeneous basic catalysts were extended to the double bond

migration of olefins having more complex structures such as carene (X),



pinene (XI), protoilludene (XIII), illudadiene (XIV), as shown below

[57,102,103].

(XV)

These olefins contain three-membered and four-membered rings. If acidic
catalysts were used, the ring-opening reactions would easily occur, and the
selectivity for double bond migration should markedly decrease. A
characteristic feature of solid base catalysts is that the double bond
migration selectively occurs without C-C bond cleavages over solid base

catalysts.



The solid base catalysts are highly active for low temperature double bond
migration. This is beneficial for olefins which are unstable at high
temperature. Because of this advantage, the heterogeneous basic catalyst,
Na/NaOH/Al,Qg3, is used on an industrial process for the selective double
bond migration of 5-vinylbicyclo[2.2.1]heptene (XV) [57,104]. The reaction

proceeds at the low temperature of 243 K.

Solid base catalysts have another advantage in double bond migration. For
the double bond migration of unsaturated compounds containing
heteroatoms such as N and O, solid base catalysts are more efficient than
acidic catalysts [105,106]. Acidic catalysts interact strongly with
heteroatoms, became poisoned, and show no activity. On the other hand,
the active sites of solid base catalysts interact weakly with heteroatoms

and, therefore, act as efficient catalysts.

Allylamines undergo double bond migration to enamines over alkaline
earth oxides (Scheme 2.7) [105]. In this scheme, 1-N-pyrrolidino-2-propene
isomerizes to 1-N-pyrrolidino-1-propene over MgO, CaO, SrO, and BaO at
313 K. The reaction mechanisms are essentially the same as those for 1-

butene isomerization. The cis-form of the intermediate of the allyl anion is



more stable than the trans-form, and the products are mostly in the

thermodynamically less stable cis-form.
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Scheme 2.7 Double bond migration of allylamines to enamines [105].

The isomerization of alkyn-1-yl alcohol to , -unsaturated ketones
proceeds over solid-base catalysts [106]. Thus, in the reaction of
compound (XVI) in dioxane with Cs,CO3/Al,O3 for 20 h at 303 K, product

(XVI1l) was obtained in a 97% yield.
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2.5.9.3 Dehydration and Dehydrogenation Reactions

In general, alcohols undergo dehydration to olefins and ethers over acidic
catalysts and dehydrogenation to aldehydes or ketones over basic
catalysts. In some cases, however, solid base catalysts promote
dehydration of alcohols in which the mechanisms and product distribution
differ from those for acid-catalyzed dehydration. The characteristic
features of base-catalyzed dehydration are observed for 2-butanol
dehydration. The products consist mainly of 1-butene over the rare earth
oxides [29], ThO, [30,31] and ZrO, [33]. This is in contrast to the
preferential formation of 2-butenes over acidic catalysts. The initial step in
the base-catalyzed dehydration is the abstraction of an H* at C-1 to form

an anion.

ZrO, is used as a catalyst for the industrial dehydration of 1-
cyclohexylethanol to vinylcyclohexane [35]. In the dehydration of 2-
alcohols to the corresponding 1-olefins over ZrO,, the selectivity of 1-
olefins depends on the amount of Si contained in ZrO, as an impurity. Si
contaminants in ZrO, generate acidic sites. By treatment of ZrO, with
NaOH to eliminate the acidic sites, the by-products of 2-olefins are

markedly reduced and the selectivity for 1-olefins is increased.



+ H0

Intramolecular dehydration of monoethanolamine to ethylenimine has
also been industrialized by use of the mixed oxide catalyst composed of
Si, alkali metal, and P. The catalyst possesses both weakly acidic and
basic sites [107]. Because monoethanolamine has two strong functional
groups, weak sites are sufficient to interact with the reactant. If either
acidic sites or basic sites are strong, the reactant interacts too strongly
with the sites and forms undesirable by-products. It is proposed that the

acidic and basic sites act cooperatively.

2.5.9.4 Nucleophilic Ring Opening Reactions
Ring opening of glycidol with fatty acids provides a route to
monoglycerides, which are important food additives as emulsifiers and

antimicrobial agents. Cauvel et al. found that MCM-41 grafted with 3-



aminopropyl and 3-piperidinopropyl groups are active catalysts for the ring
opening of glycidol with lauric acid [77]. The selectivity was improved by
treating the catalysts with hexamethyldisilazane to block the residual OH
groups of the surface. The gas chromatographic and isolated yields of

lauric monoglyceride was >95 and 70%, respectively.
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Lin and co-workers also prepared MCM-41 grafted with various amine
functions and carried out the ring opening of glycidol with lauric acid
[108,109]. The most active form was MCM-41 on which

triazabicyclo[4,4,0]dec-5-ene was immobilized.

MgO is an efficient catalyst for the cycloaddition of carbon dioxide under
mild conditions. The reaction of carbon dioxide with (R)-styrene oxide gives

(R)-phenylcarbonate in 97% ee with retention of stereochemistry [110].

Cycloaddition of carbon dioxide to epoxides proceeds also in the presence

of mixed oxide prepared by calcination of hydrotalcite [111].
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2.5.9.5 Oxidation Reactions
The recent development in the use of solid bases in oxidation reactions

was reviewed by Fraile et al. [112].

The epoxidation of electron-deficient alkenes is commonly carried out with
hydroperoxides in the presence of a base. In this reaction, a proton is
abstracted from H;O, or ROOH to form HOO and ROO ions,
respectively. These ions act as nucleophiles and epoxidize electron-

deficient alkenes such as , -unsaturated carbonyl compounds [113].

Choudary et al. found that hydrotalcite, where t-butoxy ions were

introduced by ion exchange, was a much more efficient catalyst than the



mixed oxide prepared by calcination of hydrotalcite for the epoxidation of

, -unsaturated carbonyl compounds such as chalcone [114].

In the case of epoxidation with t-butyl hydroperoxide (TBHP), KF/Al,O3 is
used as a base. The method was first reported by Yadav and Kapoor
[115,116]. For example, cyclopentenones are oxidized in good, usually

guantitative yields without showing any aldol products [116].

In the epoxidation of -isophorone, the use of TBHP in combination with
KF/Al,O3 gave better results over H,O, with hydrotalcite [117]. The epoxide

was obtained at a 96% yield after reaction for 24 h at 393 K in toluene.

Fraile et al. carried out the epoxidation of two chiral alkenes derived from
D-glyceraldehyde, bearing different electron-withdrawing groups [118].
Here again, TBHP—KF/AI203 was more efficient and selective than H,0O,
calcined hydrotalcite, leading to a high diastereometric excess (de). Thus,
TBHP-KF/AI,O3 gave 100% conversion of (XVIII) and (XIX), with high
diastereoselectivities, 40% de (XIX) and 50% de (XXII) and no detectable

by-products.
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Various alkenes are epoxidized by hydroperoxide in combination with
benzonitrile in the presence of as-synthesized hydrotalcite with COs* ions

[119,120]. For example, linear and cyclic alkenes such as oct-1-ene and



cyclohexene gave the corresponding epoxides in excellent vyields.
Norbornene and styrene gave exo-norbornene oxide and styrene oxide,
respectively, in high yields. Hydrotalcite with t-butoxide in the interlayers
has much higher activity for the epoxidation of unfunctionalized alkenes
such as styrene than as-synthesized hydrotalcite with CO5® ions in the

presence of benzonitrile [114].

Kaneda and co-workers reported that Baeyer-Villiger oxidation of
ketones by molecular oxygen in combination with benzaldehyde was

greatly enhanced by adding as-synthesized hydrotalcite [121,122].

O O

C6H5CHO o

2.5.9.6 Meerwein-Ponndorf-Verley Reaction

Meerwein-Ponndorf-Verley reaction is the hydrogenation in which alcohols
are used as a source of hydrogen and entail a hydrogen transfer reaction.
Aldehydes and ketones react with alcohols to produce corresponding

alcohols by Meerwein-Ponndorf-Verley reduction:



R—C CH3—C|:H—CH3 — > R—CliH—OH - CH3—|C|2—CH3
X OH X O

Shibagaki et al. studied Meerwein-Ponndorf-Verley reduction of various
kinds of aldehydes and ketones in the temperature range 273-473 K [123].
They found hydrous zirconium oxide as a highly active catalyst for the
reactions. 2-Propanol was used as a hydrogen source. On the basis of the
isotope effect and kinetic analysis, it was suggested that the slow step is
hydride transfer from the adsorbed 2-propanol to the adsorbed carbonyl

compound (Scheme 2.8).

R R_R
Y o T, Y >\
t Cat. —— — I

OH k—l O\Cat k_2 O\ /O

VAR SV
— | — Y + || + cat
O T oOH

k= O\Ca'E'.

Scheme 2.8 Hydrogen transfer from 2-propanol to aldehydes and ketones

[123].



The reactions of carboxylic acids with alcohols to form esters are also
catalyzed by hydrous zirconium oxide at a reaction temperature above 523
K [124]. Similarly, amidation of carboxylic acids or esters with amines or
ammonia proceeds over hydrous zirconium oxide in the temperature range

423-473 K [125].

Although hydrous zirconium oxide is proposed to be an effective catalyst
for the above reactions, the nature of the active sites has not been
elucidated. The reaction mechanisms involving the active sites are not

established for the hydrous zirconium oxide catalyzed reactions.

Meerwein-Ponndorf-Verley reduction of ketones or aldehydes with 2-
propanol proceeds over X-zeolites ion-exchanged with Cs* and Rb™ [126].
The mechanism proposed for the zeolites is shown in Scheme 2.9. The
reaction is initiated by abstraction of an H* from 2-propanol by the basic
sites of the catalyst. In addition to the basic sites, exchanged cations play a
role of stabilizing the ketone by the hydride transferring from adsorbed 2-

propanol to the ketone.



H3C\ - | \ H |
O i 3 Od /]
| _Od- Q\ O
(H v > T g
o. ~oF of 0 o
NS A s ~SINsr A s
/N7 N/ \ N7 N /\
. R
R\CH/R |
OH (||) hOd_
M* H ,\|,|d+
g ot 0 <\)7 o
O Sl AI/ Si SN Al s
NN /N /N 7 N /\

Scheme 2.9 Meerwein-Ponndorf-Verley reduction of ketones and

aldehyde with 2-propanol [126].

Aramendia et al. has studied the Meerwein-Ponndorf-Verley reaction of
cyclohexanone with isopropyl alcohol over magnesium oxide based

catalysts [127]. During the reaction, the alcohol is oxidized to a ketone and



cyclohexanone is reduced to cyclohexanol as shown in scheme 2.10

below.

A comparison of the catalytic activity for the MgO catalysts tested revealed
that the most catalytically active catalysts possessed the largest number of

basic sites.

0 OH

MgO Catalyst —
. }OH g y g N —0

82°C

Scheme 2.10 Meerwein-Ponndorf-Verley reaction of cyclohexanone with

2-propanol [127].

2.6 Conclusion

As described above, an increasing number of reactions are catalyzed by
basic catalysts. A variety of solid base materials with different base

strengths can be synthesized. However, the reactions for which solid base



catalysts have been used are only a fraction of a great number of organic

reactions.

There should be many reactions which solid base catalysts can efficiently
promote, but have not been used for. One of the reasons for the limited
use of solid base catalysts arises from rapid deactivation while being
handled under the atmosphere. This however, can be minimised by insitu
activation of the catalyst at high temperatures. If this care is taken, solid

base catalysts should promote a large number of reactions.

Some of the reactions described in this chapter specifically proceed on
solid base catalysts. The catalytic activities of solid base catalysts are not
simple copies of those of homogeneous basic catalysts, though it is not
clearly understood where the features of solid base catalysts originated. To
clarify this point, characterization of the surface active sites together with
elucidation of the reaction mechanisms occurring on the surface should be

extended.
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CHAPTER 3

Experimental Methods and Apparatus

3.1 Introduction to Catalyst Synthesis

Catalysts are usually used as a single chemical phase or multi chemical
phase [1]. However, fewer single phase catalysts are employed in
chemical reactions. The most commonly used single component catalysts
include alkali earth oxides, rare earth oxides and other oxides such as

alumina and titanium oxide.

On the other hand, a large number of catalysts are known to consist of two
or more components. These components can either act as active phase (a
phase mainly responsible for the catalytic activity), promoter (a substance
that is not by itself catalytically active but allows the active phase to
function at its maximum capacity), or support (a substance usually

catalytically inactive on which the active phase and promoter are cast).



There are different ways of synthesizing the above mentioned categories
of catalysts. Many of the single phase catalysts used in their oxide form are
prepared by thermal decomposition of a catalyst precursor (usually
hydroxides and nitrates) at elevated temperatures. The most commonly
used methods of multi-phase catalyst preparation are precipitation,

Impregnation, ion-exchange and adsorption-deposition methods.

Precipitation methods usually involve the addition of two or more different
chemical solutions together to form a precipitate. This method was first
studied by Marcilly [2]. The precipitate usually contains some of the
constituents from the original solutions and can also be used as a support.
The active phase and promoter precursors can be incorporated in the
solution of the support to form a multi phase catalyst (precipitate). This
process is known as copreciptation. The mechanical and catalytic
properties of the resultant precipitate are independent of properties of the

starting materials.

The impregnation method involves the addition of an aqueous solution
containing ions into the solid support, and the excess water is removed by

evaporation. When the amount of a solution added to the support does not



exceed the pore volume of the support, the method is termed impregnation
to incipient wetness. The average size of the active phase depends on the

concentration of the solution used.

lon-exchange methods are largely applied in the synthesis of supported
metal zeolites. In this catalyst preparation method, the protons on the

support are exchanged by other cations such as alkali metal ions.

Lastly, the adsorption-deposition method involves the deposition of
particles (mostly as hydroxide) on the surface of the support. This method
is favourable on basic supports as there is no additional alkali added in the
process. Although it is used on acidic supports, an alkali is then added to

aid the reaction.

The catalysts used in this thesis were mainly synthesized by the
impregnation method. The precipitation and ion-exchange methods were

also used to prepare some of the catalysts.



3.1.1 Catalyst Preparation

Magnesium oxide catalysts were prepared from commercial MgO (A.R.
Hopkin and Williams LTD). The magnesium oxide was suspended in warm
water with stirring and then solidified again by evaporation of the water. It
was then dried at 120°C for 16 h and calcined in air at 500°C for 6 h. The
calcined material was used in the form of granules (350-850 m) prepared
by pelletising the MgO catalyst powder using a pneumatic press and
crushing to the desired size. This catalyst was found to have a BET
surface area of 60 m?/g. All reactions were carried out using 0.5 g of

catalyst unless otherwise stated.

CaO and BaO were prepared from the thermal decomposition of calcium
hydroxide and barium hydroxide respectively at elevated temperature

(500°C) for 6 h.

Silica (Aerosil 200) with BET surface area of 68 m%g and MgO were used
as supports for alkali, alkaline earth and transition metal oxides. -Alumina
(BET surface area 157 m?/g and pore volume of 0.23 cm®/g) was also used

as a support.



Titanium oxide was used as a support for palladium and cesium catalysts.
The preparation method of the support is described below unless

otherwise stated.

The nanoparticles of titanium oxide were prepared by hydrothermal
treatment of commercial titanium dioxide (Deggusa) [3,4]. Commercial
TiO, (Deggusa) was mixed with equal amounts of sodium hydroxide and
water. The mixture was stirred at 120 °C for 24 h in an autoclave. It was
then centrifuged for 30 min followed by washing with deionised water. The
latter step was repeated until the conductivity of the mixture was less than
50 micro Siemens. It was then dried overnight in an oven at 120 °C. The

surface area of this TiO, was found to be 330 m?/g.

A second titanium dioxide support was prepared by hydrolysis of TiCl, [5].
Titanium tetrachloride (TiCl,;) (Loba Chemie) was digested in hydrochloric
acid and then diluted with distilled water to make a 3 M solution of TiCl, in
water. All the additions were made while keeping the reaction vessel in an
ice bath. The pH of the solution was found to be less than 2. A solution (8
M) of hydrazine hydrate, HgN.O (Ranbaxy) in water was added drop wise
to the stirred TiCl, solution until the final pH was about 8.0. The mixture

was kept under high-speed constant stirring on a magnetic stirrer for an



hour at room temperature. The precipitated titanium oxide was filtered and
repeatedly washed with hot distilled water until it was free of chlorine ions.
The hydrous oxide was dried overnight at 120 °C. The surface area of the

titanium oxide was found to be 207 m?/g.

MgO, silica, and -alumina supported catalysts were prepared by the
impregnation of the support with an appropriate amount of aqueous metal
hydroxide/nitrate solutions to incipient wetness. The catalysts were dried at

120 °C for 16 hours and calcined in air at 500 °C unless otherwise stated.

3.2 Catalyst Characterization

The surface properties of the catalysts used in this thesis have been
studied by various methods. Different characterization instruments gave

different information about the surface properties.

Assimilation of the results obtained from different characterization methods

enabled us to understand the nature, strengths, and distribution of basic



sites of the catalysts. In this section, different instruments used in the
characterization of the catalysts and the information they provided will be

described.

3.2.1 BET (Brunauer-Emmett-Teller)

BET measurements were carried out using an ASAP 2010 micrometrics
porosimeter. Approximately 0.2 g of the catalyst was degassed at 120 °C
under dynamic vacuum until a static vacuum was obtained (approximately
6 h for most samples). This was done to remove moisture and adsorbed

contaminants before analysis.

Surface areas of different catalysts were determined by the physical
adsorption of nitrogen at the nitrogen liquefication temperature using the
six point BET method. The surface area, pore size and pore volume of

some of the catalysts used in this thesis are shown in Table 3.1 below.



Table 3.1 surface areas, pore size and pore volume of various catalysts.

Catalysts Surface Area  Pore Size Pore volume
(m*/g) (nm) (cm®/g)
Al,O3 157.3 5.7 0.23
CaO 19.6 N/A N/A
MgO 60.6 10.1 0.15
SiO; 68.7 14.7 0.25
TiO, (Deggusa) 49.5 5.9 0.07
TiO2 (Thermal hydrolysis) 339.2 3.1 0.27
TiO, (hydrolysis of TiCly) 271.1 4.2 0.28
10% Cs/Al,O3 146.2 5.8 0.21
10% K/Al,O3 167.6 5.9 0.25
10% Ba/MgO 19.7 7.1 0.04
10% Ca/MgO 22.3 6.7 0.04
1% Cu/MgO 71.9 7.4 0.13
1% H,S04/MgO 134.1 7.0 0.24
10% Na/MgO 22.9 6.6 0.04
10% Cs/SiO; 40.3 13.5 0.27
10% Cs/TiO, (Deggusa) 33.1 4.5 0.05
1% Pd/TiO; (from TiCly) 188.3 6.4 0.30

N/A = not available



3.2.2 CO, Temperature Programmed Desorption (TPD)

Temperature programmed desorption of carbon dioxide is generally used
to measure the number and strength of basic sites [6,7]. The strength and
amount of basic sites are reflected in the desorption temperature and
peak area of a TPD plot respectively. However, it is difficult to express the
strength in a definite scale and to count the number of sites quantitatively.
Relative strengths and relative numbers of basic sites on the different
catalysts can be estimated by carrying out the TPD experiments under
the same conditions. If the TPD plot gives a sharp peak, the heat of

adsorption can also be estimated.

The temperature programmed desorption (TPD) apparatus consists of a
U-shaped quartz reactor housed in a temperature controlled heating
jacket. The signal is measured by a low temperature dual filament TCD

and recorded by a PC equipped with an I/O card.

Approximately 0.3 g of the catalyst sample was placed in the TPD reactor

and calcined in air to the desired temperature before analysis. The



sample is then cooled to 100 °C (or room temperature depending on the
catalyst) in a helium (AFROX) flow of 30 ml/min. Adsorption of CO,
(AFROX) is carried out at 100 °C or room temperature for 1h at a flow
rate of 30 ml/min in atmospheric pressure. The system was then purged
with helium for 45 to 60 minutes to remove any unadsorbed carbon

dioxide on the surface of the catalyst.

The carbon dioxide desorption was achieved by increasing the
temperature of the TPD reactor at a rate of 10 °C/min up to the desired
temperature. The desorption signal was captured by a low temperature

dual filament TCD and recorded using a PC equipped with an I/O card.

The TPD profiles of MgO, alkali and alkali earth metal ions supported on
MgO are shown in Fig 3.1. Considering the peaks below 600 °C only (Fig
3.1), MgO, 10% Ba/MgO, 10% Na/MgO and 10% Ca/MgO showed a
similar amount and strength of basic sites. These catalysts showed a fair
distribution of both weak and strong basic sites. Only a relatively small
amount of basic sites was observed on 10% Na/MgO. The TPD plot of
10% K/MgO showed larger amounts of strong basic sites than weak basic

sites.
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Figure 3.1 TPD profiles of alkali and alkali earth metal oxides supported on

MgO.

The effect of pre-treatment temperature on MgO sample is illustrated in
Fig 3.2. There is a slight shift of peaks towards higher temperature as the
calcination temperature increases from 500 to 800 °C. This suggests that

the basicity of MgO is enhanced by the increase in -calcinations



temperature. The small peak observed at 570 °C and 630 °C when the
sample was calcined at 800 and 700 °C respectively, emphasizes the

existence of strong basic sites at higher calcination temperatures.
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Figure 3.2 TPD profiles of MgO catalyst calcined at different temperature

for 3 h.



TPD profiles of Cs,O supported catalysts are shown in Fig 3.3. The TPD
analysis of SiO, and TiO, did not show any indication of basic sites.
However, on impregnation of both the SiO, and TiO,, weak basic sites
were observed. Similarly, when cesium was impregnated onto the -

alumina the amount of weak basic sites was increased.
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Figure 3.3 The effect of Cs,O addition on different acidic supports.



3.2.3 Scanning Electron Microscopy (SEM)

Scanning electron microscope is a valuable technique for examining
materials under high magnification. Information on topography, texture and
surface features such as particle size and shapes of powders or solid
particles can be obtained. High magnification and the depth of focus in

SEM instruments provide pictures with 3-dimensional quality.

The technique involves scanning of the surface of the sample in a raster
pattern with an electron beam. Several types of signals are produced from
the surface in this process, including backscattered, secondary, and Auger
electrons; and other photons of various energies. Backscattered and
secondary electrons serve as the basis of scanning electron microscopy.
The signals generated by these electrons are translated into pictures of the
sample constituents. The pictures are captured by an on-board digital

camera.

The samples were coated with a thin layer of graphite. This is done to

prevent any charge build-up on the surface of the sample during analysis,



especially if the sample is a poor electrical conductor. The microscope unit
consisted of a Jeol JSM 840 fitted with a LINK AN 1000 X-Ray

microanalysis system.

SEM images of MgO and high surface area titanium oxide are shown in

Figures 3.4 — 3.6 below.

M.u .x;- = mxu

Figure 3.4 SEM image of MgO catalyst at 10 m.



Figure 3.5 SEM image of TiO, support prepared from hydrolysis of TiCl,

(scale 10 m.



Figure 3.6 SEM image of TiO2 support prepared from thermal hydrolysis

with NaOH.



3.2.4 Transmission Electron Microscopy (TEM)

Transmission electron microscope (TEM) was used to determine the
presence of nanotubes/fibres in the titanium oxide samples prepared by

hydrolysis.

Samples for TEM analysis were prepared by mixing 1 ml of ethanol for
every 1 mg of titanium oxide used. The mixture was sonicated for 10
minutes and a few drops of the suspension were placed onto a holy Cu
grid coated with a thin film of carbon. Excess liquid was removed by
placing the Cu grid on a dry filter paper for about 2 minutes. The Cu grid

was then mounted onto the sample holder for analysis.

The type of an instrument used for the analysis is a Jeol JEM 100S
transmission electron microscope. The samples were observed under the
microscope at an operating voltage of 80 kV and a current of 5.5 A with a
spot size setting in nanometres. Pictures were taken at different

magnification.



TEM images of titanium oxide samples are shown in Figures 3.7 and 3.8

below.

Figure 3.7 TEM micrograph of titanium oxide nanofibres from TiO, sample

prepared by hydrolysis of TiCl,.



Figure 3.8 TEM micrograph of titanium oxide sample obtained from

thermal hydrolysis of TiO, with NaOH.

3.2.5 Thermogravimetric Analysis (TGA)

In a thermogravimetric analysis the mass of a sample in a controlled
atmosphere is recorded continuously as a function of temperature or time

as the temperature of the sample is increased [8].



The instrument used for thermogravimetric analysis is a Pyris 1 Perkin
Elmer TGA which consists of: (1) a sensitive analytical balance, (2) a
furnace, (3) a purge gas system for providing an inert or reactive
environment, and (4) a microcomputer for instrument control, data

acquisition and display.

A typical thermal decomposition curve of MgO catalyst used in self

condensation reaction of propanol [9] is shown in Figure 3.9 below.
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Figure 3.9 Thermal decomposition curve of MgO used in self

condensation of propanol [9].



3.3 Catalyst Testing System

The catalyst testing facility consisted of a syringe pump, carrier gas line,
heating jacket, temperature controller, glass reactor and gas

chromatograph (GC) (Fig 3.10).
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Figure 3.10 Schematic representation of catalyst testing apparatus.



The starting materials were introduced into the reactor through a heated
carrier gas line using 10 and 50 ml Hamilton gas tight syringes. The

syringes were mounted onto a Sage model 341B syringe pump.

Two heating jackets were built during this thesis preparation. The two
heating jackets were 40 mm and 200 mm in length respectively. The
smaller (40 mm) heating jacket consisted of a ceramic tube with a heating
wire coiled along its interior wall. Further insulation was provided by the
glass fibre wool wrapped around the ceramic tube. The 200 mm heating
jacket consisted of a nichrome heating wire coiled around the quartz tube.
The heating wire and the quartz tube were inserted into a brass sleeve
wrapped in glass fibre wool. This was then inserted into another brass
sleeve. The top and the bottom end of the heating jacket were constructed
from asbestos and were designed to hold the quartz tube in place. The
schematic representations of the two heating jackets are shown in Figures

3.10 and 3.11 below.
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Figure 3.11 Schematic representation of a larger heating jacket (200 mm).
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Figure 3.12 Schematic representation of a small heating jacket (40 mm).

The reaction temperature was monitored by a J-type thermocouple
inserted into a well in the reactor and a temperature controller (RKC, PN-
4A1C-M). The gas lines were heated by a heating tape supplied by Flexi-
heat, and the temperature was monitored by a J-type thermocouple

connected to a temperature controller.



Two fixed bed glass reactors were used for catalyst loading in this thesis.
The catalyst loading varied from 200 to 500 mg depending on the reaction.
The reactors were constructed from pyrex or quartz glass, depending on
the reaction parameters to be investigated. One reactor was 40 mm long
with an external diameter of 10 mm. The other reactor was 200 mm in
length with an external diameter of 14 mm. In both reactors, the catalyst

was kept in place by a glass frit.

Liquid products were collected in a water-cooled receiver and analysed in
a gas chromatograph (ZB wax, 60 m x 0.32 mm capillary column)
equipped with a flame ionization detector (FID). Light gaseous products
produced during the reaction were analysed on-line by the gas
chromatograph described above. The CO and CO, given off during the
reaction were analysed by another GC equipped with a thermal
conductivity detector (TCD). Liquid product identification was achieved by
GC-MS (Finnigan TSQ-7000) and *C-NMR spectroscopy (Brucker AC

400).
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CHAPTER 4

Dimerisation of Ethanol to Butanol over Solid Base

Catalysts*

* A.S. Ndou, N. Plint, N.J. Coville, Appl. Catal. A: General, 251 (2003) 337.

4.1 Introduction

Chemical conversions over solid acid catalysts have received extensive
coverage over the decades [1-4]. An example is the conversion of ethanol
into higher value chemicals, a reaction that has received much attention in
the literature [5,6]. In comparison to solid acid catalysts less attention has
been devoted to solid base catalysts, even though high activities and
selectivities are often attained for chemical conversions carried out over

liquid bases for many kinds of reactions.



Many homogeneous catalysed base reactions are known and include
reactions such as isomerization, addition, alkylation and cyclization [7-10].
Numerous reactions are also known that require a stoichiometric amount of
liquid bases [11]. The replacement of liquid bases by solid base catalysts
would provide environmental advantages to industrial processes. These
include issues relating to decreased reactor corrosion, easier

product/catalyst separation and recovery of used catalysts [8].

The use of solid base catalysts for the synthesis of fine chemicals from
alcohols has not been extensively studied [8]. Condensation of various
primary alcohols to form higher alcohols is however, known [12-16]. An
important industrial process that is used to increase the carbon number of
alcohols is the Guerbet reaction [17]. In this reaction a primary or
secondary alcohol reacts with itself or another alcohol to produce a higher
alcohol. This reaction has been developed and various types of
heterogeneous catalysts for this reaction have been reported in patents
[17,18]. Ueda et al. [19,20] have also reported a catalytic reaction for
producing higher alcohols using methanol as a building block. In this
reaction, carried out over a solid base metal oxide catalyst, methanol is
condensed with other primary or secondary alcohols having a methyl or

methylene group at the [3-position.
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Surprisingly, the reaction of ethanol to generate 1-butanol, over solid base
catalysts has been little reported in the literature. 1-Butanol is a crucial
building block for acrylic acid and acrylic esters and is widely used as a
solvent [13-15, 21]. It has also found application as an additive to gasoline

[21].

Herein we report the synthesis of 1-butanol from ethanol over a base
catalyst. A thorough investigation of the reaction using a variety of possible
intermediates suggests that the reaction involves a bimolecular

condensation reaction [22].

4.2 Experimental

4.2.1 Catalyst preparation

Magnesium oxide catalysts were prepared from MgO (A.R) (Hopkin and
Williams LTD). The magnesium oxide was suspended in warm water with
stirring and then solidified again by the evaporation of the water. It was
then dried at 120 °C for 16 h and finally calcined in air at 500 °C for 6 h.
This catalyst was found to have a BET surface area of 60 m%g. CaO and

BaO were prepared from the thermal decomposition of cesium hydroxide
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and barium hydroxide respectively at elevated temperature (500 °C) for 6

h.

Silica (Aerosil 200) with BET surface area of 68 m?/g and MgO (prepared
as described above) were used as supports for alkali, alkaline earth and
transition metal oxides. -Alumina (BET surface area 157 m?/g and pore

volume of 0.23 cm®/g) was also used as a support.

The metal oxide supported catalysts were prepared by an impregnation
procedure using an appropriate amount of aqueous metal hydroxide/nitrate
solutions (incipient wetness method). The catalysts were dried at 3120 °C

(16 h) and calcined in air at 500 °C.

4.2.2 Apparatus and Procedure

The catalytic experiments were carried out in a vertical fixed bed glass
reactor (10 mm e.d). All reactions were carried out using 0.5 g of catalyst.
The catalysts were used in the form of granules (350-850 m) prepared by
pelletising the catalyst powder and crushing to the desired size. The
reactor was placed inside a temperature controlled heating jacket with a

thermocouple placed at the centre of the catalyst bed.
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The catalyst was activated in flowing oxygen at 500 °C for 1 h prior to
flushing with nitrogen gas (10 ml/min). Ethanol was fed from a 10 ml
syringe using a syringe pump (Sage instruments, model 341B) through a
heated carrier gas (nitrogen) line prior to the reactor. Reactions were
conducted under nitrogen flow (10 ml/min). The partial pressure of the
ethanol in the feed was kept at 51.77 kPa. The products were collected in
a water-cooled receiver after 1 h (unless otherwise stated) and analysed in
a gas chromatograph (ZB wax, 60 m x 0.32 mm capillary column; FI
Detector). Product identification was achieved by GC-MS (Finnigan TSQ-
7000) and 'C-NMR spectroscopy (Brucker AC 400). The ethanol

conversion and products yield were calculated as follows:

% Conversion = (Moles of ethanol reacted / Moles of ethanol introduced)
X 100.

% Yield = (Moles of product / Moles of ethanol introduced) X 100

The temperature programmed desorption (TPD) apparatus consists of a U-
shaped quartz reactor housed in a temperature controlled heating jacket.
The experiments were conducted in atmospheric pressure. The CO, was
adsorbed at 100 °C. The signal is measured by a low temperature dual

filament TCD and recorded by a PC equipped with an I/O card.



4.3 Results and Discussion

4.3.1 Catalyst screening

Ethanol was passed over a range of catalysts at 450 °C (Table 4.1), and a
substantial amount of liquid products were observed. In addition some
gaseous light products were formed by thermal decomposition of a part of
the ethanol. The selectivities and activities of the different catalysts were
evaluated by GC studies. Product compositions were determined by a
combination of GC, GC-MS and **C NMR spectroscopy. By this means all

of the major products were identified.

MgO showed the highest yield of butanol among the catalysts studied
(Table 4.1). CaO showed the least activity and produced very little butanol.
Barium oxide did not show any butanol formation. Although high activity
was observed over -alumina, no butanol was formed over this catalyst.
Butanal and acetaldehyde, together with substantial amounts of gaseous
products, were the major components observed. This is in accord with the
acidic nature of this catalyst. The impregnation of alkali metals on -
alumina resulted in the formation of a small amount of butanol. Coverage
of the Al,O3; by the metal ions resulted in an increase in the amount of

butanol produced relative to Al,O3 suggesting that the basic sites produced



by the metal ions were required for butanol formation. The ethanol
conversion of the Al,O3 catalysts also showed a general decrease with

metal ion coverage.



Table 4.1 Activities of basic oxides and alkali-loaded Al>O3 in the solid base condensation of ethanol to butanol.

Catalyst Conv. Yield (mol %)
(mol%) Acetal Butanal Crotonal 2-Butanol Butanol Crotanol

MgO 56.14 0.65 0.78 0.50 0.14 18.39 0.31

CaO 15.16 2.83 2.15 0.32 0.07 1.16 0.06

BaO 21.19 6.56 11.37 - - - -

-Al,O3 82.29 5.96 19.42 - - - -
10%Na/Al,0O3 35.52 0.32 2.56 0.06 0.18 0.92 0.05
10% K/AI,O3 54.02 1.09 0.75 0.20 0.26 3.42 0.04
10%Cs/Al,O3 24.57 0.31 0.31 - - 0.05 -
10%Mg/SiO, 18.64 5.04 0.17 0.17 - 0.38 0.05

Abbreviations: Acetal = Acetaldehyde; Butanal = Butyraldehyde; Crotonal = Crotonaldehyde; Crotanol =

Crotylalcohol.
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Attempts were then made to enhance the catalyst selectivity/activity by
enhancing the MgO surface area and by addition of metal ions. Dispersion
of MgO on a series of metal oxides did not improve the yield of butanol
(see an example in Table 4.1, Mg/SiO,). Similarly, addition of the basic
metal ions Ca and Ba to MgO also did not enhance the catalyst selectivity
(Table 4.2). Thus, even though the basic nature of the MgO was modified
by loading calcium and barium on MgO no advantages in terms of catalyst
productivity were achieved - little effect on the yield of C4 products was
noted and the yield of butanol decreased significantly. Ueda et al. [11,12]
have also reported similar findings for the reaction of ethanol and methanol
to form 1-propanol, where they found that while the addition of alkali metals
increased the basicity of oxygen anions in MgO, condensation rates were

decreased.

The addition of a range of transition metals (Zn, Ce, Zr, Pb, Sn) to MgO
was also investigated (Table 4.2). These ions were expected to increase
the basic nature of the MgO but here again the metal ion addition did not
improve the yield of butanol or other C, compounds. Ueda et al. [23] have
reported that the surface basicity of MgO was increased by the addition of

metal ions when the ionic radius was greater than that of Mg**.



Table 4.2 Activities of alkaline earth and transition metals loaded on MgO catalysts in the solid base condensation

of ethanol to butanol.

Catalyst Conversion Yield (mol %)
(mol%) Acetal Butanal Crotonal 2-Butanol Butanol Crotanol
10%Ba/MgO 34.19 15.35 0.81 0.15 0.41 7.33 0.47
10%2Zn/MgO 95.61 1.11 6.93 1.79 291 2.95 0.03
10%Ce/MgO 70.84 0.56 4.27 0.09 0.00 0.50 0.28
10%Zr/MgO 52.49 6.48 5.65 0.14 0.06 0.29 0.14
10%Sn/MgO 57.21 5.62 1.56 0.85 3.95 1.27 0.05

10%Cu/MgO 28.75 18.10 0.70 0.12 0.60 1.80 0.82
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TPD experiments were performed with CO, as the probe molecule and the
TPD profiles of MgO, Ba/MgO, Na/MgO and K/MgO are shown in Figure
4.1. The experiments were conducted in atmospheric pressure. The CO,
was adsorbed at 100 °C. Only the MgO shows strong basic sites and the

reaction data suggests that these sites are required for the condensation

reaction.
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Figure 4.1 TPD profiles of some of the catalysts.
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Attempts were then made to modify the MgO basicity and/or surface area
by addition of acids to the MgO (Table 4.3). The impregnation of MgO with
HCI solution yielded mostly butyraldehyde (30%) as the major product,

while very small amounts of butanol were observed (0.08%).

The phosphoric and acetic acid loaded MgO catalysts showed slightly
improved results (butanol yield) when compared to the HCI/MgO catalysts.
The addition of 1% H,SO, to MgO did not affect the butanol yield
significantly. Indeed, the MgO surface area increased (e.g. 1% H,SOy;
surface area = 134 m?g™!) and this compensated for the neutralization of
strong basic sites. However, as the sulphuric acid loading on MgO
increased, the butanol yield decreased, presumably due to the poisoning of

the MgO surface by the large amounts of acid.



Table 4.3 Activities of acid doped magnesium oxide catalysts for the solid base condensation of ethanol to butanol.

Catalyst Conversion Yield (mol %)
(%) Acetal Butanal Crotonal 2-Butanol Butanol Crotanol
10%HCI/MgO 22.21 1.93 7.52 0.22 0.08 0.08 0.37
10%H,PO4/MgO 42.49 12.02 1.13 0.34 0.33 8.18 0.37
1% H,S0O4/MgO 49.17 1.65 0.78 1.06 0.17 19.26 1.09
5% H,S0O./MgO 48.52 4.42 2.04 1.36 1.27 15.01 0.21
10%H,S0O4/MgO 50.35 3.19 1.35 0.71 0.85 8.76 0.23

20%H,S04/MgO 58.81 4.16 1.08 0.48 1.04 6.83 0.08
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The above study revealed that little advantage was to be gained (activity
and/or selectivity) by modification of the MgO with acidic or basic ions.
Only a low loading of H,SO,4 to MgO gave comparable results to that of

pure MgO. Further studies thus focussed on the unmodified MgO catalyst.

4.3.2. Effect of temperature and contact time onth e reaction

The effect of reaction temperature on the activity/selectivity of the ethanol
dimerisation reaction is shown in Figure 4.2. The data was collected after
an hour over a fresh catalyst for each experiment (set of data point). Very
little change in the yield of acetal and other C, products, as the
temperature of the reaction increased, is to be noted. However, there is a
very sharp increase in butanol yield at a temperature of 450 °C. Further

studies were then performed on the catalyst at 450 °C.
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Figure 4.2 Influence of temperature on the product distribution over MgO.

Figure 4.3 shows the variation of ethanol conversion and 1-butanol yield
with WHSV. The experiments were conducted over fresh catalysts for each
data point collected. The data was collected over a period of 1 h for each
experiment. The conversion of ethanol to products decreased with the
increase in WHSV. However, the butanol yield stayed fairly constant with
the increase of WHSV, suggesting that it did not decompose over the

catalyst via secondary reactions.
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over MgO.

A decrease in ethanol conversion was also noted to occur with time on
stream (Figure 4.4), suggesting that the changes were associated with
catalyst decomposition. Again however, the selectivity to butanol was little
affected by the change in conversion. The deactivation is assumed to be
due to carbon deposition; the catalyst turned black during the reaction.

(The catalyst could be reactivated with oxygen at T = 500 °C)



60
| |
-/ \I—I
50 S " m—n
g
\.
<
(=) -
g 40
= —m— Conversion
2 —e— Butanol yield
< 30+
20 .
o T
~ [ ] o—©
.\0\././.\.\./ o
10

. . —
0 1 2 3 4 5 6 7 8
Time on stream (h)

Figure 4.4 Influence of time on stream on activity and 1-butanol yield over

MgO

4.3.3 Reaction Mechanism

Dimerisation of ethanol in the presence of N, or O, as a carrier gas
(preliminary experiments conducted in O,) gave near identical results in
terms of butanol (and other products) selectivity and activity. Thus it
appears that an oxidizing environment is not necessary for the reaction. An

overall reaction scheme has been proposed for the dimerisation of ethanol
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to propanol by Iglesia and co-workers [13-16] and this is shown in Scheme
4.1. As can be seen the reaction is proposed to occur via direct and

indirect reactions of ethanol molecules.

-H
CH3-CH,-OH 2 » CHz—HC=0
+CoH40
-H,O
25 |+ CoHsOH CHy~CH-Chy- HC=0
OH
+H2l—H20
Y 4
— 2
CHgCHy—CH,-CH,-OH - CH3-CH,~CH,-HC=0
2

Scheme 4.1 Reaction network for the formation of 1-butanol from ethanol.

A number of mechanisms for the production of butanol from ethanol can

thus be proposed:
)] reaction of ethanol with an alkene via a hydrocarboxylation
reaction. This reaction is not considered in this work as no

evidence for the presence of ethene was noted (or expected).
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OH

oxidation of ethanol to acetaldehyde, followed by aldol
condensation of acetaldehyde to form crotonaldehyde and finally

hydrogenation to 1-butanol (Scheme 4.2).

— J 1

Scheme 4.2 Classical condensation reaction of ethanol and

acetaldehyde to form 1-butanol.

i)

dimerisation of ethanol via H abstraction from a R C atom

(Scheme 4.3 and 4.4) [18]
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+ | CH — CH
H,C ~CH,
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CH,
~CH,

Scheme 4.3 Condensation reaction of ethanol and acetaldehyde to form 1-

butanol.

oH T

H | - H0 CH,
¢+ |CH —— ~
H2C _CHZ
+H2 -HZ

ﬁ

//CH

—CH,

Scheme 4.4 Dimerization of ethanol to form 1-butanol.
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To establish the mechanism over MgO a range of reactions of ethanol with

possible

reaction intermediates were performed. Reactions were

performed using pure reagents or with the reagents mixed with ethanol

(2:1 viv) (Table 4.4).

)

ii)

iv)

Reaction with pure ethanol provides the base line data as to
products formed in the reaction. It is to be noted that very little
crotonaldehyde is detected in the reaction.

Passage of pure butanol or butanal over MgO revealed that the
two reagents were readily interconverted. Only minor amounts of
other C4 products were formed. Very little crotonaldehyde was
formed from pure butanol, suggesting no possible reaction
reversibility via this route. This data is consistent with the
findings of Iglesia and co-workers [13-16].

Passage of acetaldehyde over the MgO did produce some
butanol, but also large quantities of crotonaldehyde (19.1%).
This suggests that acetaldehyde may not be the major
intermediate in the mechanism. (This is consistent with the lack
of surface hydrogen fragments).

A mixture of ethanol and acetaldehyde gives the expected

decrease in crotonaldehyde yield and increase in butanol yield.



V) Interconversion between crotonalcohol and crotonaldehyde is
not significant and crotonaldehyde does not appear to be an
intermediate to butanol formation.

Vi) Pure crotylalcohol did not produce 2-butanol.

While some of the results are consistent with an expected aldol
condensation reaction, the data suggest a limited role for acetaldehyde as
an intermediate in the reaction. Further, while the pure reagents give
different results from the ethanol/reagent mixtures, the results are
predictable and suggest that reactions of key intermediates required from

an aldol reaction play little part in the reaction mechanism.
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Table 4.4 The product distribution of the liquid products from the reaction
of (i) pure intermediates (100%) and (ii) ethanol/intermediate (1:1) mixtures

over MgO.

Reagents Yield (mol%)

Acetal Butanal Crotonal 2Butanol Butanol Crotanol

Pure reagents

Acetaldehyde - 4.7 19.1 0.7 5.8 0.4
Butanal 0.1 - 0.1 - 154 0.3
Crotonaldehyde 0.4 9.4 - 0.1 1.6 0.4
Butanol 0.9 13.0 0.2 - - 0.1
Crotylalcohol 1.0 0.9 4.7 - 2.9 -

Ethanol 0.3 2.1 0.4 0.5 18.4 0.7

1/1 mixtures 2

Acetaldehyde 4.1 6.4 - 10.1 3.6
Butanal 11 - 15 1.4 40.5 3.6
Crotonaldehyde 0.0 1.3 - - 4.7 0.6
Crotylalcohol 3.4 2.8 - 4.6 7.2 -

Butanol 1.9 11.0 1.8 0.7 - 3.0

2 1/1 mixture of intermediate and ethanol
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The data are thus not totally consistent with the mechanism shown in
Scheme 4.2. Acetaldehyde, a by-product, does not contribute to the
significant growth of the carbon chain. A key issue relates to the role of

hydrogen production/use in the reaction cycle.

A mechanism, shown in Schemes 4.3 and 4.4, previously proposed by
Yang and Weng [23] for the reaction of ethanol over alkali cation laden
zeolites, is consistent with the data shown in Table 4.4. In this mechanism,
ethanol undergoes proton abstraction from the 3 carbon atom and the
nucleophilic centre generated attacks another ethanol molecule, resulting
in OH displacement (i.e. dehydration), C-C coupling and hence formation
of 1-butanol and water. This mechanism is also alluded to in the
mechanism proposed by Iglesia and co-workers for reactions over basic

catalysts.

The TPD data are consistent with this proposal — only strong basic sites
would achieve this abstraction form an OH activated CHz group.

Activation of a $-H atom is thus the key step in the mechanism. At a
molecular level it is suggested that ethanol reacts with surface MgO to
generate an ethoxide ion and it is this ion that has an activated $-H atom.

Further evidence will be required to support this proposal.



4.4 Conclusions

Our results suggest that acetaldehyde is not the only major intermediate in
the synthesis of butanol from ethanol. It does however, participate in a
competing coupling reaction (aldol condensation reaction) resulting in the
formation of crotonaldehyde. Further crotonaldehyde is also not an

intermediate in the formation of butanol from ethanol.

An alternative coupling reaction proposed by Yang and Weng is possible,
(Scheme 4.4), namely- the self-coupling of ethanol. The
ethanol/acetaldehyde coupling reaction (Scheme 4.3) is not consistent with
the data and thus the self-coupling of ethanol is the mechanism occurring

in this reaction.
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CHAPTER 5

Self Condensation of Propanol over Solid Base Catal  ysts~

"A.S. Ndou, N.J. Coville, Applied Catalysis A: General, 275 (2004) 103-110

5.1 Introduction

Numerous processes have been established to synthesize long chain
alcohols, particularly processes that involve CO and methanol as reactants
[1]. One of the important industrial processes in which CO plays a key role
in alcohol production is the oxo or hydroformylation reaction [2]. Other
reported reactions include homologation of lower alcohols to higher ones
using carbon monoxide and hydrogen [3], and the metal or metal oxide
catalysed direct synthesis of alcohols from syngas [4]. Hilmen et al. [5] also
reported the formation of higher alcohols in the synthesis of methanol and

isobutanol from CO/H, mixtures over basic mixed metal oxide catalysts.

Another well known route to higher alcohol synthesis is by the

condensation of primary alcohols [3,5-9]. This process is called the
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Guerbet reaction and entails the reaction of a primary or secondary alcohol
with itself or another alcohol to produce a higher alcohol. Various types of
heterogeneous catalysts have been used for this reaction and reported in
patents [10,11]. Carlini and his co-workers have reported the synthesis of
valuable alcohols (isobutanol and 2-ethyl-1-hexanol) through the Guerbet
reaction using both homogeneous and heterogeneous metal catalysts with
basic components [12-16]. Ueda et al. [17,18] have also reported in detall
on a catalytic reaction carried out over a solid base metal oxide catalyst, in
which methanol is condensed with other primary or secondary alcohols

having a methyl or methylene group at the -position.

Higher alcohols are used mainly as ester derivatives in the polymerization
industry. They are also used as synthetic lubricants, hydraulic fluids, and
brake fluids [19]. A mixture of higher alcohols and methanol can also be
used for direct blending with hydrocarbon fuels. This mixture is preferred
over pure methanol because of the higher water tolerance, reduced fuel
volatility, lower vapour lock tendency, and higher volumetric heating values
when compared to the equivalent properties of pure methanol [20].

Herein we report the synthesis of 2-methylpentanol from propanol over

MgO as a catalyst.
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5.2 Experimental

5.2.1 Catalyst preparation

Magnesium oxide catalysts were prepared from commercial MgO (A.R.
Hopkin and Williams LTD). The magnesium oxide was suspended in warm
water with stirring and then solidified again by evaporation of the water. It
was then dried at 120 °C for 16 h and finally calcined in air at 500 °C for 6
h. This catalyst was found to have a BET surface area of 60 m?/g. CaO
and BaO were prepared from the thermal decomposition of calcium
hydroxide and barium hydroxide respectively at elevated temperature (500

°C) for 6 h.

Silica (Aerosil 200) and MgO with BET surface areas of 67 m?/g and 60
m?/g respectively were used as supports for alkali, alkaline earth and
transition metal oxides. -Alumina (BET surface area 157 m?/g and pore

volume of 0.23 cm®/g) was also used as a support.

The metal oxide supported catalysts were prepared by the incipient
wetness procedure using an appropriate amount of aqueous metal
hydroxide/nitrate solution. The catalysts were dried at 120 °C (16 h) and

calcined in air at 500 °C for 6 h.
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5.2.2 Apparatus and procedure

The catalytic experiments were carried out in a vertical fixed bed glass
reactor (130 mm long and 10 mm e.d). All reactions were carried out using
0.5 g of catalyst. The catalysts were used in the form of granules (350-850

m) prepared by pelletising the MgO catalyst powder and crushing to the
desired size. The reactor was placed inside a temperature controlled
heating jacket with a thermocouple placed at the centre of the catalyst bed.
The catalyst was activated in flowing oxygen at 500 °C for 1 h prior to
flushing with nitrogen gas. Propanol was fed at 1.5 ml/min from a 10 ml
syringe using a syringe pump (Sage instruments, model 341B) through a
heated carrier gas (nitrogen; flow rate 40 ml/min) line prior to the reactor.

The partial pressure of propanol in the feed was kept at 17.12 kPa.

The products were collected in a water-cooled receiver after 1 h (unless
otherwise stated) and analysed in a gas chromatograph (ZB wax, 60 m x
0.32 mm capillary column; FID). Light gaseous products including CO and
CO, were produced in the reaction and were analysed on line by gas
chromatography. The amount of gaseous products formed during the
reaction was small and analysis of these products was subsequently
discontinued in later runs. Liquid product identification was achieved by

GC-MS (Finnigan TSQ-7000) and *C-NMR spectroscopy (Brucker AC
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400). The temperature programmed desorption (TPD) apparatus consists
of a U-shaped quartz reactor housed in a temperature controlled heating
jacket. The signal is measured by a low temperature dual filament TCD

and recorded by a PC equipped with an 1/O card.

5.3 Results and Discussion

5.3.1 Catalyst screening

In initial studies propanol was passed over a range of catalysts at 450 °C
and a substantial amount of liquid products was collected (Table 5.1). In
addition some gaseous light products were formed by thermal
decomposition of the propanol or reaction intermediates. The selectivities
and activities of the different catalysts were evaluated by GC studies.
Product compositions were determined by a combination of GC, GC-MS
and *C NMR spectroscopy. By this means the major liquid products were

identified.

Amongst the catalysts screened, MgO showed the highest activity and
selectivity towards 2-methylpentanol. Even addition of basic ions (e.g. Li",

Na*, K*, ca*, Ba?', and Cs*" ; see Supplementary information) did not
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enhance the activity/selectivity of the MgO. From the data obtained from
the screening reactions, pure MgO was chosen for further extensive

investigation.
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Table 5.1 Liquid product distribution form the self-condensation reaction of propanol over various solid base

catalysts.
Catalysts %Conversion % SELECTIVITY
Propional- Methanol Ethanol  2-methyl- 2methyl- Others®
dehyde pentanal  Pentanol
MgO 27.8 16.1 7.3 3.4 2.6 50.2 20.4
BaO 9.8 35.3 9.2 6.2 1.1 11.5 37.0
CaO 4.4 21.6 8.0 7.6 1.3 8.0 53.5
SiO, 1.2 36.7 24.9 7.8 - 1.4 29.2
ZrO; 23.3 48.5 0.7 0.8 2.1 12.0 35.9
Al,O3 0 0 0 0 0 0 -
1%H,SO,/MgO 26.2 33.7 3.4 1.2 2.2 38.2 21.3
1%Li/MgO 5.8 2.6 - 67.0 1.4 9.0 20.0
1%Na/MgO 2.7 30.8 20.0 41.2 3.9 3.0 1.1
1%K/MgO 0.6 69.2 - 28.8 1.0 - 0.4
1%Cu/MgO 27.4 12.5 6.5 3.8 2.3 44.7 325

1%Cu/5%K/ MgO 14.9 19.1 7.5 17.2 1.4 13.0 41.8
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5%Cu/MgO 17.0 25.5 10.9 8.9
10%Zn/MgO 62.8 11.8 17.3 22.0
5%K/MgO 9.3 18.0 9.8 29.3
10%K/MgO 7.3 59.1 13.3 5.7
10%Na/MgO 6.2 55.8 9.7 3.5
10%Cs/MgO 13.9 52.2 3.2 6.7
10%Ca/MgO 17.2 54.3 6.0 51
10%Ba/MgO 15.3 37.5 4.1 1.0
10%Cs/SiO, 5.8 56.4 1.1 2.8
10%K/Al,O3 30.5 52.8 1.1 2.2
50%MgO/Al,O3 33.3 46.6 1.3 2.7

1.6
8.0
2.7
2.1
1.3
0.5
0.9
2.2
1.7
2.6
1.3

24.0
2.0
13.3
0.9
7.1
2.5
20.2
30.1
5.1
12.3
10.9

29.1
38.9
26.9
18.9
22.6
34.9
13.5
26.1
32.9
29.0
37.2

& Others include, Dipropylether, aldehydes of products and higher molecular weight species.
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The effect of reaction temperature on the activity/selectivity of the propanol
condensation reaction is shown in Figure 5.1. A fresh catalyst was used for
each set of data points in the experiment. Very little change in the
selectivity towards propionaldehyde over MgO, as the temperature of the
reaction is increased, is to be noted. Although the selectivity towards 2-
methylpentanol is very high at lower temperatures it tends to decline as the
temperature increases due to the formation of higher mass molecular
species (oligomers). The overall conversion at lower temperatures is,
however, very small. A reaction temperature of 450 °C was selected for

further studies of this reaction.
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Figure 5.1 The effect of temperature on conversion and product

distribution (calcination temperature 500 °C).

Figure 5.2 shows the variation of propanol conversion and 2-
methylpentanol selectivity with MgO calcination temperature. All the
reactions were conducted over a fresh catalyst. The conversion of
propanol decreased with an increase in calcination temperature. However,
the selectivity towards 2-methylpentanol remained fairly constant with the

increase of calcination temperature, suggesting that the choice of catalyst
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calcination temperature, for further studies, would be determined by

conversion issues, with 500 °C being the calcination temperature of choice.
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Figure 5.2 The influence of calcination temperature on propanol

conversion and catalyst selectivity (reaction temperature 450 °C).

Further studies were conducted in order to understand the significance of

the catalyst calcination temperature and to observe the changes that occur
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on the surface of the catalyst. This was partially achieved by temperature
programmed desorption (TPD) using CO, as a probe molecule (Figure
5.3). The experiments were conducted in atmospheric pressure. The CO,
was adsorbed at 100 °C. From the figure it can be seen that the TPD peak
in the temperature range 100 to 500 °C increases as the calcination
temperature changes from 450 °C to 500 °C and then decreases as the
calcination temperature is increased to 800 °C. The peak maxima at ca.
200 °C (Fig 5.3) correlates with the decrease in the activity of the catalyst
as observed in Figure 5.2 above. A lower calcination temperature in the
region of 450 °C to 550 °C was required for optimum catalytic activity in

this reaction.
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Figure 5.3 The effect of calcination temperature on the catalyst basicity

(strength and basic site distribution).

Figure 5.4 shows the variation of propanol conversion and 2-
methylpentanol selectivity with contact time. A fresh catalyst was used for
each set of data points presented in this experiment. The data shows an
initial increase, followed by a steady decrease in 2-methylpentanol
selectivity as the space velocity increases. The selectivity towards

propionaldehyde initially increased and then remained near constant as the
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space velocity increases. Further, a steady decline in conversion was
observed as the space velocity increased.

The above information is consistance with the classical mechanism of
higher alcohols formation which postulates the formation of
propoinaldehyde as a primary product from which the 2-methylpentanol

could be formed.

The data for the propanol reactions can thus be explained as follows. At
high space velocities, there is less time for a secondary reaction to occur
and hence the slight increase in propionaldehyde vyield.

At lower space velocities, there is enough time for further coupling

reactions to occur, resulting in lower propionaldehyde vyield.
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Figure 5.4 The effect of GHSV on propanol conversion and product yield

(reaction temperature 450 °C, calcination at 500 °C for 6 h).

A decrease in propanol conversion with time-on-stream was noted to
occur (Figure 5.5). The selectivity towards propionaldehyde initially
increased with time-on-stream while the selectivity to 2-methylpentanol
initially decreased as time-on-stream increased. In the later stages of the

reaction the composition of the two products remained constant with time.



%158 ' $( !

It is be noted that all the catalysts turned black during the reaction and
reactivation in oxygen (500 °C for 1 h) resulted in a return to the original
catalyst colour (white) and at conversion levels observed at the beginning

of the reaction. This suggests that the deactivation was due to carbon

deposition.
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Figure 5.5 The effect of time on catalyst activity and product selectivity.
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The thermogravimetric analysis (TGA) of the catalyst (in air) at the end of a
catalysed reaction is shown in Figure 5.6. Below 200 °C, mass loss is
associated with H,O removal (~ 2 %) and between 200 °C and 400 °C,
mass loss is associated with easy to remove carbonaceous material (or
heavies) (~ 2 %). Mass loss between 400 and 600 °C is associated with
graphitic carbon removal (~ 2 %) and removal of this material restores both

the catalytic activity and catalyst colour.

100
99 4
98
97 4

96

% weight loss

95 4

94 -

93 4

92 ' , ' , ' , ' , ' ,
0 200 400 600 800 1000

Temperature °C

Figure 5.6 Thermogravimetric analysis (TGA) profile of used MgO.
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5.3.2 Influence of hydrogen gas on catalyst activit y and product

selectivity.

The mechanism proposed for the C-C coupling reaction of alcohols
requires hydrogen transfer, and consequently, the role of hydrogen in the
reaction was also evaluated [8]. This was achieved by varying the amount

of hydrogen gas in the carier gas stream.

Figure 5.7 shows the change in conversion and selectivity as the amount
of hydrogen gas in the reaction is increased. A fresh catalyst was used for
each set of data points collected in this experiment. The propanol
conversion shows a small decrease as the hydrogen gas percentage in the
carrier gas increases. Although there was an increase in propionaldehyde
selectivity as the hydrogen gas percentage increases, the selectivity

towards 2-methylpentanol did not show a similar trend.
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Figure 5.7 The influence of % hydrogen on catalyst activity and product

selectivity (T = 450 °C, calcination at 500 °C for 6 h).

Hydrogen gas was passed over the catalyst for various time intervals in a
pre-treatment step prior to addition of propanol (Figure 5.8). Each pre-
treatment step was conducted over a fresh catalyst. 2-methylpentanol

selectivity decreased slightly with an increase in hydrogen purging time.
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Although hydrogen is required to enhance the selectivity towards 2-
methylpentanol both before and during the reaction, only a small amount of
hydrogen is required to give an optimum selectivity towards 2-
methylpentanol. It can also be noted that the influence of hydrogen pre-

treatment on the selectivity towards 2-methylpentanol was very small.
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Hydrogen purging time (h)

Figure 5.8 The influence of pre-treatment time (in hydrogen) on catalyst

activity and product selectivity (T = 450 °C).



w!$& ' $( !

5.3.3. Study of possible reaction intermediates

To establish the mechanism of the reaction over MgO a range of reactions
of propanol with possible reaction intermediates was performed. Reactions
were performed using neat reagents or with the reagents mixed with
propanol (1:1 v/v) (Table 5.2). The reaction of neat propanol is included in
Table 5.2 to give an indication of the product composition under standard
conditions. It is to be observed that only small amounts of 2-
methylpentanal was detected during the reaction with neat propanol.
Further, the introduction of hydrogen gas into the propanol feed resulted in
a significant increase in the 2-methylpentanol selectivity, consistent with

the mechanism shown in Scheme 5.1 [8] (see discussion below).
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CHs-CH,—CH,OH ~  CHgCHyCH=0

-~

(1) +C3H6Ol (n)

CH3—CH2—(|ZH—CH— CH=0
OH CHg

-Hzol (1)

CHg—CHz— CH= Cl:—CH: @)
CHs

+Hzl (IV)

CHg—CHz—CHz—(le—CHZO
CHs

+Hzl (V)

CHg-CHz-CHy-CH—CH.OH
CHs

Scheme 5.1 Aldol condensation of propanol to 2-methylpentanol.

The passage of propionaldehyde over MgO resulted in a high selectivity
towards 2-methylpentanal and very little formation of 2-methylpentanol
(6.1%). However, the reaction of propionaldehyde in the presence of
hydrogen gas gave a high selectivity towards both 2-methylpentanal and 2-

methylpentanol (Table 5.2). This shows that the formation of 2-
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methylpentanal is preferred over 2-methylpentanol, with propionaldehyde

as the feed, even in the presence of hydrogen gas.

It was observed that propionaldehyde was also hydrogenated to propanol
(7.4 %, see Table 5.2) during the reaction with H,. This indicated that
hydrogenation of both propionaldehyde and 2-methylpentanal to their
respective alcohols is possible under the reaction conditions used.

The possibility that the propanol was dehydrated to give propene during
the reaction was also considered. However, the addition of propene to
propanol over MgO did not affect the 2-methylpentanol selectivity and had

no effect on the reaction.
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Table 5.2 The liquid product distribution from the reaction of neat reactants

and propanol/intermediate (1:1 v/v) mixtures over MgO.

Reagents Conversion Selectivity (%)
(%) Propio- 2-methyl  2-methyl
naldehyde Pentanal Pentanol
Propanol 27.8 16.1 2.1 50.2
Propanol + H, 24.1 9.4 1.7 69.8
Propionaldehyde 97.4 (3.89 36.4 6.1
Propionaldehyde+H; 97.4 (7.4 27.7 31.1
Propanol + propene 30.0 12.4 2.3 51.9

& propanol selectivity.

The reaction of both propanol and propionaldehyde in the presence of

hydrogen gas (100%) was also investigated (Table 5.3). The propanol to

propionaldehyde mole ratio was varied in order to understand the influence

that each reactant on the product distribution. The selectivity towards 2-

methylpentanol increased while that of 2-methylpentanal decreased as the

propanol/propionaldehyde mole ratio increased. This result clearly reveals
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that propionaldehyde does not supply sufficient hydrogen needed to

produce 2-methylpentanol.

Table 5.3 The liquid product distribution from the reaction of propanol and

propionaldehyde mixtures in the presence of hydrogen gas (100%).

Reagents (mole ratio) Conversion. Selectivity (%)
Propanol:Propionaldehyde (%) 2-methyl 2-methyl
Pentanal Pentanol
0:1 97.4 27.7 31.1
1:4 72.2 27.0 31.0
1:2 53.6 20.9 23.6
1:1 34.1 151 171
151 34.8 15.0 12.7
23:1 47.8 22.3 40.2
4:1 37.5 0.5 47.3
1: 0 241 1.7 69.8

5.3.4 Reaction mechanism
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The above data allows us to discuss the mechanism of the conversion of
propanol to 2-methylpentanol over MgO.

The data obtained in this study are consistent with an aldol condensation
reaction as described by others [8,17] and shown in Scheme 5.1. A more
detailed description of the reaction is shown in Scheme 5.2 which shows

the reaction at the molecular level (after Iglesia and co-workers [7,8]).

The first step in the reaction requires conversion of the propanol to
propionaldehyde via loss of hydrogen. Our results indicate that the
hydrogen produced is required in later reaction steps. At this stage the
propionaldehyde can be rehydrogenated back to propanol (see Table 5.1),
but the major reaction is an aldol condensation to generate the C-C
coupled product (Scheme 5.1, step IlI) which rapidly converts to 2-
methylpentanal (steps Il and IV). Further reaction is determined by the
presence of hydrogen. If there is a lack of hydrogen the 2-methylpentanal
is removed from the surface, but if sufficient hydrogen is available then 2-

methylpentanol is formed (step V).
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Scheme 5.2 Detailed molecular mechanism of the Aldol condensation

reaction over MgO [7,8].

Addition of hydrogen to propanol resulted in enhanced selectivity to 2-

methylpentanol. Surprisingly, while the addition of hydrogen gas to

propionaldehyde enhanced conversion to C-C coupled products, less 2-

methylpentanol was formed than expected, suggesting that the hydrogen

—
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is best obtained from the propanol. This implies that the surface hydrogen
atoms are not as readily formed from gas phase hydrogen.

In studies by Iglesia et.al., [8] the addition of Cu to the catalyst was found
to alleviate this constraint. However, we have found that the addition of Cu
(1%, 5%; reduction of Cu ions in Hy) to MgO resulted in decreased

formation of 2-methylpentanol.

The WHSV (Fig. 5.4) also confirms the above mechanism. The increasing
yield of propionaldehyde as the space velocity increases, indicate that it is
a primary product and that further coupling reactions could be occurring

resulting in low yield at low space velocity.

5.4 Conclusion

MgO was investigated as a catalyst for the self-condensation of propanol.
Good activity and selectivity to 2-methylpropanol were achieved over this
catalyst. The impregnation of MgO with either alkali or transition metal
oxides did not improve either the activity or the selectivity of MgO. This

suggests that MgO has the necessary basic sites required for this reaction.
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A study of the reaction has revealed the importance of hydrogen in the
reaction. In the absence of a hydrogenating catalyst (e.g. a metal) the
reaction still proceeds to generate the hydrogenated product, indicating
that MgO also facilitates this role in the catalysed reaction.

The results, in the presence of hydrogen, are consistent with an aldol

condensation reaction to give the C-C coupled products.
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CHAPTER 6

Synthesis of 2-ethylbutanol and 1-hexanol from Prim ary

Alcohols over Solid Base Catalyst*

* A.S. Ndou, N.J. Coville, The use of ethanol as a building block for higher alcohol

synthesis, To be submitted.

6.1 Introduction

2-Ethylbutanol, 1-hexanol and 2-ethylhexanol are part of an important
class of compounds that belong to a group of the plasticizer range of
alcohols (Ces-Cy1). This range of alcohols is utilized primarily in plasticizers,
but they also have a wide range of uses in other industrial and consumer
products. 2-Ethylbutanol is mainly used as an esterification component to
manufacture a wide range of organic compounds used as plasticizers,
lubricant additives, hydraulic fluids, diffusion pump oils, heat transfer

media, pharmaceuticals, crop protection products and wetting agents [1].
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2-Ethylbutanol is also used in penetrating oils, as a cleaning agent for

printed circuit boards, and as a metal extracting and separating agent.

The diadipate ester of hexanol is the plasticizer in polyvinylbutyral that is
used in automobile safety glass [1]. Hexanol is used in the synthesis of
hexylbutyrate, an aroma compound with green notes flavour and widely
used in the food industry [2]. 2-Ethylhexanol and hexanol are used as
reagents in the polymerization of acrylates, ethylene, and propylene. 2-
Ethylhexanol is employed for the synthesis of bis(2-ethylhexyl)phthalate,
the most widely applied plasticizer for poly(vinyl chloride) (PVC) [3]. In
addition 2-ethylhexanol is utilized as a precursor for the synthesis of the
corresponding peroxydicarbonate, a free radical initiator employed in the
homopolymerization of vinyl chloride. Furthermore, it is also applied in the
preparation of the corresponding trialkyl phosphite, employed as a light
stabilizer for plastics as well as for the synthesis of organotin derivatives

that are used as PVC heat stabilizers [3].

Large volumes of higher primary alcohols (both plasticizer range and
detergent range) are industrially produced through the oxo or
hydroformylation reaction. In this process, primary alcohols are produced
from mono-olefins in two or more steps. Other reported reactions include

homologation of lower alcohols to higher ones using carbon monoxide and
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hydrogen [4], and the metal or metal oxide catalysed direct synthesis of

alcohols from syngas [5]. Hilmen et al. [6] also reported the formation of
higher alcohols in the synthesis of methanol and isobutanol from CO/H,
mixtures over basic mixed metal oxide catalysts. Di Cosimo et al. [7] have
reported the synthesis of isobutanol from a mixture of methanol and
propanol over a catalyst system with basic properties. The use of alcohol
mixtures over a solid base catalyst was also reported by Ueda and his co-
workers [8]. They used methanol as a building block for higher alcohol
synthesis. The other well known route for higher alcohol synthesis is the

Guerbert reaction [9-13].

In recent years, we have been studying the condensation reaction of
alcohols over solid base catalysts [14,15]. One of the remarkable features
of the ethanol dimerisation reaction was the observation that the data were
consistent with activation of the CHz part of the ethanol molecule. Thus
although formation of butanol could arise from an aldol condensation the
mechanistic study (Chapter 4) was not fully consistent with this expected
proposal. This result thus suggests that addition of other reagents to
ethanol could occur via a non-aldo condensation mechanism and should
lead to condensation through the CHs part of the ethanol molecule. Thus
reaction of ethanol with CHj3(CH,),CH,OH could lead to both aldol

condensation products (i.e. linear and branched products) as well as
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reaction through the CHgs part of the ethanol or acetaldehyde (i.e to give

linear products).

Reactions were thus undertaken with ethanol and butanol (as well as
propanol) to explore this issue. The study could provide insight into the
possible control of the reaction direction (branched/linear products) and

hence provide methods to control this ratio.

6.2 Experimental

6.2.1 Catalyst Preparation

Magnesium oxide catalysts were prepared from MgO (A.R) (Hopkin and
Williams LTD). The magnesium oxide was suspended in warm water with
stirring and then solidified again by the evaporation of the water. It was
then dried at 120 °C for 16 hours and finally calcined in air at 500 °C for 6
h. This catalyst was found to have a BET surface area of 60 m?/g. CaO
and BaO were prepared from the thermal decomposition of cesium
hydroxide and barium hydroxide respectively at elevated temperature (500

°C) for 6 h.



%) '"$* I &)+ I$ ( )
Silica (Aerosil 200) with BET surface area of 68 m?g and the MgO

synthesized above were used as supports for alkali, alkaline earth and
transition metal oxides. -Alumina (BET surface area 157 m?/g and pore

volume of 0.23 cm®/g) was also used as a support.

The metal oxide supported catalysts were prepared by the impregnation of
the support with an appropriate amount of aqueous metal hydroxide/nitrate
solutions to incipient wetness. The catalysts were dried at 120 °C for 16

hours and then calcined in air at 500 °C.

6.2.2 Apparatus and procedure

The catalytic experiments were carried out in a vertical fixed bed glass
reactor (10 mm i.d). All reactions were carried out using 0.5 g of catalyst.
The catalysts were used in the form of granules (350-850 m) prepared by
pelletizing the catalyst powder and crushing to the desired size. The
reactor was placed inside a temperature controlled heating jacket with a

thermocouple placed at the centre of the catalyst bed.

The catalyst was activated in flowing oxygen at 500 °C for 1 h prior to
flushing with nitrogen gas (40 ml/min). A mixture of ethanol and butanol
was fed from a 10 ml syringe using a syringe pump (Sage instruments,

model 341B) through a heated carrier gas (nitrogen) line prior to the



%) '"$* 1 &)+ IS ()
reactor. The partial pressures of ethanol and butanol in the feed were kept
at 12.18 kPa and 6.10 kPa respectively.

Reactions were conducted under nitrogen flow (40 ml/min). The products
were collected in a water-cooled receiver after 1h and analyzed in a gas
chromatograph (ZB wax, 60 m x 0.32 mm capillary column; FI Detector).
Product identification was achieved by GC-MS (Finnigan TSQ-7000) and
13C-NMR spectroscopy (Brucker AC 400). The temperature programmed
desorption (TPD) apparatus consists of a U-shaped quartz reactor housed
in a temperature controlled heating jacket. The signal is measured by a low
temperature dual filament TCD and recorded by a PC equipped with an 1/0
card. The conversion of the reactants and selectivity of the catalyst were

defined by the equations below.

Conversion (butanol) = (Amount of reactants in — Amount of reactants out)

Amount of reactants in

Where “in and out” denote the amount of reactants introduced during the
reaction and the amount observed after the reaction respectively.

The selectivity of the catalyst towards product “x” is denoted by the
following equation:

Selectivity (xX) = Amount of product (x)

Total amount of all products in the product stream
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6.3 Results and Discussion

A mixture of butanol and ethanol (1:2 mole ratio) was passed over a range
of catalysts (Table 6.1). A butanol/ethanol mole ratio of 0.5 was used
because it gave good conversion and selectivity towards the desired
products (see Fig. 6.2). Numerous products were obtained during the
reaction of which the most conspicuous were alcohols, aldehydes and

branched (2-ethylbutanol) alcohols (Table 6.1).



%) '$* 1 &+ IS ()L

Table 6.1. The effect of catalyst on the liquid product distribution using a 1:2 butanol:ethanol mole ratio.

Catalysts Butanol % SELECTIVITY

Conversion Acetal Butyral 2-Ethyl- 1-Hexanol  2-Ethyl- Others®

(%) butanol hexanol
MgO 28.9 1.8 10.5 23.7 20.6 10.6 32.8
BaO 4.0 20.9 73.8 0.0 0.0 0.0 5.3
CaO 2.7 2.8 23.7 0.0 0.0 0.0 73.5
1%Cu/MgO 24.1 3.1 12.9 17.5 14.0 4.3 48.2
1%Cu/5%K/MgO 9.2 6.5 42.6 16.9 10.5 14 22.1
1%H,SO4/MgO 16.9 1.1 13.7 14.6 14.9 4.5 51.2
5%K/MgO 9.3 18.4 48.6 4.8 8.9 1.9 17.4
5%Cu/MgO 10.2 6.4 30.8 125 20.7 3.5 26.1
10%Ba/MgO 5.8 7.5 32.9 24.9 28.6 3.7 2.4
10%Ca/MgO 6.2 1.9 20.8 14.2 41.8 0.0 21.3
10%Cu/MgO 7.8 0.4 21.8 9.9 26.7 3.9 36.8

®Others include, ethers of the reactants, aldehydes of the products, and some heavy products.
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These products can be formed in the following reactions:

2(CH3CH,0OH) _catalyst, CH3CH,CH,CH,OH + ethers
+ aldehydes Q)
CH3CH;0H + CH3CH,CH,CH,OH catalyst, C6H130H +
aldehydes + ethers (2)
2(CH3CH,CH,CH,OH) catalyst, CH30H20H2CH2C\:HCHZOH
+ CH,CHjs

aldehydes + ethers 3)

Amongst the metal oxides tested, MgO gave the highest activity and a
good selectivity towards a range of desired products. However, it did not
show any good selectivity towards one specific product formed in the
reaction of the two major alcohols. The formation of both linear (1-hexanol)
and branched (2-methylbutanol) alcohols indicated the ability of ethanol to
be activated at both ends (-CH; and —CH,-). 2-Ethylhexanol was also
formed over MgO. The formation of 2-ethylhexanol was due to the self
condensation of butanol via a mechanism described in our earlier study of
propanol [15]. The substantial amount of 2-ethylhexanol observed over
MgO, was exaggerated by the presence of surplus butanol formed in the

ethanol dimerisation reaction [7,14]. This resulted in three competing
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reactions on the surface of the catalyst and the subsequent low observed

conversion.

In an attempt to improve the selectivity of the catalyst, various metal ions
were introduced onto the MgO surface (Table 6.1). The impregnation of
MgO with Cu®* ions did not improve the selectivity towards alcohols. It is
interesting to note that although the activity of the catalyst (Cu/MgO)
decreased as the Cu loading increased, the selectivity of 1-hexanol
increased with Cu loading while that of 2-ethylbutanol decreased. The
dehydrogenation effect of Cu was expected to favour the formation of
alcohols. However, the presence of Cu could also facilitate the
amalgamation of hydrogen atoms to form hydrogen gas which could easily

be lost from the surface [6].

The introduction of a small amount (1% w/w) of sulphuric acid onto the
MgO surface increased the surface area of the catalyst from 60 to 195
m?/g (see experimental). Although the surface area of the catalyst was
enhanced, the basicity of the MgO was also compromised. This was
evident as indicated by the low activity and selectivity values obtained

during the reaction.
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Alkali and alkaline earth metals were loaded onto MgO in an attempt to
improve the activity and selectivity of the MgO by increasing the basicity of
the catalyst. The butanol conversion of these mixed catalysts decreased.
However, the selectivity towards alcohols increased (except for 5%K/MgO)
with 10%Ca/MgO giving the highest selectivity towards 1-hexanol.

Further reactions were conducted over MgO since it showed good activity
and reasonable selectivity towards three alcohols discussed in this

reaction.

6.3.2 Investigation of reaction parameters

The MgO catalyst was subjected to different reaction temperatures in order
to examine the effect that the temperature has on the product distribution
(Fig. 6.1). A fresh catalyst was used for set of data points collected during
the experiment. The overall conversion of butanol increased with
temperature. There is very little change in the selectivity towards 2-
ethylhexanol as the reaction temperature increases. Although there is an
initial increase in the selectivity towards both 2-ethylbutanol and 1-hexanol
as the temperature increases, it tends to decline as the temperature
reaches 500 °C. A temperature of 450 °C was chosen for further study of

this reaction.
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Figure 6.1 The effect of temperature on catalyst activity and product

distribution.

The number of moles of ethanol in the reaction mixture was varied relative
to that of butanol (Fig. 6.2). A fresh catalyst was used for each set of
experiment shown (Fig. 6.2) below. Although the overall conversion of
reactants remained constant when the butanol to ethanol mole ratio was
changed from 1:1 to 1:2, there was a significant decline in conversion

when the mole ratio was changed from 1:2 to 1:4. A steady decline in
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conversion was further observed with subsequent increases in the amount
of ethanol. This is due to the dimerisation reaction of ethanol to form

butanol [14].

There was a slight increase in the selectivity towards 2-ethylbutanol and 1-
hexanol. Although the selectivity towards 2-ethylhexanol is higher at lower
moles of ethanol, it tends to decrease as the ethanol moles increase. This
suggests that there is an excess amount of butanol on the surface of the
catalyst for this side reaction to occur. As the amount of ethanol increases
more butanol is required for the formation of 2-ethylbutanol and 1-hexanol,

and this yields a low selectivity towards 2-ethylhexanol.
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Figure 6.2 The effect of butanol to ethanol mole ratio on product

distribution.

Figure 6.3 shows the variation of product selectivity with space velocity. A
fresh catalyst was used for each set of data points collected in this
experiment. The selectivity towards acetaldehyde and butyraldehyde
increases as the space velocity increases. This confirms the two are
primary products in aldol coupling of ethanol and butanol respectively. The
data also indicated a moderate decline in selectivity towards 2-

ethylbutanol, hexanol and 2-ethylhexanol as the space velocity increased.
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This is consistence with the mechanism of aldol coupling reactions of

alcohols (Scheme 6.3). However, the change in the selectivity towards 1-

hexanol as the space velocity increased was very small.
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Figure 6.3 The influence of space velocity (GHSV) on product distribution.

The effect of time on stream on the catalyst activity and selectivity is shown
in Fig. 6.4. The catalyst activity initially increased with time for the first two

hours and this gradually decreased with time. This is attributed to the
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formation of higher molecular species and carbon deposits (see Fig 6.5

below). The formation of butanol from ethanol also contributes to the

decline in conversion.

The selectivity towards 2-ethylbutanol slightly decreased as the time on
stream was increased. Although the selectivity towards 1-hexanol initially
increased with time on stream, there was a slight decrease in selectivity

towards the end of the reaction.

It is interesting to note that as the catalyst deactivates with time, and the
formation of 1-hexanol becomes more favourable than that of 2-
ethylbutanol. Although the selectivity towards 2-ethylhexanol initially
increased with time, there was a slight decrease as the reaction time
increased. This decline in selectivity could also be attributed to the shift in

selectivity towards 1-hexanol and to a certain extent, catalyst deactivation.
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Figure 6.4 The effect of time on stream on catalyst activity and selectivity.
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Figure 6.5 Thermogram of MgO catalyst used in the reaction of ethanol

and butanol.

6.4 Reaction Mechanism

The above data and previous literature reports [7,14,16,17] allows us to
suggest a possible mechanism and reaction network for the formation of 2-
ethylbutanol and 1-hexanol (Schemes 6.1 and Scheme 6.2) from butanol

and ethanol. These reaction schemes show the detailed formation of 2-
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ethylbutanol. In these schemes, ethanol and butanol are converted on an

MgO catalyst mainly through dehydrogenation (to respective aldehydes),
aldol coupling (of the aldehydes), dehydration (of the resultant coupling
product), and hydrogenation (of the unsaturated aldehyde to form 2-

ethylbutanol and 2-ethylbutyraldehyde) reactions.
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Scheme 6.1 Schematic representation of the 2-ethylbutanol formation

mechanism from ethanol and butanol reactions.
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The formation of 1-hexanol could also be illustrated in the same way as

shown in scheme 6.1. During the reaction, ethanol and butanol could
exchange roles which could see ethanol generating the carbanion on the
-carbon (CHj3) and carrying out an attack on butanol (Fig. 6.2). This would

lead to the formation of 1-hexanol.
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Scheme 6.2 Schematic representation of the 1-hexanol formation

mechanism from ethanol and butanol reactions.
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The reaction network for the ethanol and butanol reactions is summarized

in scheme 6.3 below. This scheme shows most of the reactions observed
on the MgO catalyst. In this scheme, ethanol and butanol are converted
(on MgO samples) predominately to higher alcohols. Acetaldehyde and
butyraldehyde form via ethanol and butanol dehydrogenation respectively
(step Xl and V). The aldol intermediates formed from acetaldehyde and
butyraldehyde condensation (step IX and XIlll) dehydrate to form , -
unsaturated aldehydes, which rapidly hydrogenates to  2-
ethylbutyraldehyde and n-hexanal (step X and XIV). The H, required is
formed in the ethanol and butanol dehydrogenation steps. These
aldehydes can further be hydrogenated to their respective alcohols (2-

ethylbutanol and 1-hexanol).

Acetaldehyde formed from ethanol dehydrogenation can also undergo
aldol condensation (step XVI) to form aldol intermediates. These aldol
intermediates undergo dehydration and hydrogenation to form n-
butyraldehyde (step XVII), which can be hydrogenated to butanol (step
XVIII). n-Butanol can also be formed via direct condensation of ethanol
[14,17] (step II). Diethylether and dibutylether are formed in bimolecular
dehydration steps (step | and 1V). Ethylbutylether is formed in dehydration

step (step Ill). Butyraldehyde can also undergo condensation (step VI) to
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form aldol intermediates, which can dehydrate and rapidly hydrogenate to
2-thylhexanal (step VII). 2-Ethylhexanol can be formed by hydrogenation of

2-ethylhexanal.

+C,oH50H +C2Hs0H
CH3CH,OCH,CHs ~io | crcron | o CH3CH,CH,CH,OH
—Hzo _H2
CoH50CHg < Xl

11l
CH3CHO XVI

‘wCchHZCHZCHZOH XIll l+C4HsO N eheHO
“H,0 V¢‘H2 g H,

(CH3CH,CH,CH,) 0 CHs(C H2)2C|3HCH2CHO OH

P CH3CH,CH,CHO O H,0
Vi IX l+C2H 0 o XVIL |

CH3CH,CH,CHCHCHO XIV | +H,
HO ChpoH,  CHECHRCHCHO CHyCH,CH,CHO
CH,CH,OH
+H, CH3(CH)4,CHO +H»
Vil l-HzO o [ +Ho XVl
~H,0
CHiCHCH,CH,CHCHO oy oy cicHo xv [[tH2  CHCHCHCH,OH
CHCH CHCH;  CHy (CHp)4CH,OH
Vil 1L+H2
XI sz
CH{CH,CH,CHICHCHOH
Ligcr,  CHiCHECHCHOH
CH,CHs

Scheme 6.3 Summary of reactions for ethanol / butanol conversion over

MgO.
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6.4.1 The Effect of Reaction Parameters on Linear/B  ranched Alcohols

Ratio

As discussed above, both a linear and a branched product are expected to
be formed in the reaction. If reaction only occurs via an aldol condensation
pathway then the ratio of products will be determined by whether the C2
aldehyde attacks the C4 aldehyde (linear product) or whether the C4
aldehyde attacks the C2 aldehyde (branched product; Scheme 6.1). A
further complication arises from the possibility of attack of C4 aldehyde by

the CH3 group of the ethanol. This would lead to linear product.

At present there is no method to evaluate the relative reaction rates for the
above three processes.

A consideration of the data in Table 6.1 indicates that the linear/branched
ratio varies with (i) amount of Cu and (ii) addition of base to MgO. It is
noted that the % conversion was not constant but the trends are still
apparent. Figure 6.1 clearly demonstrates this finding. Here it is seen that

the linear/branched ratio is nearly constant with change in activity.

(i) As the amount of Cu on MgO (1-10 %) increases the linear dimer is
favoured. Since there was a significant drop in activity as the Cu loading
increased, it is therefore reasonable to suggest that some of the active
sites on MgO could have been blocked. This implies that the coverage of

some sites by Cu favours the linear dimer.
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(i) The addition of basic ions (K*, Ba** and Ca**; 10%) to MgO appears to

have the same effect as that of Cu. This further demonstrates that the
effect of these metals on MgO could be mostly due to a physical process.
This implies that the route (aldol) by which the branched dimer is formed
could have been blocked. Thus formation of the linear dimer is enhanced
but the route to this product (aldol reaction and/or CH3 activation) is less

affected by addition of a base or Cu.

The influence of reaction parameters on the MgO catalysed reaction was
monitored and is discussed below.

The ratio of linear to branched products as a function of temperature is
shown in Figure 6.6. The effect of temperature on the linear/branched ratio

iIs modest. Figure 6.1 also demonstrates this finding.
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Figure 6.6 The effect of temperature on linear/branched alcohols ratio.

Figure 6.7 shows the change in linear/branched ratios as the butanol to
ethanol mole ratio is varied. Although the amount of a linear alcohol is
higher at butanol/ethanol mole ratio of 0.5, respectively, it tends to
decrease as the butanol/ethanol mole ratio decreased. The overall change

in the products ratio as the butanol/ethanol mole ratio increases is rather
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small. The amount of branched alcohol remained higher than that of linear

alcohol throughout the ethanol/butanol mole ratio investigated in this

reaction.
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Figure 6.7 The effect of butanol/ethanol mole ratio on linear/branched

alcohols ratio



%) '"$* 1 &)+ 1% (),

The effect of contact time on linear/branched alcohols ratio is shown in

Figure 6.8. There is a decrease in linear/branched ratio as the contact time
increased. At lower contact time, the formation of a linear alcohol is more
favoured than the formation of a branched alcohol. At higher contact time,
the formation of a branched alcohol is preferred. It also indicates a slow

build up of the branched dimer with increasing contact time.

—&— Hexanol/2-Ethylbutanol ratio
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1.1 4

1.0 1
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Linear/Branched ratio
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54—+
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

1/GHSV (h)

Figure 6.8 The effect of contact time on linear/branched alcohols ratio.
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The change in linear to branched alcohols ratio with time-on-stream is
shown in Figure 6.9. Although there is a gradual increase in the formation
of a linear alcohol as the reaction time elapsed, the formation of a
branched alcohol is preferred in the initial stages (0.25-3 h) of the reaction.
As the activity of the catalyst decreases with increasing time-on-stream
(Fig 6.4), the formation of the branched dimer also decreases. However,
the amount of the linear dimer remained near constant as the activity of the
catalyst decreases (Fig 6.4). This indicates that the formation of a

branched dimer is more favourable when the MgO catalyst is still fresh.
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Figure 6.9 The effect of time-on-stream on linear/branched alcohol ratio.

In attempting to deconvolute the above data it is recognized that
assumptions will be needed to be made to allow for an understanding of
the data. For example the reaction is a complex one and it is not clear as

to the rate determining step(s) in the reaction. However the relative
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independence of isomer rate with varying reactant ratios suggests that

preferential coverage by either of the alcohols (or aldehydes) is not the key
step in the reaction. This to some extent is also indicated by the invariance

of the isomer ratio with reaction temperature.

In summary, the preliminary study suggests that it is possible to maximize

one isomer (branched, linear) over the other.

i) Branched products are favoured by what appears to be the most active
sites. Thus, time on line studies reveal that the branched products are
favoured early in the reaction and as the reaction progresses these
deactivate first. The data in Fig 6.1 indicate that even though more
reactants are formed with time the proportion of branched isomer actually

decreases. Also, added ions (Cu, Ca) appear to cover the same sites.

i) Branched products are favoured by longer reactant/catalyst contact
times. Since the reactant ratio does not influence the linear/branched
iIsomer ratio, the data suggest that the issue relates to the stability of the
different intermediates. Since the branched isomer is favoured (at high
contact times) this suggests that the attack of the C2 species generates

more product than attack of the C4 species.

The reason for this is not clear. However, a possibility may relate to the

earlier proposal — that attack at C2 can occur at either the CH3 (leads to



%) '"$* 1 &)+ 1% (),

linear product) or the -CH,- part of the molecule. In this instance little
CH3CH,0OH is found on the surface (long contact times convert more
alcohol to aldehyde) and consequently the attack at the -CH- (actually

CHO) unit is favoured. However, little more can be said at this stage.

6.5 Conclusions

MgO was investigated as a catalyst for the condensation of ethanol and
butanol. Good activity and selectivity towards both 2-ethylbutanol and 1-
hexanol was achieved on this catalyst. Attempts to increase the selectivity
of the catalyst towards 1-hexanol were largely unsuccessful. Although the
impregnation of MgO with calcium ions gave higher selectivity towards 1-
hexanol, the overall conversion of reactants was very low. This however

could provide the basis for future follow-up studies.

The formation of 2-ethylbutanol occurs via the classical aldol condensation
reaction. However, the formation of 1-hexanol occurs via the activation of a
methyl group of ethanol. This activation of the methyl group on ethanol can
occur via both the aldol condensation mechanism outlined in Scheme 6.2

and an alternative route involving dehydration (see below).
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OH H
~H,0
CH3CH,CHyCnH +  C—CHOH ———— CHz(CHy)4CH,0H
\H H/ 4 catalyst

Finally it is to be noted that dimerisation of ethanol does produce one of
the reactants, butanol, and this product will modify the actual
concentrations of reactants and further complicate the unravelling of the
mechanism. The study in the next chapter seeks to remove this variable

from the study.
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CHAPTER 7

Synthesis of 2-Methylbutanol and 1-Pentanol from

Primary Alcohols over Solid Base Catalyst*

* A.S. Ndou, N.J. Coville, The use of ethanol as a building block for higher alcohol

synthesis. To be submitted.

In Chapter 6 it was shown that ethanol had the ability to react with
butanol through either the -CH3; or the -CH,- part of the molecule to
produce linear and branched products. To further explore this reaction

ethanol was reacted with propanol.

7.1 Introduction

The use of lower primary alcohols for the synthesis of fine chemicals and

higher primary alcohols has recently received much attention in the



%) S8 )+ | & 1$ ()

literature [1-6]. These literature reports, many on industrially important
alcohols have been reported to form through condensation of lower
primary alcohols over catalysts with basic properties. This process is
known as the Guerbet reaction and entails the reaction of a primary or
secondary alcohol with itself or another alcohol to produce a higher
alcohol. Various types of heterogeneous catalysts have been used for this
reaction and their use has been reported in patents [7,8]. Ueda et al. [9,10]
have also reported in detail on a catalytic reaction carried out over a solid
base metal oxide catalyst, in which methanol is condensed with other
primary alcohols having a methyl or methylene group at the [3-position to
form higher alcohols. Carlini and his co-workers have recently reported the
synthesis of valuable alcohols (isobutanol and 2-ethyl-1-hexanol) through
the Guerbet reaction using both homogeneous and heterogeneous metal

catalysts with basic components [11-15].

In this chapter, the reaction of ethanol and propanol to give 1-pentanol and

2-methylbutanol over a solid base catalyst is reported.

1-Pentanol and 2-methylbutanol are commonly used as a mixture of
alcohols known as Pentanol 45. Pentanol 45 is composed of 42 - 52 % 1-

pentanol and about 48 - 58 % 2-methylbutanol. It is industrially produced
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by hydroformylation of n-butenes and subsequent hydrogenation of the
primary Cs aldehydes thus obtained. This process gives Pentanol 45 that is
free from secondary and tertiary alcohols. Pentanol 45 is used in a wide
range of industries. Like many other alcohols, Pentanol 45 is used as
solvent for oils and fats, natural and synthetic resins and waxes, and
paraffin waxes. Because of its limited miscibility with water, Pentanol 45
can be used as a versatile extractant for the removal of uranium,
neptunium, platinum and zinc salts. It has also been recommended for the
extractive purification of lactic acid or acrolein [16]. Esters of Pentanol 45
are used in combination with aliphatic dicarboxylic acids as intermediates

for the manufacture of synthetic oil additives.

In the dimerisation reaction between ethanol and butanol, the impact of the
butanol produced by the ethanol could have influenced the reactant ratios
of the mixed dimer. It was thus decided to investigate the reaction between
propanol and ethanol. The dimerisation capability of ethanol is much
greater than that of propanol, and this will need to be factored into any

discussion.
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7.2 Experimental

(Same as in Chapter 6)

7.3 Results and Discussion

The reaction between propanol and ethanol was conducted over a
magnesium oxide catalyst. The major products collected from the reaction
included amongst others 2-methylbutanol, 1-pentanol, butanol and 2-
methylpentanol. The ethanol/propanol mole ratio was kept at 1 for all the
experiments conducted in this chapter. The ethanol and propanol partial

pressures were both kept at 9.4 kPa.

The products distribution for the ethanol and propanol reaction at 450 °C is
shown in Table 7.1 below. The catalyst showed high selectivities towards
the mixed dimers pentanol and 2-methylbutanol. However, also noted are
the products butanol (from the ethanol dimerisation reaction) and 2-
methylpentanol (synthesized either from the self condensation of

propanol).
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Amongst the aforementioned products, butanol was found in the highest
amount. This shows suggested that the dimerization of ethanol was more
favourable than the condensation with propanol. This is brought about by
the difference in reactivity between the two alcohols. Propanol has an
unreactive terminal methyl group that can cause a steric hindrance and
limit attack at the methylene group and therefore could lower the reactivity.
On the other hand, both the terminal methyl and the methylene groups on
ethanol can participate in the reaction. The selectivity towards 2-

methylpentanol, a product of self-condensation of propanol was very low.

Table 7.1 Product distribution of the reaction between propanol and

ethanol over MgO catalyst.

%Conv. % SELECTIVITY
Acetal Butanol 2-methyl Pentanol 2-methyl Others®
butanol pentanol
21.6 14.8 30.1 16.3 215 15 15.8

& Others include, ethers of the reactants, aldehydes of the products and

heavy compounds formed by oligomerization.
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The effect of temperature on reaction conversion and product selectivity is
shown in Figure 7.1 below. A fresh catalyst was used for each set of data

points collected in this experiment. To note:

i) As the reaction temperature increased, there was an increase in the
reactant conversion. However, the selectivity towards butanol, 2-
methylbutanol and pentanol decreased with an increase in temperature. At
temperatures above 450 °C, secondary reactions which lead to the

formation of high molecular weight species occur (Fig. 7.2).

i) The butanol/pentanol ratio remains fairly constant, following a similar
trend with temperature. Thus attack of CH3CHO by either a C2 or C3 entity

is not affected by temperature.

iif) Overall the selectivity towards butanol, 2-methylbutanol and pentanol

decreased with an increase in temperature.
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Figure 7.1 The effect of temperature on conversion and product

distribution.

The influence of space velocity on conversion and product selectivity is
shown in Figure 7.2 below. A fresh catalyst was for each data points

shown in this experiment.
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The selectivity towards 2-methylbutanol, pentanol and 2-methylpentanol
showed a modest decrease with an increase in space velocity. This
indicates that the above mentioned products are being formed through
secondary surface reactions since they are favoured by high contact time.
However, the selectivity towards acetaldehyde and propionaldehyde
increased as the space velocity increased. This indicates that
acetaldehyde and propionaldehyde are primary products since they are
favoured by short contact time. The selectivity towards butanol showed a
slight increase as the space velocity increased. This behaviour could be
explained by the findings in chapter 4, which suggest the presence of an

alternative route to butanol formation.

The above information suggests that acetaldehyde and propionaldehyde
are being converted into butanol, 2-methylbutanol, 2-methylpentanol and

1-pentanol at high contact time.
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Figure 7.2 The influence of space velocity (GHSV) on conversion and

product selectivity.

The overall conversion of the reaction decreased from about 25% to 18%
over 8 h with time on stream (Fig. 7.3). The catalyst also turned grey at the
end of the reaction. This suggests that the catalyst deactivated with time
due to the accumulation of carbon and high molecular weight species. This

was also confirmed by the thermogram of MgO catalyst after the reaction
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(Figure 7.4 below). There is a slight decline in weight percentage of the
catalyst from 100 to 300 °C which can be correlated to the desorption of
higher molecular weight species. The remaining weight loss is due to the

desorption of carbonaceous material.

There was an initial decline in the selectivity towards butanol and
propionaldehyde while the selectivity towards 2-methylbutanol and

pentanol remained constant.
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Figure 7.3 The effect of time-on-stream on catalyst stability and product

selectivity.
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Figure 7.4 Thermogram of MgO catalyst after the reaction.

7.4 Reaction Mechanism

The reaction mechanism for the formation of pentanol is outlined in
Scheme 7.1 below. The ethanol to propanol mole ratio used is 1:1. The

reaction seems to occur through a mechanism similar to the one discussed
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in the previous chapter (Chapter 6), for the formation of hexanol and 2-

ethylbutanol from a mixture of ethanol and butanol.

In Scheme 7.1, ethanol and propanol are converted to pentanol through
dehydrogenation (to aldehydes), aldol coupling (of aldehydes),
dehydration, and hydrogenation reactions over MgO catalyst. Similarly, 2-
methylbutanol can also be formed in the same way as illustrated in
Scheme 7.1. The formation of butanol and 2-methylpentanol occurs
through dimerization (and aldol coupling) and self condensation of ethanol

and propanol respectively.
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Scheme 7.1 Schematic representation of ethanol and propanol reaction

mechanism for the formation of 1-pentanol.
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The detailed reaction network of ethanol and propanol outlining the
possible reaction pathways observed over MgO is shown in Scheme 7.2
below. This reaction scheme summarises most of the products observed in
the reaction between ethanol and propanol. Acetaldehyde and
propionaldehyde form via ethanol and propanol dehydrogenation
respectively (steps XIlI and V). The formation of Butanol and 2-
methylpentanol occur via self-condensation of ethanol and propanol

respectively (steps Il, XVI - XVIII, and VI - VIII).

The formation of the 2-methylbutanol and pentanol from the reaction
between ethanol and propanol occurs through dehydrogenation (to their
corresponding aldehydes, steps V and XIlI), aldol condensation of the
aldehydes to aldol species (steps IX and XIIl), dehydration and
hydrogenation of the aldol species (steps X and XIV), and hydrogenation of

the resultant aldehydes to their corresponding alcohols (steps Xl and XV).
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Scheme 7.2 Reaction network of ethanol and propanol mixture.
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7.4.1 The Effect of Reaction Parameters on Linear/B ranched alcohols

Ratio

The ratio of linear to branched alcohols was calculated and plotted against
reaction parameters to determine conditions under which the formation of

either linear or branched alcohols is favoured.

Figure 7.5 shows the change in ratio of linear/branched alcohols as the
reaction temperature is increased. At a lower temperature (about 350 °C),
the ratio of linear/branched is higher which indicates that the formation of a
linear alcohol is more favourable at this temperature. Although there was a
decline in the amount of a linear alcohol as the temperature increased, the
overall formation of a linear alcohol remained higher than that of a

branched alcohol during this study.

The amount of butanol formed was higher compared to that of 2-
methylpentanol. This shows that ethanol forms dimers easily. But here
butanol formation does not interfere with the analysis as it does in Chapter

6.
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Figure 7.5 The effect of temperature on the ratio of linear/branched

alcohols.

The linear/branched ratio of alcohols is shown in Figure 7.6 as a function of
contact time. Contrary to what has been observed for ethanol and butanol
reaction, the linear/branched ratio of alcohols in ethanol and propanol

reaction increased as the contact time increased.
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At lower contact time, the formation of a branched alcohol is favoured over
the formation of a linear alcohol. At higher contact time, the formation of a
linear alcohol is preferred over that of a branched alcohol. This suggests
that the dehydrogenation of ethanol to acetaldehyde and the abstraction of
a proton from the -position of propanol specie occur more rapidly than the
abstraction of a proton from the methyl group of ethanol/acetaldehyde.
This could relate to a steric effect. Propanol is less bulky than butanol;
therefore the CH, on propanol molecule is more accessible than that of

butanol.
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Figure 7.6 The influence of contact time on linear/branched ratio of

alcohols.

Figure 7.7 below shows the effect of time-on-stream on linear/branched
ratio of alcohols. The ratio of linear/branched alcohols decreased as the

reaction time elapsed. Initially, the formation of a linear alcohol is preferred
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over that of a branched alcohol and as the reaction progressed the
formation of a branched alcohol increased. This is contrary to what has
been observed for ethanol/butanol reaction (Chapter 6, Fig 6.9). The
decrease in ratio does parallel that of the reaction activity. Thus it appears
that as active sites are removed, formation of the linear complex is
disfavoured. The dimerisation of ethanol seems to be strongly competing

for the sites responsible for the formation of the linear dimer (pentanol).
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Figure 7.7 The effect of time-on-stream on linear/branched ratio of

alcohols.
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7.5 Conclusions

MgO has proved to be an effective catalyst for the condensation of primary
alcohols to form higher alcohols. In the instances where ethanol and
propanol were used as building materials for higher alcohol synthesis, both
branched and linear alcohols were observed over magnesium oxide

catalyst.

The ethanol and propanol reaction seems to occur via a mechanism similar
to the one described for ethanol and butanol (Chapter 6). In this
mechanism, the formation of either linear or branched alcohol is dependent

upon the position at which the ethanol is activated.

The formation of 1-pentanol is favoured by higher contact time while that of

2-methylbutanol is favoured by lower contact time.
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CHAPTER 8

Vapour Phase Alkylation of Catechol over Solid Base

Catalysts

*V. Vishwanathan, S. Ndou, L. Sikhwivhilu, N. Plint, K.V. Rghavan, N.J. Coville, Chem.

Commun. (2001) 893.

8.1 Introduction

Vapour phase alkylation of catechol is commercially important for the
production of oxy-alkylated products, namely guaiacol and veratrole. These
are synthetic intermediates used in the production of flavourings,
fragrances and pharmaceuticals [1]. Studies on phenol alkylation have
shown that product selectivity depends on the acid—base property of the
catalyst surface [2]. The addition of metal ions to alumina is known to
generate new active sites which are basic in nature [3]. Available literature
on the vapour phase alkylation of catechol over solid base catalysts,

though limited, suggests that the basic sites are primarily responsible for
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the formation of C-/O-alkylated products [4,5]. This is further supported by
the report that CO, adsorption over the basic sites leads to catalyst
deactivation [6,7].

However, there is no evidence to suggest that the weak sites over the base
catalysts are primarily important for the formation of mono oxy-methylated
products, in particular guaiacol. Here, for the first time, such a correlation is
proposed, i.e. that a correlation exists between the weak base sites on a

catalyst surface and selectivity to guaiacol.

8.2 Experimental

8.2.1 Catalyst Preparation

The supported cesium catalysts were prepared by impregnating Al,Os,
SiO, and TiO,, all of commercial origin, with an appropriate amount of an
aqueous solution of cesium hydroxide (10 % Cs by mass). The resulting
solids were dried and calcined in air at 400 °C for 4 h. Temperature
programmed desorption (TPD) was performed using CO, gas at a heating

rate of 10 °C/min in the temperature range 100-700 °C.
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8.2.2 Apparatus and Procedure

The vapour phase alkylation of catechol with methanol was carried out in a
vertical flow-type reactor at 350 °C at atmospheric pressure (ca. 650 mm
Hg). Before the start of the experiment, the catalyst (ca. 2 g) was activated
in the reactor at 400 °C for 1 h in nitrogen and then the solid was cooled to
the reaction temperature. A pre-mixed catechol-methanol (1:3 w/w ratio)
mixture was fed from the top of the reactor at a fixed rate of 5.1 ml/min
(methanol-free catechol flow rate 0.95 mol/h) by means of a Sage syringe
pump. The partial pressure of catechol was kept at 89.15 kPa during the
reaction. After 1 h the liquid products were analyzed by GC (FID) using a
DB-1 capillary column. The reaction conversion was determined with
respect to the amount of catechol reacted. The reaction products were
further confirmed by GC-MS (VG-11-250 data system) and “*C NMR

(Brucker AC-400) spectroscopy.

8.3 Discussion of Results

The reaction data for the vapour phase alkylation of catechol over
unsupported and supported catalysts are shown in Table 8.1. The acidic

oxides (Al,O3, SiO, and TiO;) do not show much guaiacol formation.
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However, the basic oxide MgO shows a selectivity of 65 % for guaiacol.
This suggests that the basic sites on the catalyst surface are involved in

the formation of guaiacol.

It is interesting to note that cesium oxide alone shows a low activity and
selectivity towards guaiacol formation. However, impregnation of cesium
on to the acidic oxides (Al,Os, SiO, and TiOy), increased the selectivity for
guaiacol significantly. Both alumina and cesium-modified alumina show the
highest reaction activity as compared to the other unsupported and
supported oxides. This suggests that the stronger and larger number of
acidic sites on the catalyst surface promotes more ring alkylation than side

(O-) alkylation.

In the case of both alumina and cesium-modified alumina a significant
amount of polyalkylated products is also formed. The formation of phenol
and to a lesser extent diphenylether indicates that both dehydration and
ring alkylation are the two competitive reactions operating over the acidic
sites. This is supported by the fact that both TiO, and Cs-TiO, show a
significant amount of dehydrated products as compared with Al,O3; and

Cs—Al,O3 catalysts.
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Table 8.1 Reaction data for the vapour phase alkylation of catechol over

unsupported and supported cesium catalysts.

Catalyst Activity Selectivity (%)

Molhg? Guaiacol Veratrole C-alkylated Others®

products®
TiO, 0.718 10 2 36 42
Al,O3 2.341 18 3 73 6
SiO, 0.133 20 43 33 4
MgO 0.106 65 15 15 5
Cs,0 0.053 16 17 6 57
10%Cs,0/TiO, 0.426 37 12 10 41
10%Cs,0/TiO, 1.409 58 1 28 13
10%Cs,0/TiO, 0.505 75 16 4 5
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The distribution of basic sites over unsupported and supported catalysts is
shown in Fig 8.1 and 8.2. The TPD experiments were conducted in
atmospheric pressure. The CO, was adsorbed at 100 °C. The TPD profiles
of CO, over Al,03 and MgO (Fig 8.1) show that although Al,O3 is more
acidic than MgO it also has a larger number of strong basic sites (685 °C)
with respect to MgO (715 °C). The stronger basic sites on MgO at 715 °C
indicate that, apart from O basic sites of MgO, the adjacent Mg®" sites
may also patrticipate in CO, adsorption [8]. On the other hand, MgO has a

greater number of weaker basic sites (320 °C) than Al,Os.
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Figure 8.1 CO, TPD profiles of MgO and Al,Os.

The fact that more guaiacol is formed on MgO rather than Al,O3 indicates
that weaker basic sites may be primarily involved for the higher selectivity

of guaiacol. Fig 8.2 clearly demonstrates this finding.
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Figure 8.2 CO, TPD profiles of Cs on TiO,, SiO, and Al;Os.

Here it is seen that addition of cesium to acidic supports transforms
stronger base sites into weak sites, thus enhancing the selectivity for
guaiacol. The higher selectivity for guaiacol at weaker basic sites over Cs—
SiO,; (75 %) as compared with Cs—Al,O3 (58 %) further supports the
assumption that the formation of guaiacol is related to the strength and the
number of the weak basic sites. However, in the case of Cs—TiO,, the

lower selectivity for guaiacol (37 %) may suggest the possibility of an
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interaction between the promoter and titanium oxide, leading to compound

formation.

8.4 Conclusion

In conclusion, it is evident from the foregoing results that the transformation
of stronger basic sites to weaker ones upon addition of Cs,O results in

higher selectivity for guaiacol.
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Chapter 9

Selective Hydrogenation of Phenol over Novel Modifi  ed

Titanium oxide supported Palladium catalysts*

* A.S. Ndou, V. Vishwanathan, N.J. Coville, Hydrogenation of phenol over novel

titanium oxide supported palladium catalysts. To be submitted.

9.1 Introduction

Hydrogenation of phenol to cyclohexanone is an important industrial
reaction for the production of caprolactam for the synthesis of nylon 6 and
adipic acid for nylon 66 [1]. Phenol, on the other hand, is an established
environmental toxin [2] and arises from a variety of industrial sources
associated with petrochemicals and polymer manufacture [3]. A catalytic
hydrogen treatment of phenol wastes to generate reusable raw material is

certainly preferable to the standard destructive route by incineration [4].
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Industrially, cyclohexanone is produced either by the oxidation of
cyclohexane or by the hydrogenation of phenol [1]. The former route
requires high temperatures and pressures and generates undesirable by-
products that Ilower the product vyield and complicates the
recovery/separation steps. In the latter route, phenol is hydrogenated to
cyclohexanone either in a single step or in a two-step process via
cyclohexanol. The one-step process avoids the endothermic
dehydrogenation of cyclohexanol and is therefore considered to be
attractive in terms of capital cost and energy savings. The one-step
selective hydrogenation of phenol to cyclohexanone is generally carried

out over Pd supported on Al,O3 or MgO-based catalysts [5,6].

It is generally accepted that the role of the support is to adsorb phenol
molecules near the Pd particles; the Pd adsorbs H, molecules and
supplies hydrogen atoms to the aromatic ring by a spill-over mechanism
[5,7]. Depending on the acid—base properties of the support, the mode of
adsorption of phenol varies and this mode directs the product selectivity to
either cyclohexanone or cyclohexanol. So far, the reaction has been
studied mostly over MgO and Al,O3 supports [4—8], and over Ni supported
on SiO; or zeolites [9]. Recently, other supports have been used for Pd

catalysts in phenol hydrogenation reactions [10,11].
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In this study, we have focused on the use of nano-titania materials as
novel supports for Pd metal in the phenol hydrogenation reaction. The use
of structured materials (hanotubes/nanofibres) to transform the catalytic
performance of supported metal is lately attracting the interest of the

catalysis community.

Since the discovery of titanium oxide nanotubes by Hoyer [12], several
reports on different synthesis methods to prepare these materials have
emerged [13-17]. Titanium oxide is a material of interest for its many
applications in, for example, photo catalysis and solar energy transfer [18].
Titanium oxide with a large surface area will provide a highly active photo-
catalytic material [19] and is also expected to be utilized as a material for
highly efficient solar cells [20,21]. It has also been reported that titanium
oxide nanotubes can be used as hydrogen sensors [22,23] or in the dye-

sensitised solar cell [24,25].
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9.2 Experimental

9.2.1 Catalyst preparation

The nanoparticles of titanium oxide were prepared by hydrothermal
treatment of commercial titanium dioxide (Deggusa) with sodium hydroxide
[26]. Commercial TiO, (Deggusa) was mixed with equal amounts of
sodium hydroxide and water. The mixture was stirred at 120 °C for 24 h in
an autoclave. It was then centrifuged for 30 min followed by washing with
deionised water. The latter step was repeated until the conductivity of the
mixture was less than 50 micro Siemens. It was then dried overnight in an
oven at 120 °C. The surface area of this TiO, was found to be 330 m?/g.

This TiO, support will be referred to as NaOH-TiO,.

A second titanium oxide support was prepared by hydrolysis of TiCl, with
hydrazine hydrate [27]. TiCl, (Loba Chemie) was digested in hydrochloric
acid and then diluted with distilled water to make a 3 M solution of TiCls in
water. All the additions were made while keeping the reaction vessel in an
ice bath. The pH of the solution was found to be less than 2. A solution (8

M) of hydrazine hydrate, HsN>.O (Ranbaxy) in water was added drop-wise
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to the stirred TiCl, solution until the final pH was about 8.0. The mixture
was kept under high-speed constant stirring on a magnetic stirrer for one
hour at room temperature. The precipitated titanium oxide was filtered and
repeatedly washed with hot distilled water until it was free of chloride ions.
The hydrous oxide was dried overnight at 120 °C. The surface area of the
titanium dioxide was found to be 207 m?/g. This support will be referred to

as T|C|4-T|02

A third titanium oxide support was prepared by mixing commercial TiO,
(Deggusa) with distilled water. This was dried overnight at 120 °C. The

resulting surface area was found to be 49.5 m?/g.

The palladium-loaded catalysts were prepared by impregnating each of the
above mentioned supports with an appropriate amount of palladium
acetate to give a one percent palladium loading (w/w). The catalysts were

dried in air for 16 h and calcined at 300 °C for 4 h.
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9.2.2 Reactor Studies

The catalytic experiments were carried out in a vertical fixed bed glass
reactor (300 mm long and 15 mm i.d). All reactions were carried out using
0.2 g of catalyst. The catalysts were used in the form of granules (100-350

m) prepared by crushing the titanium oxide support to the desired size.
The reactor was placed inside a temperature controlled heating jacket with

a thermocouple placed at the centre of the catalyst bed.

The catalyst was reduced in flowing hydrogen (flow rate 22 ml/min) at 300
°C for 1 h. A mixture of phenol and ethanol (1:1 wt/wt ratio) was fed at 2.5
mi/h from a 50 ml syringe using a syringe pump (Sage instruments, model
341B) through a hydrogen gas line (hydrogen flow rate 22 ml/min) into the
reactor. The partial pressures of phenol and hydrogen in the feed were
kept at 12.88 kPa and 62.16 kPa respectively. The reaction temperature
was kept at 165 °C, unless otherwise stated. The products were collected
in a water-cooled receiver after 1h and analysed in a gas chromatograph
(ZB wax, 60 m x 0.32 mm capillary column; FID). Liquid product
identification was achieved by GC-MS (Finnigan TSQ-7000) and **C-NMR
spectroscopy (Brucker AC 400). The temperature programmed desorption
(TPD) apparatus used in the analysis of the catalysts, consists of a U-

shaped quartz reactor housed in a temperature controlled heating jacket.
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The signal is measured by a low temperature dual filament TCD and
recorded by a PC equipped with an 1/O card. The TPD experiments were

conducted in atmospheric pressure. The CO, was adsorbed at 100 °C.

9.3 Results and Discussion

A mixture of phenol and ethanol (mole ratio 1:1) was passed over titanium
oxide in the presence of hydrogen during preliminary tests. Neither
cyclohexanone nor cyclohexanol were detected during this reaction.
Ethanol was used as a solvent in this reaction because it gives good

phenol solubility.

Hydrogenation of phenol over palladium supported catalysts led to the
formation of cyclohexanone and cyclohexanol, amongst other products, as

shown below.

OH O OH

catalyst
#—’ + + Others
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The selectivity towards either of the major products is dependent on the
catalyst system used. Product yields from the reaction of phenol over
palladium supported on titanium oxide catalysts are shown in Table 9.1
below. Although palladium supported on normal titanium dioxide (Deggusa
P25) showed high activity (conv. 22 %) compared to the other two
catalysts, the selectivity towards cyclohexanone was very low (29 %).
Apart from cyclohexanone and cyclohexanol, other products such as
benzene, cyclohexane, diphenylether and dicyclohexylether were also
observed. These are common hydrodehydroxylation and condensation
products associated with reaction over palladium supported on acidic

carriers [5,28].

The other two catalysts showed very good (about 86 %) selectivity towards
cyclohexanone. Only small amounts of dicyclohexylether and
diphenylether were observed from both catalysts. The high surface area
titanium oxide supports present an opportunity for high palladium metal
dispersion. This could lead to effective interaction between the palladium
metal and the reactant and hence good selectivity towards the

hydrogenation products.
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Table 9.1 The effect of titanium oxide preparation methods on products

distribution (T= 165 °C, reduction T= 300 °C, WHSV= 3800 h™, H./phenol=

4.5).

Catalysts  S.A(m°/g)® % Conv. Selectivity (%)
C-hexanone C-hexanol Others”

1%Pd/TiO,° 70 22.7 28.9 12.9 58.2

1%Pd/TiIO" 332 11.3 86.8 3.1 10.1

1%Pd/TiO,° 271 12.2 86.5 8.2 5.3

% s the surface area of the support only;
P Others includes benzene, cyclohexane and dicyclohexylether.
©is the commercial titanium dioxide (Deggusa P25);

4 is the titanium oxide prepared from thermal hydrolysis of titanium dioxide sodium

hydroxide under mild conditions (NaOH-TiO,);
€is prepared from hydrolysis of titanium tetrachloride with hydrazine hydrate at room

temperature (TiCly-TiO,.

Further characterization was conducted to determine features related to
the acidity/basicity of the catalysts. The commercial titanium dioxide
(Deggusa P25) did not show any CO, desorption peak (Fig 9.1). The CO,

TPD profiles (Fig. 9.1) of the other two catalysts showed the presence of
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weak basic sites (about 100 °C). Claus et al. has shown that
hydrogenation of phenol in the presence of a basic support gave only
cyclohexanone and cyclohexanol as products [29]. The selectivity
towards cyclohexanone was reported to be in excess of 95 %. The
influence of basic sites on the cyclohexanone selectivity was also
investigated by Scire et al. [30]. He found that while the addition of
calcium as a promoter for Pd/Al,O3 catalysts increased the selectivity
towards cyclohexanone, it also increased the basicity of the catalyst. This
suggests that the basicity of the support is essential for high selectivity
towards cyclohexanone. The titanium oxides thus prepared by the
hydrolysis method offer high surface area for high metal dispersion and

controlled basicity.
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Figure 9.1 TPD profiles of high surface area titanium oxide supports.

The TEM images of titanium oxide supports are shown in Figure 9.2, 9.3
and 9.4 below. The TEM micrograph for TCls;-TiO, shown in Fig 9.2
indicates the presence of nanofibres in the material. The other two

samples (Fig 9.3 and 9.4) show no presence of nanotubes/fibres. Although
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the NaOH-TIO, has high surface area, under the microscope it looked

similar to the normal titanium dioxide (Deggusa P25).

Figure 9.2 TEM micrograph of high surface area TiCls-TiO,.
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Figure 9.3 TEM micrograph of high surface area NaOH-TiO,.

Figure 9.4 TEM micrograph of normal titanium dioxide (Deggusa P25).
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The two modified titanium oxide supported catalysts (1% Pd/TiCls-TiO,
and 1% Pd/NaOH-TiO,) showed similar activity and basicity. Further
studies were conducted on the palladium catalyst supported on these two

titanium oxide modified supports.

9.3.1 Investigation of Reaction Parameters over Tit  anium Oxide (TiCl 4-

TiO2) Supported Palladium Catalyst

The effect of reaction temperature on phenol conversion and product
selectivity is shown in Fig 9.5 below. A fresh catalyst was used for each
data point collected during the experiment. The catalyst showed an
increase in phenol conversion as the reaction temperature increased.
However, the selectivity towards cyclohexanone slowly decreases with
reaction temperature from 140 to 180 °C and further decreases rapidly as
the temperature approaches 220 °C. At higher temperatures, the reaction
favours the hydrodehydroxylation and condensation products such as

dicyclohexylether, diphenylether and benzene.
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Figure 9.5 The influence of temperature on products distribution over

TiCl,-TiO,. (reduction T= 300 °C, GHSV= 3800 h™*, Hu/phenol= 4.5).

The hydrogen/phenol mole ratio was varied and the changes recorded are
shown in Figure 9.6 below. A fresh catalyst was used for each mole ratio
investigated. The reaction conversion remained constant as the amount of
hydrogen was increased. However, changes in the selectivity towards
cyclohexanone were observed. When the amount of hydrogen was
increased, the cyclohexanone selectivity initially increased to a maximum
and then declined as the hydrogen/phenol mole ratio was further

increased. There was also a slight increase in the cyclohexanol selectivity
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as the hydrogen/phenol mole ratio reaches 5.4. This suggests that at high
hydrogen/phenol ratio, there is greater probability for complete

hydrogenation to occur.
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Figure 9.6 The effect of Hy/Phenol mole ratio on product distribution over

TiCl,-TiO.. (T= 165 °C, reduction T= 300 °C, GHSV= 3800 h'™").

The effect of contact time on the phenol conversion and product
selectivity is shown in Figure 9.7 below. A fresh catalyst was used for
each data points collected in this experiment. There is a slight increase in
phenol conversion as the contact time increases. However, the selectivity

towards cyclohexanone decreased as the contact time increased. High
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contact time does not only enhance the conversion of reactants to

products, but also allows for secondary reactions to occur on the products

formed. Hence, a decline in cyclohexanone selectivity and a slight

increase in cyclohexanol as the contact time increases.

Conversion and Selectivity (%)
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n/.\
m n
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Figure 9.7 The influence of GHSV on product selectivity over TiCls-TiO,.

(T= 165 °C, reduction T= 300 °C, H./phenol= 4.5).

The effect of time-on-stream on phenol conversion and product selectivity

is shown in Figure 9.8 below. There was a slight decline in the conversion

of phenol as the reaction progressed. This suggests that catalyst
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deactivation was not severe during the period specified in Figure 9.8.

Selectivity towards cyclohexanone initially increased and thereafter

remained constant. However, there was a slight decline in the selectivity

towards cyclohexanol as the time on stream increased.

100

Iy (o2} [0}
o o o
1 1 1

Conversion and Selectivity

N
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1

—m— Conversion
—@— Cyclohexanone
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1 2 3 4 5 6
Time on stream (h)

Figure 9.8 The effect of time on stream on catalyst stability over TiCly-

TiO,. (T= 165 °C, reduction T= 300 °C, GHSV= 3800 h™, Hu/phenol= 4.5).
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9.3.2 Investigation of Reaction Parameters over Tit anium Oxide

(NaOH-TiO;) Supported Palladium Catalyst

The influence of temperature on the reaction activity and product
distribution is shown in Figure 9.9 below. A fresh catalyst was used for
each of the data points collected in this experiment. The selectivity towards
cyclohexanone was highly affected by temperature above 240 °C. There
was a rapid decline in selectivity towards cyclohexanone above this
temperature. The effect of temperature on product selectivity is less severe

on this catalyst than it is on TiCl,-TiO, supported catalyst (Fig 9.5 above).

There was a slight increase in percentage conversion as the reaction
temperature increased. This was also observed for the TiCls-TiO;
supported catalyst. In both catalysts, the higher temperature and catalyst
activity were accompanied by formation of larger amounts of benzene,
diphenylether and dicyclohexylether. This catalytic behaviour can be
correlated to the basic sites on both catalysts. Figure 9.1 clearly
demonstrated this finding. The TPD profiles of the modified titanium oxide
supported catalysts indicates that at higher temperatures (above 200 °C),

the relative amount of basic sites present on these catalysts is very low.
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Figure 9.9 The effect of temperature on product distribution over NaOH-

TiOs.

The effect of hydrogen/phenol mole ratio on catalyst conversion and
product distribution is shown below (Fig 9.10). A fresh catalyst was used
for each of the mole ratio experiments conducted. The selectivity towards
cyclohexanone decreased as the Hy/phenol mole ratio increased. It can be

noted that the relative amount of cyclohexanol also increased as the
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Ho/phenol mole ratio increased. This suggests that complete
hydrogenation of phenol to cyclohexanol is favoured as the amount of

hydrogen in the reaction stream is increased.

There was a slight increase in phenol conversion as the Hy/phenol mole
ratio increased. However, this behaviour was not observed for the TiCl,-
TiO, supported catalyst as both the phenol conversion and cyclohexanol

selectivity remained near constant as the Hy/phenol mole ratio increased.
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Figure 9.10 The influence of Hj/phenol mole ration on product

distribution over NaOH-TiO».

The effect of contact time on conversion and product distribution for
NaOH-TiO, supported catalyst is shown in Figure 9.11 below. A fresh
catalyst was used for each set of data points collected in this experiment.
The catalyst showed a similar trend observed for TiCl,-TiO, catalyst. The
selectivity towards cyclohexanone increased as the contact time

decreased. There was a slight increase in conversion and cyclohexanol
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selectivity as the contact time increased. This slight increase in selectivity
towards cyclohexanol could indicate further hydrogenation of surface

cyclohexanone.
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Figure 9.11 The effect of GHSV on catalyst activity and product selectivity

over NaOH-TiO,.

The study of time-on-stream indicated a slight decline in the activity of the

catalyst as the reaction progressed. Contrary to what was observed for the
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TiCl,-TiO, supported catalyst, the selectivity towards cyclohexanone in
NaOH-TiO, remained near constant as the time-on-stream increased.
Although there was a slight increase in cyclohexanol selectivity, the overall
amount of cyclohexanol generated in this study was very low. It is
interesting to note that both catalysts showed slow deactivation and the

deactivation had no significant effect on the cyclohexanone selectivity.
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Figure 9.12 The effect of time-on-stream on catalyst stability over NaOH-

TiO,.
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9.4 Discussion

The data collected in this study indicates the influence of basicity of the
support on product selectivity. The presence of basic sites on the support
favoured the selectivity towards cyclohexanone. The amount of
cyclohexanol produced during the reaction was very low and varied with

the reaction parameters.

At higher contact time (Fig 9.7 and 9.11), the reaction favoured the
formation of cyclohexanone over that of cyclohexanol. This, as shown in
Figures 9.7 and 9.11 indicates that the cyclohexanone formed on the
surface could be undergoing further hydrogenation to cyclohexanone. The
H./phenol mole ratio also played an important role in the ratio of products.
Figure 9.10 clearly demonstrate this finding. As the amount of hydrogen
per given mole of phenol increased, the amount of cyclohexanol increased

and that of cyclohexanone decreased.

The higher cyclohexanone selectivity can be attributed to the basicity of the
catalysts. This is demonstrated in Figures 9.1, 9.5 and 9.9, which indicated
that the selectivity of cyclohexanone decreased for reactions carried out at
temperatures above 200 °C. In the NaOH-TiO2 catalyst, the basicity is

introduced by the addition of NaOH. Although a small amount of dilute
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nitric acid is added during washing to remove some of the Na" ions, the pH
of the support remained high (about 10). The pH of the support can be
regulated during washing. The same applies for TiCl,-TiO, where the pH is

regulated during the addition of hydrazine hydrate.

Numerous authors have proposed explanations for the influence of the
catalyst support (acidity/basicity) on the reaction. Chen et al. [7] have also
reported that basic (calcined hydrotalcite) and neutral (SiO;) supports
favoured the formation of cyclohexanone. Tanabe and Nishizaki [31] have
suggested that a phenol molecule is adsorbed on acidic silica-alumina with
an aromatic ring co-planar to the surface while reaction with the basic MgO
surface generates a species that is non-planar to the basic MgO surface.
Similarly, Neri et al. [5] reported that the co-planar species that show
strong interaction between the benzene ring and support are preferentially
hydrogenated to cyclohexanol while the non-planar species favour the

formation of cyclohexanone. These possibilities are shown in scheme 9.1.

The above proposals could explain the findings noted in this study. In the
catalysed reaction, both the co-planar and the non-planar species can be
formed on the titanium oxide supported catalysts depending on the amount

and strength of both acidic and basic sites on the catalysts (Scheme 9.1).
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Scheme 9.1 Two-site model of phenol adsorption and hydrogen

dissociation on palladium supported catalysts [5].

Although the both catalysts exhibited high selectivity towards
cyclohexanone, the activity remained low for both catalysts. The lower
activity can be attributed to a number of factors, including; Pd metal-
support interaction, the effect of Na* ions in the NaOH-TiO, catalyst, the
presence of electron deficient Pd sites on the catalyst and to a lesser
extent the amount of Pd loaded on the support. Work is underway to
investigate among others, the above mentioned parameters affecting the

catalyst activity.
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9.5 Conclusions

The data collected in this reaction indicate that the presence of basic sites
on the support is responsible for the higher selectivity towards
cyclohexanone. The high surface area of the modified titanium oxide
support offered high surface area for metal dispersion. The catalyst

showed very little indication of deactivation.

The TEM micrograph also showed the presence of nanofibres in the
titanium oxide support prepared from hydrolysis of titanium tetrachloride

with hydrazine hydrate (TiCls-TiO,).
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Chapter 10

Summary of Results

In the study of dimerization of ethanol (Chapter 4), our results suggest
that acetaldehyde is not a major intermediate in the synthesis of butanol
from ethanol. It does patrticipate in a competing coupling reaction (aldol
condensation reaction) resulting in the formation of crotonaldehyde.
Further crotonaldehyde is also not an intermediate in the formation of

butanol from ethanol.

An alternative coupling reaction proposed by Yang and Weng is possible,
(Scheme 3.4), namely- the self-coupling of ethanol. The
ethanol/acetaldehyde coupling reaction (Scheme 5.3) is not consistent
with the data and thus the self-coupling of ethanol is the mechanism

occurring in this reaction.



In Chapter 5, MgO was investigated as a catalyst for the self-
condensation of propanol. Good activity and selectivity to 2-
methylpropanol were achieved over this catalyst. The impregnation of
MgO with either alkali or transition metal oxides did not improve either the
activity or the selectivity of MgO. This suggests that MgO has the

necessary basic sites required for this reaction.

A study of the reaction has revealed the importance of hydrogen in the
reaction. In the absence of a hydrogenating catalyst (e.g. a metal) the
reaction still proceeds to generate the hydrogenated product, indicating

that MgO also facilitates this role in the catalysed reaction.

The results, in the presence of hydrogen, are consistent with an aldol

condensation reaction to give the C-C coupled products.

Condensation reactions of ethanol with butanol and with propanol were

investigated in over MgO in Chapters 6 and 7 respectively.

In the reaction of ethanol and butanol, good activity and selectivity
towards 2-ethylbutanol and 1-hexanol was achieved on this catalyst.
Attempts to increase the selectivity of the catalyst towards 1-hexanol

were largely unsuccessful. Although the impregnation of MgO with basic



ions gave higher selectivity towards 1-hexanol, the overall conversion of
reactants was very low. The addition of Cu to MgO (1-10 %) had the same
effect as that of basic ions. It was then concluded that the effect of these
metal ions on MgO was physical. This implied that the increase in
selectivity towards a linear dimmer was due to the coverage of some MgO
active sites. This further implied that the route (aldol) by which the
branched dimer was formed could have been blocked. Thus formation of
the linear dimer was enhanced but the route to this product (aldol reaction

and/or CHs activation) is less affected by addition of a base or Cu.

The formation of 2-ethylbutanol occurs via the classical aldol condensation
reaction. However, the formation of 1-hexanol occurs via the activation of a
methyl group of ethanol. This activation of the methyl group on ethanol can
occur via both the aldol condensation mechanism outlined in Scheme 6.2
and an alternative route involving dehydration.

It was noted that dimerisation of ethanol produced one of the reactants,
butanol, and this product would modify the actual concentrations of

reactants and further complicated the unravelling of the mechanism.

In the reaction of ethanol and propanol over MgO, 2-methylbutanol, 1-

pentanol and 1-butanol were formed in large amount. The products



formation seems to follow the same mechanism as that of ethanol and

butanol described above.

MgO has proven to be an effective catalyst for the condensation of primary
alcohols to form higher alcohols. In the instances where ethanol was used
as a building material for higher alcohol synthesis, both branched and

linear alcohols were observed over magnesium oxide catalyst.

The selective vapour phase alkylation reaction of catechol to form guaiacol
was conducted over cesium oxide supported catalysts (Chapter 8). The
TPD studies showed that upon the addition of Cs,0 on the acidic supports,
weak basic sites were generated on the catalysts. The formation of basic
sites was further correlated to the higher selectivity for guaiacol observed

in this reaction.

The hydrogenation reaction of phenol was carried out over palladium
supported catalysts (Chapter 9). High surface area titanium oxide was
used as a support for the palladium metal. The reaction showed that the
presence of basic sites on the support favoured the catalyst selectivity

towards cyclohexanone. The high surface area of the modified titanium



oxide also offered a good opportunity for high metal dispersion on the

support. The catalyst showed very little indication of deactivation.

The TEM micrograph also showed the presence of nanofibres in the
titanium oxide support prepared from hydrolysis of titanium tetrachloride

with hydrazine hydrate.



ADENDUM

Errors have been identified in the already published results during the
preparation of this thesis. However, these errors have been rectified in this

thesis. The corrections are as follows:

The x-axis scale label in Figure 3 of the Dimerization of ethanol to
butanol paper [Ndou et.al. Appl. Catal. A: General, 251 (2003) 337] has
been changed to WHSV instead of 1l/whsv and the discussion that

emanated from this figure has been modified accordingly.

Figure 4 in Self-condensation of propanol over solid base catal ysts
[Ndou et.al. appl. Catal. A: General, 275 (2004) 103] has been replaced by
the figure shown below, and the discussion that emanated from the

previous figure has been modified accordingly.
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Figure 4 The effect of space velocity on product distribution.



